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1. Introduction

The packaging, wrapping or coating play an impdrtate on conservation,
distribution and marketing of food stuff. One oétmost important function required to
a packaging when used for a food application isptotect the product from
environmental factors in order to reduce mechanieathage, physical, chemical and
microbiological alterations.

Petrochemical based plastics such as polyolefinlysfers, and poliamides have
been increasingly used thanks to its low cost coethéo classic packaging material
(glass) and favourable functionality charactersstsmuch as good tensile and tear
strength, good barrier properties to oxygen angnarcompounds, a very low water
vapour transmission rate and heat sealability. Nbgkess, petrochemical based plastics
are totally non biodegradable, and therefore leaghvironmental pollution, which pose
serious ecological problem (Gennadios, 2002).

Directive EC 94/62 on packaging has been a fundg&ahsehift in the regulation of
waste. This decree, in fact, was inspired by tlea ithat pollution from waste should not
be faced with interventions that are downstreanthef processes of production and
consumption and through the use of the prevailargliill disposal, but reducing the
total amount of waste management technologies astering self-driven recovery,
reuse and recycling.

In the 94/62 EC Directive, biodegradable materaaks defined as those material
that under going to physical, chemical, thermal hiwdogical degradation decompose
ultimately in carbon dioxide and water and can $eduas a compost in agriculture.

The Italian adaptation of European law is the Roteh. In the low is reported
that manufacturers and users are responsible égreprenvironmental management of
packaging and packaging waste generated by theiogoi®n of its products.

This regulation has changed the approach to pacgaand has led more and
more research into alternative sources of packagigthermore, our Legislative
Decree of 2007 provided for the gradual replaceméptastic bags with biodegradable
bags. Thus, since January 1, 2011 the marketingpofbiodegradable bags has been
prohibited.

As biodegradable film, edible films and coatingsndse a good answer to
environmental pollution requirement. However, dwe its hydrophilic nature they
cannot fully replace the polymer film, but they cpartially satisfy the legislation
requirements.

By acting as mass transfer barriers, edible fild enating can control moisture,
oxygen, carbon dioxide, lipid, flavour and aromansfer either between food
components or to/from the atmosphere surroundirg fbod. In fact, respect to
biodegradable packaging, they can be applied orioi and consumed with it. This
can reduce the requirements of the synthetic palyfieus, the amount of synthetic
packaging is reduced, recyclables is increased, e need of synthetic laminates is
diminished (Krochta, 2002).

Edible films and coating are biopolymers based nadte Biopolymers are quite
abundant in nature and have previously been redaadesurplus or waste. In order to
improve film or coating properties biopolymers mhstcombined in new and creative
ways. For this reason it is interesting to investgdifferent matrices, parameters and
factors that may influence the properties of thiendi in order to optimize the
performance of edible films and coatings and toeusidnd the relationships between
structure and properties.



In this work, the properties of films based on pna$ and polysaccharides and
their applications has been studied. In particttha work was organized in different
cases studied in order to investigate differeneetspof the problem.

In the first study cases to role of innovative &gds on functional properties of
polysaccharides based films were investigated. dlfjective of this first part of the
work was to understand whether by adding new aaditalready known for their active
properties as antimicrobial or antioxidant can haweeffect on the structure of the
edible film and thus on its functional properties.

In the second study cases, the research was foonst role of polysaccharide-
protein interactions in presence of a cross linkaggnt on the functional properties of
the films. Understand how polysaccharide and pnotan interact to form a structured
film is important to optimize functional propertiesedible films.

The objective of the last studied cases was toysamdapplication on food of the
studied edible film.

1.1. Definitions

In most cases, the terms edible film and coatirg @wed interchangeably to
indicate that the surface of a food is covered dégtively thin layer of material of
certain composition. However, a film is occasiopalifferentiated from a coating for
mode of application (Pavlath A.E. et al., 2009).

Films are normally regarded as stand-alone thin layeatemals, being formed
separate of any eventual intended use. These atand-films also are used as testing
structures for determination of barrier, mechaniclubility, and other properties
provided by a certain film material. Such films cha used as covers, wraps, or
separation layers; and they can be potentially éafnmto casings, capsules, pouches,
and bags (Kroctha J.M., 2002). Generally, itskhé&ss is less than 0.3 mm (Pavlath et
al., 2009).

Coatingsinvolve formation of films directly on the food face of the object.
They are intended to protect it or enhance it imesananner. In this sense, coatings
become part of the product and remain on the ptottwough use and consumption
(Krochta J.M., 2002).

Items which are edible or are in contact with fehduld be generally recognized
by qualified experts as being safe under conditiohgs intended use, with amount
applied in accordance with good manufacturing prast

A coating must meet many demands for legality, tgafend performance. The
following are areas of concern with edible coating:

% Chemical safety: as with all food ingredients anddigves, safety is a
fundamental requirement. However, much is stillnown about the safety of
all food additives, including coating ingredients.

Cost of ingredients and method of application

Barrier properties: Ideal coatings form an accdptdarrier for gas exchange
between food and atmosphere or between two phdse®e same food item,

neither too restrictive nor too permeable.

% Food quality: coating tend to change appearanagptlr, and mouth feel, and
effort are need to achieve change that are goadyarmful. It must not ferment,
coagulate, separate, develop off-flavors, or otisspoil.

Nutritive value: same coating are so thick thaytbtieange the nutritional value.

Environment: volatile organic compounds (usuallgollbl) are sometimes
released when edible coating dry (Baldwin et &112).
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1.2. Composition of edible films and coatings

Edible films and coatings are generally composedgrotein, polysaccharides,
lipid or resins, alone or, more often, in combiaatiMost commonly, edible films and
coatings are intended to function as a barrier tostare, oxygen, flavour, aroma,
and/or oil, thus improving food quality and shefél An edible film or coating may
also provide some mechanical protection for a feedyucing bruising and breakage and
thus improving food integrity (Guilbert et al., 9Gennadios, 2002; Han and
Gennadios, 2005, Baldwin et al., 2012).

The various naturally sources from which biopolysnesin be extracted are shown
in Figure 1.

Polysaccharides and protein are used for so-célleeforming baseable to form
a structural matrix continues with a good degree amhesiveness. Mainly,
polysaccharides and proteins provide a structugabart, while lipids are used to create
an effective water barrier.

Polysaccharides and protein edible films can be usapplications where control
of water vapour migration is not the objective. 3&efilms possess good barrier
properties to oxygen, carbon dioxide and lipidgids$ are not as well suited as proteins
or polysaccharides because of their strong affifotyoxygen. Moreover, some lipid
compounds (mainly unsaturated fatty acids) are emygensitive, and can undergo
rancidity, causing off-flavor development.

However, choice of which component to use, largidyends on the targeted
product objectives and on technological and sensonstraints. The scientific and
industrial patent literature over the last 20 yeangeals a broad range of substances
cited as film and coating constituents (Debeauébral., 1998; Avena-Bustillos and
McHugh, 2009; Falguera et al., 2011; Gennadios2802; Han and Gennadios, 2005;
Krochta, 1997; Zhangnd Mittal, 2010). More recently, new film/coatifarmulations
have been based on vegetable or fruit purees,dmguhose of bananas, apples, and
zucchini (Rojas Grau et al., 2007a; Sournovit et 2007; Debeaufort and Voilley

2009).
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Figure 1.Different categories of bio-based material foléeland biodegradable films (From
Cultter, 2006).



1.2.1 Proteins edible films

Among bio resources, protein have long been usquhekaging materials. Film
and coatings may be made from proteins both anamdl plant origin (Gennadios,
2002; Dargaran et al., 2009; Lacroix and Cooks8952Buffo and Han, 2005).

The inherent properties of proteins make them éxaelstarting materials for
films and coatings.

The distribution of charged and polar and non-patamo acids along the protein
chain creates a chemical potential resulting ieranttive forces that can produce a
cohesive protein film matrix. Most protein contdi®0-500 amino acid residues. Films
form and are stabilized through electrostatic ext@ons, hydrogen bonding, van der
Waals forces, covalent bonding, and disulfide eglgrhe structure of proteins can be
modified by physical and chemical agent, includihgat, mechanical treatment,
pressure, irradiation, lipid interface, acids afigls, metal ions. This modification can
optimize protein configuration, protein interactspnand resulting film properties.
Proteins have multiple sites for chemical intex@ttas a function of their diverse amino
acid functional groups, which can allow for progerprovement and tailoring.
Chemical changes can improve the stability of fiemgl coatings (Dargaran et al., 2009;
Kroch, 2002).

Proteins film-forming capabilities are best demaatsd in emulsified systems in
which amphipathic proteins form films at air—waterwater—oil interfaces. There are
also secondary benefits for using proteins to foimms and coatings.

The properties of a final film are affected by insic properties of the film or
coating components and extrinsic processing faétor. protein edible film, intrinsic
properties includes amino acid composition, criisti&y (of protein and/or plasticizer),
hydrophobic /hydrophilic, surface charge, pl, malac size, and three dimensional
shape. Extrinsic factor include processing tempeeatdry conditions, pH, ionic
strength, salt-type, relative humidity during pre€eand storage, shear and pressure
(Dangaran et al., 2009).

Due to hydrophilic nature, protein based film ddméve good barrier proprieties
against water vapour, but they have good barriepgmnties against gas, such as oxygen
and carbon dioxide. The majority of protein basiah fhave good mechanical and
organoleptical properties (Krochta, 2002; Dargasgal., 2009).

The proteins studied for the development of filmslude whey proteir{Yong
Cho et al., 2002a; Muer et al., 2000; Anker et2002; Shaw et al., 2002), soy protein
(Pol et al., 2002; Yong Cho et al., 2002b; Yong Ghal., 2007; Wan et al., 2005;
Mariniello et al., 2003), fish protein (Bourtoom &t 2006), proteins of lentil seeds
(Bamdad et al., 2006), egg protein (Gennadios.efl886; Wongsaulak et al., 2006; Di
Pierro et al., 2007), gelatin (Cao et al., 2007 ef@l., 2005), zein (Pol et al., 2002;
Yong Cho et al., 2002b; Oh et al., 2004; Ghanbatzaet al.,2008), gluten protein
(Zzhang and Mittal, 2010) and protein of limited g&faility, such as peanut protein, rice
protein, pea protein, pistachio protein, lupin pmot grain sorghum protein, winged
bean, cucumber pickle brine protein (Pérez- Gagb2p

Same properties of protein based film studied m ldst years are reported in
tables 1 and 2.



1.2.1.1 Casein

Casein is the major protein in milk. It is a unigpmotein, because it is only
synthesized in the mammary gland and is found noevekse in nature. Casein exists in
the form of micelles containing all four casein @pse complexed with colloidal
calcium phosphate. Each micelle consists of anameeiof 104 peptide chains with
molecular weights of about 105 kDa. The casein Iegeare stable to most common
milk processes such as heating, compacting, andgenization. Micellar integrity is
preserved by extensive electrostatic and hydrogemdibhg, and hydrophobic
interactions. Four principal componentsosfl-, as2-, -, andk-caseins are identified.
Their molecular weights range from 19 to 25 kDae fhimary structure of the four
casein fractions contains many hydrophobic amind eesidues with non-polar side
chains (35 to 45% total residues). The unevenibigton of these amino acids results
in hydrophobic ends and patches. The caseins anghipathic proteins having
hydrophobic and hydrophilic ends and, thus, are@afly used as emulsifiers.

This feature helps the formation of stable comjgogibtein-lipid emulsions for coating
wet surfaces. However, caseins are generally ceresidhydrophilic because their
hydrophobicity values are lower than that of vafAe€5 kJ/residue). Among the casein
fractions, p-casein is the most hydrophobic, ang-casein is the most hydrophilic.
Isoelectric casein is water-insoluble. Applicatitm food field requires sodium or
potassium caseinate with high water solubility.sTtén be also achieved by dispersing
casein in water and adjusting with alkaline solufidd to between 6.5 and 7.0.

The most commonly casein product is soluble watasemate. It is normally
manufactured by dissolving fresh acid casein car@gadium hydroxide followed by
spray drying. Other soluble caseinates preparedsimmilar manner include potassium,
calcium, magnesium, and ammonium caseinates.

Casein can easily form films due to its open seaondtructure. It is generally
agreed in the literature that extensive hydrogerd atectrostatic bonds, and
hydrophobic associations facilitate the formatidnimdermolecular interactions that
increase inter chain cohesion to form film (McHugtd Krochta, 1994). The chemical
and physical forces that may change the balancdseahtermolecular interactions can
perceivably modify the film properties. AdjustingetpH, changing the drying rate, and
adding functional additives such as plasticizesgjrbphobic ingredients, and cross-
linking ions, are examples of approaches used bgsimgators. Strong covalent bonds
are perceived to promote tighter intermoleculagnattion, thus increasing film strength
and resistance to mass transfer. Enzymatic andigathy@radiation) treatments have
also been explored in forming casein films (Ch&2 Perez Cago, 2012).

1.2.2 Polysaccharides edible films

Polysaccharides have considerable molecular weggitt,are water-soluble. They
dissolve in and form intensive hydrogen bonds withter. Because of the size and
configuration of their molecules, polysaccharidaséhthe ability to thicken and/or gel
aqueous solutions as a result of both hydrogen ibgngetween polymer chains and
intermolecular friction when subjected to shear.stiution, polymer molecules may
arrange themselves into an ordered structure, ccalamicelle that is stabilized or
fortified by intermolecular hydrogen bonds. The etflie traps and immobilizes water
and, depending on the extent of the intermolecaksociation, the water is either
thickened, as measured by a parameter called vigcos converted into a gel that



possesses both liquid and solid-like charactessticviscoelasticity. The formation of
micelles confers upon their ability to form filmedause these structures are preserved
during drying. Attributes of flms made from var@gums are influenced by the extent
of intermolecular hydrogen bonding between polywmigins, arising from differences

in gum molecular structures. Structural differencegums that impact their properties
include the presence or absence of branching,riei@ctharge, substitution (of sugar
units), as well as molecular weight.

Polysaccharides can exhibit either a neutral chéegg, acetate esters, methyl
ethers, other neutral sugars), negative charge, (eagboxylate, sulfate groups), or
positive charge (e.g., amino groups) due to thesgmee various chemical groups
attached to individual monosaccharide units. All thiese structural features of
polysaccharides contribute to their differencesatubility, synergy or incompatibility
with each other or with other ingredients (e.gotgins, minerals, acids and lipids),
thickening, gelling, and emulsifying properties andore importantly, their film-
forming properties (Neito et al., 2009).

Polysaccharides edible filmare generally poor moisture barriers and soluble in
water, but in contrast they have moderately lowgaxy permeability and, at the same
time, selective permeability to,@nd CQ. Water solubility of polysaccharide films is
advantageous in situations where the film will msumed with a product that is
heated prior to consumption. During heating, thdragolloid film or coating would
dissolve, and ideally, would not alter the foodssey properties.

Typically, polysaccharide based coatings have lagmglied very often to fruits
and vegetables, either fresh or minimally processedreduce their respiration by
creating modified atmosphere conditions insideptaeuct, provide a partial barrier to
moisture, improve mechanical handling propertiasyycadditives, as well as contribute
to the retention and even the production of vidatompounds (Bai and Plotto, 2012;
Dea et al., 2012; Gill and Gill, 2005; Oms-Oliua¢t 2008; Yingyua et al., 2006).

The polysaccharides that can be used for the ptioduof films and coatings
include starch and its derivatives (Garcia et2lQ0; Phan The et al., 2009a; Petersson
et al., 2005; Bertuzzi et al., 2007; Garcia et2006 ), cellulose and its derivate (Tong
et al., 2008; Brindle et al., 2008), chitosan (Garet al., 2004; Rivero et al., 2009;
Chillo et al., 2008), pectin (Maftoonazad et aD0?2; Liu et al., 2006; Giancone et al.,
2009), agarose (Phan The et al., 2009a; Phan Tdle @009b), arabinose (Phan The et
al., 2009b) and alginate (Olivas eta |., 2008). S&gqmoperties of polysaccharides based
film studied in the last years are reported ingald and 2.

1.2.2.1. Cellulose

Cellulose is probably the most abundant organistsuize existing in nature and
is the major constituent of most land plants. this starting material for a wide range of
modifications with uses both in the food industaipd an even greater variety of uses
outside this sector.

The raw material for modified celluloses is celkdopulp, which in turn is
produced from wood pulp from specified speciesromf cotton linters. Cotton linters
are the short fibres from the cotton ball, whick o short to be suitable for use in
thread and weaving. The polymer chain length duitmde varies with the different raw
materials and hence the polymer length and thdtaeswiscosity required in the final
product will govern the selection of the raw madkri



Manufacturing process

In general terms, cellulose pulp is dispersed kalalsolution to form alkali
cellulose and is then treated with appropriate eatggy under tightly controlled
conditions, to substitute the anhydroglucose momenaoé the cellulose chain. The
substitution is at the hydroxyl groups and the stuion reagents are as follows:

% methyl cellulose — chloromethane
«» hydroxypropyl cellulose — propylene oxide
« methyl hydroxypropyl cellulose — mixed substituemsésabove
« methylethyl cellulose — chloromethane and chlorae¢hmixed substituents
+«+ carboxymethyl cellulose — monochloracetic acid.
The two stages of the reactions can be summarsséalaws:
1. Cellulose + Alkali + WaterAlkali cellulose
2. Alkali cellulose + R—X— Alkyl cellulose
Alkali cellulose + R—CH(O)CHK — Hydroxyalkyl cellulose
Alkali cellulose + X—-R—COOH- Carboxyalkyl cellulose
The substitution reaction is followed by purificatiand washing stages to remove by
products
and to achieve the purity levels specified for fealdlitives.

Structure

The structure of the cellulose molecule is showrfignre 2. It is shown as a
polymer chain composed of two repeating anhydraggacunits (beta-glucopyranose
residues) joined through 1,4 glycosidic linkagestHis structuren is the number of
anhydroglucose units or the degree of polymerisatiBach anhydrous glucose unit
contains three hydroxyl groups, which in theory barsubstituted. The average number
of hydroxyl groups substituted per anhydroglucosé s known as the degree of
substitution (DS). Without exception, the DS reqdito produce desirable properties is
much below the theoretical maximum.

B CH,OH OH
P  — \
r4 o 0— A OH ™
I/./ '\._: /1 N
L — aH /__ s
o
| OH CH,OH
L —n

Figure 2 Structure of cellulose (From Murray, 2010)
Properties

There are three main factors which influence tlogerties of modified celluloses.
The first and most importantly are the type of silsson of the cellulose, secondly, the
average chain length or degree of polymerisatiothefcellulose molecules (DP) and
thirdly, the degree of substitution of the chain.

Additionally, the particle size of the hydrocollamwlay be varied. Particle size and
powder bulk density affect the dissolving charastms of the product. Granular



material is less prone to clumping or balling kakes longer to dissolve. Fine powdered
material can give very rapid hydration, but doesdisperse so easily and good stirring
or blending techniques are necessary.

Degree of polymerisation is a measure of the chamgth of the polymer.
Increasing DP very rapidly increases the viscaositthe modified cellulose in solution,
although the viscosities of two differently suhsi#d modified celluloses of comparable
DP will not necessarily be comparable.

In general the modified celluloses give neutrakdlared, odourless and colourless
clear solutions. It should be noted that all meadificelluloses, in powder or even
granular form, are capable of absorbing water friv@ atmosphere. It is therefore
desirable to store these products in airtight péksray, 2010).

1.2.2.1.1. Hydroxy!l propil methyl cellulose (HPMC)

HPMC is a macromolecule water-soluble and non-iowigich is able to form
gels upon heating (Yoguchi et al., 1995). The s@fproperties of HPMC solutions
depend on the structure of the polymer (figure @)jch is a consequence of the
production process that involves heterogeneousiosac

There may be portions of the backbone of the potymeains that are
hydrophobic in nature, the rich regions of methayups, and other portions that are
hydrophilic in nature, being full of hydroxy propgtoups. The hydroxy propyl methyl
cellulose (HPMC) is soluble in cold water to giveludions with different viscosity
characteristics, which depend on DP and DS. Thetieak show a stable viscosity over
a range of pH between 3 and 11.

More importantly, however, is the behavior of tlibusons upon heating, because
the solution becomes a gel once the solution teatyner was increased to above a point
known as the temperature of incipient gels or getrhal (IGT or TGP). The IGT of
hpmc varies from 63 to 80 ° C for the differentagpf HPMC, with increasing degree
of substitution of hydroxypropyl groups increasbe tGT. These gels are reversible
upon cooling, although there is a pronounced hgsierbetween heating and cooling
(Murray, 2010)

T
o
|
CH;
H O

H
OH H

o H
H OH CH;OH n

Figure 3Structure of hydroxyl propil methyl cellulose (HEM

In the market there are different types of HPMCjahhdiffer in viscosity and
molecular weight (www.sigmaaldrich.it). However tradl authors report the molecular
weight and viscosity of the HPMC type used for praidg edible film. The first studies
of this polymer back to 1995, where the effect aflenular weight and viscosity of
some characteristics of the film were studied (Nwmkbh et al., 1995) They report that
there is a complex relationship between the sizthefparticles, the gel strength and



viscosity of the solution. In particular, with deesing particle size (<45 and 45-
125um), an increase in the viscosity of the solutiorH#fMC resulted in a decrease of
the tensile strength of the complex. In 1997, Agraet al. reported that the water vapor
permeability (WVP) of films based on HPMC decreasath increasing molecular
weight due to the presence of extra methyl grobpsrhake the polymer hydrophobic.

1.2.3 Lipids edible films

Lipid are used for their good water barrier projsit For their hydrophobic
nature are capable of forming a structure thatcesluhe passage of moisture from an
phase to another of food system. Because lipidraaoh materials are not polymers,
generally they do not form cohesive stand aloma {Morillon et al. 2002; Debeaufort
and Voilley 2009), but are used in combination withlysaccharides or protein based
film to improve their barrier properties.

Edible lipid include beeswax, candelilla wax, cafpa wax, triglycerides,
acetylated monoglycerides, fatty acids, fatty atdshand sucrose fatty acid esters.
Edible resins include shellac and terpene resin.

Following are the lipids most commonly used andraperted in decreasing order
of efficiency as water barrier:

¢

Waxes;

Lacs;

Fatty acid and alcohols;

Acetylated glycerides;

Cocoa- based compounds and their derivatives.

o
25

R/
°

*
°oe

R/
SR 4

o
25

This classification of lipids was based on chememhposition of the molecules:
presence of polar components, hydrocarbon chaigtiemumber of unsaturation or
acetylation (Morillon et al., 2002, Debeaufort ét, 2000; Debeaufort and Volley
2009). For molecules having the some chemical eaturcreasing chain length
modifies the barrier properties because the podett pf the molecule decreases and
does not favour water solubility in the film struct. This occurs because lateral
packing of acyl chains is less efficient, causirrgd@uction in van der Waals’ interaction
and an increase in hydrocarbon chain mobility (Beuet al., 2007).

The barrier properties of lipids also depends agirtphysical state (solid fat
content at the temperature of use, crystalline fatn). These differences are due to
several factor such as solid state morphologicatastteristics, including crystal size,
shape, and polymorphism (Morillon et al., 2002).

1.2.4. Plasticizers

Plasticizers are small molecular weight compouhds ¢an be added to an edible
or coating solution to improve the flexibility andechanical properties of the film
matrix. Plasticizers are generally added to thégmamatrix to improve process ability
and to modify the properties of the final structuke opposed to “internal” plasticizers,
which are copolymerized or reacted with the polymexternal” plasticizers consist of
low molecular weight, low volatility substances tthateract with the polymer chains
producing swelling (Sothornvit and Krochta, 2005).
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Water is the most effective plasticizer in biopogmmaterials, enabling them to
undergo the glass transition, facilitating deforimat and processability of the
biopolymer matrix.

Cohesion and flexibility of an edible films are elehined by molecular weight,
branching and polarity of their constituents. Thelenules with low polarity and high
linearity tend to produce films with a high deg@ecohesiveness and rigidity. Films
and coatings formed only by the pure polymer aterofery rigid and brittle, because
of interactions between hydrogen bonding, electastforces, hydrophobic bonds
and/or cross-link. Plasticizers compete mainly igdrogen and electrostatic bonding
with the protein chain. The plasticizers reducelihtleness, increase the flexibility of
the film by interfering in the formation of hydragé&onds between the polymer chains
and increasing the molecular space. Thereforeatitgtion of hydrophilic chemical
plasticizers, such as glycerol, to films can redwager loss through dehydration,
increase the amount of bound water and maintaingh Water activity. Type and
amount of plasticizers can decreased the abilityilof to act as barrier to moisture
(Gennadios et al., 1996; Yong Cho et al., 2002[gvwsht al., 2002; Wan et al., 2005;
Maftoonazad et al., 2007).

The plasticizers generally added in the edible filra polyols and they include:
glycerol, propylene glycol, sorbitol, sucrose poiydene glycol, or fatty acids and
monoglycerides (Krochta 2002; Sothornvit and Krac?®05).

How mechanical and barrier properties of an edilhhe can be influenced by
plasticizer are reported in table 1 and 2.

1.2.5. Blends edible films

The production of edible film by combining variopslysaccharides, proteins and
lipid is considered beneficial because there isatieantage of the properties of each
compound and the synergy between them. The awsbubat each component
contributes to overall film properties are differéoo . (Falguera et al., 2011; McHugh
2000; Pol et al., 2002; Garcia et al., 2006; Phhe &t al., 2008; Ghanbarzadeh et al.,
2008; Phan The et al., 2009; Rivero et al., 2009).

There are three main types of composite films:, Ision films, bilayer films and
dispersion films (Bourlier 2007, Debeaufort and \éy 2009).

Emulsions films are colloidal system containing tpartially miscible fluids and,
almost invariably, a surfactant. Emulsions are aoseg of fat droplets that generally is
greater than 0.2 micron in diameter and less thaucBon in diameter (Mc Hugh 2000).

Addition of non-lipid compounds or particles suchsgar crystals, fibres, and
proteins as dispersed components in fat matergigips formation of fat dispersions
(Debeaufort and Voilley 2009).

Bilayer edible films can be composed of proteirrdtgin (Ghanbarzadeh et al.,
2008; Pol et al., 2002; Yong Cho et al., 2002)ypatcharide / polysaccharid@arcia
et al., 2004; Garcia et al., 2006), or polysaccleaand protein / lipid (Phan The et al.,
2008; Phan The et al., 2009; Rivero et al.., 20B0)he case of hydrocolloid/lipid film,
films are formed by depositing a lipid layers orttee surface of the preformed
hydrocolloid film.

In bi layer edible film, in which a layer of filnsimade up of lipids, the resulting
water barrier efficiency is often of the same ordemagnitude as that of pure lipid.
However, the hydrocolloid layer is hydrophilic, ateshds to absorb water when the film
is in direct contact with a moist phase. Furthemnadditional processing steps for film
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making (casting and drying) make bilayer films difft to use in high-speed
commercial production (Debeaufort and Voilley 2009)

In emulsion edible films, water flow thought therfpan of the film in which there
is no lipid or between two lipid droplets throughdawater barrier efficiency is lower
than bilayer films (Anker et al., 2000). In thigse, barrier efficiency depends not only
on the lipid type but also on the dried film ematsistructure such as the distribution
and patrticle sizes of lipid dispersed phase (Deflogaand Voilley, 1995; Perez-Gago,
and Krochta2001; Phan The et al., 2002).

Moreover, bilayer film tend to delaminate over tim@eveloping pinholes or
crack, and exhibiting poor strength and non unifosarface and cohesion
characteristics over time. In addition bi layerguiee multiple drying steps; whereas
emulsion film require only one dehydration step fMigh 2000; Phan The et al.,
2008).

In dispersion edible film, when the continuous gh&s composed of a lipid,
dispersed hydrophilic particles (sucrose crystatg;oa powder) do not significantly
affect the water vapour permeability, except wheexe is high relative humidity, for
which film structure is modified (Debeaufort andiN&y 2009).

Figure 4 is a schematic representation of the miffetypes of composite edible
films and related compounds with mechanisms of spion to the transfer of water.

Bilavered film Emulsion-based film Trispersion
o
e O b Pl ST Ty m-w.{:}cs.
Direction ol ll\" fj
willer Iransfee -'-.\(.r—

Schematie model represeotation of resistance 1o ransfer

Hiia}nn| [l Ennubidiin-based Filna Di:q:l'fl':.i‘lﬁ

AR ey
I ECTEC—— gy Yy
Rz
‘ Water migration

Ry Resintamoe of Hjid fayes
He= Reotslamed of Proboc or pelysaccbandic [oyver

Resistance of balayered lilm = B, «R,
¥ Resistmnge of emilson-besed or dispersion film ~ R+ VR,

D Prodeic or polysuccharidi D o ! - :
materiil Lipubs or desivalives Dhspersanl solid mareaal

Figure 4.Schematic representation of the different typesdible films and related compounds
with mechanisms of opposition to the transfer ofavé~rom Bourlier, 2007).

The main functional properties of blend film arpaged in tables 2-5.
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1.2.6. Additives

1.2.6.1. Emulsifiers

To produce protein-lipid or polysaccharides —lipmmposite films from aqueous
solution, it is often necessary to add an emulsifte allow dispersion of the lipid
material in the solution. Also, for some food- g¢ogtapplications, addition of a surface
active agent to a coating formulation may be nengs® achieve satisfactory surface
wetting and spreading with the coating formulatm then adhesion of the dry coating
(Krochta, 2002).

Emulsifiers are surface-active compounds that hidnee ability to reduce the
interfacial tension between two interfaces sinceytthave both hydrophilic and
hydrophobic ends. Emulsifiers are chosen accortbngydrophilic-lipophilic balance
(HLB) and phase inversion temperature (PIT).

HLB is a system of values of 1 to 40 according bhe thydrophobic and
hydrophilic portion of the surfactant. Surfactanith low HLB are used in water-in-olil
(w/0) emulsification and surfactants with high HM&lues were used in oil-in-water
(o/w) emulsification.

PIT is the value where emulsions reverse from awvio depending on the
temperature. It is believed that o/w interfacialsien is the smallest at PIT.

Naturally occurring emulsifiers, phospholipids, mogtycerides, soy lecithin,
sodium stearoyl lactylate, sodium lauryl sulfatepylene glycol alginate, and paraffin
wax are some examples of food grade emulsifiere drel Han, 2003).

Some proteins are sufficiently surface-active thatemulsifier is necessary to
form well-dispersed composite films or provide goswaiface wetting and adhesion
(Krochta, 2002).

1.2.6.2. Other additives

Edible film and coating can be carriers of addgiweich as anti microbial agents and
antioxidants. Antimicrobials are substances thataalded to edible film and coating to
improve quality and shelf life of products by reliag growth of yeast, molds, and

bacteria during storage and distribution (Krochhd.,J2002; Han, 2002; Lee and Han et
al., 2003; Coma et al., 2008). For edible film awhting, examples of food grade
antimicrobial agents are organic acids and thdiis sauich as benzoic acid, sodium
benzoate, sorbic acid, potassium sorbate, propiaaid, lactic acid, and acetic acid
(Cagri et al., 2001; Lee and Han 2003).

Another substance with antimicrobial effect is misNisin is an antibacterial peptide
produced by Lactococcus lactis that effectivelyibite the growth of some bacteria
(Coma eta |., 2008; Sanjurj et al., 2006).

Essential oils (EOs) (also called volatile or etarOils) are aromatic oily liquids

obtained from plant material (flowers, buds, sedeayes, twigs, bark, herbs, wood,
fruits and roots). This substance have a impomatibxidant and antimicrobial effects
(Burt, 2004; Bakkali, 2008). An in deep descriptiointhis additives is reported in the
first case studies.

13



Table 1.Plasticizer effect on mechanical and barrier pri@eiof some edible film

Film* EM T £ Fre References
s} MPa (] i o el
Prl)
EGA+MMgly 4.1 124 877 {Crennadios of al.,
EGA=Hgly 32 187 1027 (1996
EGA=ARhgly L.} 3 10,68
EGA+SI%PEG 14 597 21
FOA+GIRPEG 34 881 621
EGA=SS0r 37 130 490
EGA+MaS0r 22 186 569
EGA=GIMPEGH DMYS 13 500 575
EOA=MsPEGH Y S 21 300 347
A+ GEPEGHONYS L3 200 561
EGA+ABPEGH TN Y S 0.8 130 .68 Wan el al,, (20613)
BPl4aly-PEG=75:25 3] 1550 L1510
SP14gly-PEG=50:50 14 g0 10§ 1+
Pl glyPEG=2575 4 &0 L0
SPl+ahyPEG=0; 100 53 o0 0,95
SPl+elyPG=T523 n 1250 La*
SHly-PG=30:50 it 13040 LI2* 10
SPl+gly-P=2575 ] 0.0 0.3# 10
8P4 gly: PGk 100 il (1 L20e 0
SPl4gly-SOR=T5:25 L7 1200 0.7e 10
SPTgly: SOR=5:50 42 1250 .79
SP+aly:SOR=15:75 57 1300 05410
SE+ply: SOR=0: 100 T8 i
SBl4gly-SUC=T4:25 1] 1
5P+ gly-SUC=50:50 il 800
BPl4gly:SUCISTS B (L
SPI+gly=100 L6 160.0 Vong ¢t
SPHgly-Sor+100:0 0,7 plast/gSPI 100 20 al. 2002s)
SPl+gly:So=50:50 155 130
SP1+ly-Sor=k 100 19,0 80
SPlaly-Ser=100:0 0.5 plast/zSPl 4.0 b
Pl ely:Sor=30:50 240 i
5PL4aly:Sor=l 10 270 54
SP1+gly-Sor=100:00, 3 plast/ySPl 250 i
SPHgly-Sor=30:50 M3 30
SP1+gly: Sor=lk 100 30 3

*EGA = egg white ; YS= yolk egg ; SPI= isolate quytein; gly = glicerol; Sor = sorbitol; PEG
= polyethylene glycol; SUC= sucrose.
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Table 2 Plasticizer effect on mechanical and barrier proges of some edible film

Film* EM T E WP References
M) Ml i i e v !
i)
MaCas:ply=04 IR0 6.5 15 Fabra et al., (2008)
Malas:gly=0.6 1] L5 A
MaCagzor-{d T 15 7.5
MNalaz:sor=l6 400 9.5 15
Malus:gly:lip=1:40L3:0 S50 144 4 4.8
MaCas:ply: AQ=1:0.3:0.25 o 55 32 3.7
MaCas gl AO=1:035:0,5 B4 14 k] 16
MaCasigly:AD=10.3:0.75 4] 1.8 24 30
MaCasglv BW=1:03:0.23 193 1 35 16
MaCusply: BW=1:0.30% il 3 )
MaCas:plv: BW=1.03:0.73 NI MND NI ND
MaCuas:ply:lip=1:.3:0.5
BW:0A=3kT0 20 1o 25 1.8
BW:0A=50k30 100 18 L 1
BW:OA =T 10 150 8.0 |2 20 Shaw el al., (2002}
WPz ghy 0= 0L5:0,4 4.6 44 3.2
WP gly:(05-1:0,5:0,0 4.3 n 438
Wlsplye05=1:0.56:04 31 T 54
WP ghy:O8=T:0.6:0,00 375 3 5.7
WPs:ly:08=1:0.7:0.4 23 B4 36
Wl ghy:05=1:0,7:010 7 il 3.8

*WPIs = isolate whey protein; NaCas= sodium cagein®S= soybean oil AO= oleic acid;
BW= beeswax; lip= lipid; gly= glicerol; sor: sorbit
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Table 3 Mechanical and barrier properties of some Blatitile film

Film* EM 15 E WP References
(M) (Mgl i {1z mient e b
kPal)
C3 474 16 6.37* 00 Garcia ed al,,
Cstaly 71 225 313400 (2006)
CS+HCH 247 30 3170
CS+CHgly 27 1.7 162410
CH 0.7 33 1624100
WPLHPMC=100:0 57 39 120 .60% 10 Brindle et al.,
WPLHPMC=75:25 182 74 470 4.40°10° {2ne)
WHEHPMC=50:50 258 14 140 421*10°
WPLHPMC=25:75 971 3 130 3954107
WELHPME=0:100 1656 61 160 4254107
WP!:alginate (co.dried) 20,0 18 170 am Cnughlmﬂ al.,
Whalginate (1. blended) 125 (.5 0.5 21 )
WPI:pectinfeo.dried) 0.5 12 2.5 43
WHLpectin (1. blended) 1.9 (L6 15.0 517
WPL:carraginine (co.dried) 200 12 19.5 420
WP:carragining ([ blended) 14.0 & 18.0 534
WPI: [ konjiae {co dried) 175 140 210 421
WP fhongiac (1. blended) 115 (1 15.5 584
WP (control) 125 07 19.35 459
WPlp 9% 22 20 134 “"”E;E;!"
Acetem 1 02 13 02
[_aminata £ 1.0 9 0.z
Emuls. - cone lip effect 7.8 0312 24950 7774
Fmuls - omeaenz effect A0-40 l.6-1.3 117-23 5811
Emmls.-effect sepphase B2 ih3-04 1932 BHH2 Vet
WES+AC 0% 2370 5 46,2 12 7.8 [2005)
NPSHAC 0% SO°C 13 473 92 49
WPS+AC 5% 23°C 23 05 34 .4
NPS+AC 5% S0°C 15 K3 29 53
MPS+AC 10% 23°C |5 30 23 57
NPS+AC 10% SO°C 1.8 %5 22 53

*CS= cornstarch; CH= chitosan; WPI= whey protein; HPME&ydroxyl propil methyl
cellulose; co.dried= D.dried; WPIp= whey proteir®$& native potate starch; AC= acetem
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Table 4.Mechanical and barrier properties of some blenblediim

*Film EM I E WVF References
M {iFa) e g mm m-*fr!
kit
A | gl HIAIL=0:1 421 b3 et Pan et al.. (2009
Cas+] 5%yl HB:HLAx| 152 i Lol
A S%ogl i+ VGH HE:HL=04:1 X2 140 BT
HB:HL=.7:1 134 s g’
HB:HL=1:1 134 230 677107
FI:FIL-2:1 124 123 5207
CASH$%glr+VGE HE:HL=h 4| 82 i1 Lirerdr
HB:HL=.7:1 3G 0.2 LT Plsn e al,, (20090)
AGH] Shigly 421 6.3 Letlo
CASH13%ply 150 i Lot
A+ Shgly ns i3 NI
AMECAS=E241 gl M7 53 L2e1g
ACCAS=35+] gy 154 i3 LI*1g*
AGCAS =284 3%l | 42 1410
AGAX=TI+1 Staly na 43 T1¥07
AGAX=5:5¢1 Stgly 1A i3 7T
AGAX=91+1 Stgly 3 55 T
CASAN=E:241 5%y 08 18 Lot
CASAX=5:5+]3%gly 173 11 LI*g
CASAN=THEH gy 14,1 4 )
BeIC=da 30%gly 1.4 .00 84 0.6* 0! Sothoravit et al.,
B:PC=4:14 0%ty 14 9. 74 LI*g? {2007}
BP0 0%y 44 105 40 Li#(
B PO 130y 4 14 17 N
BP0+ M%agly &0 1.4 1, Bdlis
B PC=8: 1+ 20%gky 0.1 154 21 L5* 107

*AG= agarose; CAS= cassava starch ;AX= arabinossey VGB= vegetable fat; gly=
glycerol; HB= hydrophobic substance; HL= hydromhibubstance; B= banana flour; PC=
pectin

17



Table 5.Effect of enzymatic treatments, chemical and plajgperformance of the films

Filim® FM 15 E WWP op References
(W Puj [hiPa) (%) lgmmmip! fmmmih!
i) WP
il 14 20 Di Piemro et
CH-WE(CWE) 95 1410 1354104 gesrot k. (2008)
CWP+ TGase %2 3 P04
Pectin-gelatin 0 kGy 106.0 203 (163 Joetal,
Pectin-gelatin 10 kGy 1400 173 052 (2005)
Pectin-gelatin 20 kGy 1164 171 .60
Pectin-gelatin 30 ¥y 1000 219 0.66
il 1250 150 167410°
CHOVA 1000 2510 I i Pieo et
CH-OVA-TGase 1500 370 309210 )
64 116

Pectin-soy flour 24 12 Ml

., (2003)
Pectin-soy fourt [ Gase
W 40 200 131D L::'hgfﬂg.ﬁ
WP+TCase 2 00 L1107 o
N 14 250 21210
CNF+TGase 2 450 1764107
WPICZ 13 1950 I
WPHCZH [Gase 21 1840 148
CN4CT. 22 2600 1
CNHCZ+TGase 19 1500 131

*CH= chitosan; OVA= ovalbumim; WP= whey protein; CZzein protein; TGase=
transglutaminase
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1.3. Film and coating formation

Film formation generally involved inter- and intreolecular associations or cross-
linking of polymer chains forming a semi-rigid tleredimensional network that entraps
and immobilizes the solvent. Film forming matesabuld form a spatially rearranged
gel structure with all incorporated film formingead, such as biopolymers, plasticizer,
other additives, and solvent in the case of weirmgs

There are two categories of film-production procesgandwet

The Wet processused solvent for the dispersion of film forming terals,
followed by drying to evaporation of the solventidnrmation of a film structure. For
the wet process the selection of solvents is tleeafrihe most important factors. Since
the film-forming solution should be edible and egdadable, only water, ethanol, and
their mixtures are appropriated as solvents

The Dry processof edible film production does not use liquid sait. Molten
casting, extrusion, and heat pressing are good gheanof dry process. For the dry
process, heat is applied to the film forming maierito increase the temperature to
above the melting point of the film-forming matésiao cause them to flow. Therefore,
the thermoplastic properties of the film-forming teréals should be identified in order
to design film-manufactory processes (Han and Gadinea2005).

For edible film and coating formation, it is essainto understand the chemical
properties and structure of film forming materidgpolymers, as well as additives, to
tailor them to specific application.

Solubility in water and ethanol is very importantselect a solvent for wet casting
or active mixing. Thermoplasticity of biopolymernscluding phase transition, glass
transition, and gelatinization characteristics, u8tldbe understood for dry casting or
thermoforming.

The chemical characteristics of plasticizers andaher additives should be also
identified to verify their compatibility with bioppmers and to determine the changes in
film structure caused by addition of plasticizensl additives. These investigations are
very important to obtain critical information redalt to film forming mechanisms and
film property modification (Han and Gennadios, 2D05

1.3.1. Film forming technology

There are many technologies that can be used te mdible flms and coatings.
The choice of a specific process depends on thaenaf film or coating constituents
and on the intended shape of the barrier layeysaotharides and proteins have to be
modified using processes such as polymerizatiohatiga, coagulation, and co-
acervation. Lipids-based coatings are more oftetaindd from either melting and
crystallization or solvent evaporation.

Edible films can be obtained by extrusion, co-esitva, spreading, casting, roll
coating, drum coating, pan coating, or laminatiaghhiques. Edible coatings, on the
other hand, are mainly applied using spraying, dagating, spray-fluidization, pan
coating, or falling film techniques.

Casting methods a technique used to produce industrial filnmgluding non-
edible film. It provides spreading of a film-forngirsolution followed by a roll-drying
step. This technique is the most useful methogfoducing edible films and coatings
at both laboratory and pilot scales (Debeaufortdalley, 2009). Bio polymers power
is dissolved in solvent (water or other ediblehdft or adjustments of pH are need, this
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can be done after or before dissolution. Degassirgn important step to eliminate
bubble formation in the final film or coating. Flha the edible film or coating is
formed by applying the prepared formulation to tlesired casting or product surface
and allowing the solvent to evaporate. Providingtée air at low humidity and high
velocity increases drying rates (Kroch, 2002). @e kab scale, spreading thicknesses
and drying conditions (temperature and relative idity) may be accurately controlled
(Debeaufort and Volley, 2009).

Extrusion technologies are often used for industrial produacof films, tubes,
poaches, and casings. The process can involve raaly of the following operations:
heating, cooling, feeding, conveying, compresssigearing, reacting, mixing, melting,
homogenizing, “amorphousizing” (converting polymarystalline domains to
amorphous domains), cooking, and shaping. For themrmoplastic properties of some
protein (zein, soy protein, whey protein, wheatt@iry can be used in thermoplastic
process (Hernandez and Krochta, 2008).

Compression moldings one form of low-moisture processing method uged
make edible film. Thermoplastic material, whichteat when it is heated, is placed on
one half of a mold. Heat and pressure are apptieithd mold once it is closed. Film
material then fills the mold cavity and polymeripat occurs. The film is, then,
obtained by cooling the mold. One of the differenbetween compression molding and
extrusion is that flowability of the film-forming aterial for compression molding can
be low, while for extrusion, the material needsh@ve high flowability. Because
compression molding has very limited production anipit is economical for small
production (Lee and Han, 2003).

1.3.2. Coatings formation

Coating application consists of applying a liquidaopowder ingredient onto a
base product. Surface properties play a key rotearsuccess of coating application.

Application of coatings generally requires a fotepsprocess:

1. Deposition of coating material (solution, suspen, emulsion or powder) on the
surface of the product to be coated through spgayirushing, spreading, or casting.

2. Adhesion of coating material (solution, suspemsemulsion or powder) to the food
surface.

3. Coalescence (film-forming step) of the coatingloe food surface.

4. Stabilization of the continuous coating layeritsnsupport or food product through
co-acervation by drying, cooling, heating, or cdagan.

Enrobinginvolves application of a thick coating layer bypling the product to
be coated in solution batter or in molten lipi@oating of fresh or frozen products with
a batter and/or breading can enhance palatabddy, flavor to an otherwise bland
product and reduce moisture loss and oil absorgliwimg frying.

The spray-coatingechnique can be used alone or in combination patin, drum,
screw and fluidized-bed coaters. Spraying makgmésible to deposit either thin or
thick layers of aqueous solution or suspensions odten lipids. It is the most
commonly used technique for applying food coatingehe spraying nozzle plays a
critical role in the coating process. Sprayingaéincy depends on the pressure, fluid
viscosity, temperature and surface tension of taieg liquid, as well as nozzle shape
or design. This in turn affects the flow rate, thee of the droplets, spraying distance
and angle, and overlap rate (Debeaufort and Voll699).
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1.4. Functional properties

1.4.1. Permeability

There are many applications in the area of fookagiog that use mass transfer
phenomena. Example include selecting a packagintgriahto predict the extend
product shelf-life, and to control the in-packagen@sphere for protection and
preservation of food products.

Permeation, absorption and diffusion are typicalssndransfer phenomena
occurring in food packaging systems. Permeatidhdsability of permeants to penetrate
and pass right through an entire material in respdao a difference in partial pressure.
This property of the packaging material may alsadferred to as the “permeance”. To
convert the permeance (which is evidently dependarthe thickness of the film) into
an intensive property, it is multiplied by the fikllmckness to derive the permeability (P)
of the film. The mass transfer of a solute fromadutson thorough a (polymeric)
material is a useful way to determine mass trargefficients experimentally, because
it requires simple permeation apparatus consistinthe high and low concentration
solution in chamber divided by the test film madeéri

Diffusion is the movement of a molecules in a medicaused by concentration
differences acting as a driving force. Diffusiviflp) is a measure of how well the
compound diffuses in the medium.

Absorption and its counterpart desorption meastwe affinity of a given
substance for two media with which it comes intotact. The affinity of a substance
for a material can be expressed using the solylfhi} or partition (K) coefficient.

The permeability, solubility, and diffusivity areharacteristic value for a
migration component through a particular mediumedséh parameter are therefore
essential in simulating the mass transfer profile.

The mass transfer rates of molecules through aaggcknaterial or through a
membrane are often described as irreversible psodegyeneralized thermodynamic
driving force is required to induce movement of thelecules, which for the movement
of gases and solute is the gradient in the chermpm&ntial of the migration species. For
most packaging and membrane applications the &reagh which transfer occurs is
large compared to the to the thickness, so thatdomensional flow is consider. The
linear coefficient linking the flux (for unit crossection) to the driving force can be
consider as a resistance of the package or membratezial to the passage of the given
species.

With the appropriate substitutions and assumptidhs, gradient in chemical
potential is related to the concentration gradientthe migration species. The
permeation of a molecule is its movement from thgian where its concentration is
high (G) to the region where the concentration is lowej)).(C

Under steady state conditions, a gas or vapourdifflise through a polymer at a
constant rate if a constant pressure differencgaisitained across the polymer.

Events occurring within the material are examinest fwhere diffusion is the
dominant factor. Diffusion obeys Fick’ law, and Egfirst law can be expressed as:

o€

J,=-D=
¢ 0Xx

(1.1)
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where J , D, C and x are the flux per unit cross-sectidme uiffusivity, the
concentration of the solute, and the distance acndsch the molecules has to travel,
respectively. Fick’'s second law can be used toyaealinsteady state diffusion with
time t:

oC 9°C
ST (1.2)

When the steady state of diffusion has been reacheélconstant and eq. (1.1)
can be integrated across the total thickness ofptigmer, L, and between the two
concentrations, assuming D to be constant and erctemt of C.

After integrating equation (1.1) for the case wh@&reand G remain constant, the
flux of the molecules in the steady state is gibbgrequation:

- Q :D(Cl_CZ)
¢ A L

(1.3)

Where Q is the amount of diffused moving substarcés the cross sectional
diffusion area, and L is the thickness of the pgekar membrane. The diffusivity, D,
has units of ifs* and flux has units of mol fns™ or kg m?s™:

_J,CL_ QOL
AC ~ ALtLAC

D (1.4)

Before gas diffuse through the packaging maternainf G to G it must first
dissolve into material. The sorption of a gas congmb into a packaging material
generally has a linear relationship to the pagraissure of the gas as show in Henry’
law under conditions where the gas concentrationloiger than its saturation
concentration or maximum solubility:

p=0Xg (1.5)

Where p and Xarethe partialpressure of the gas in the atmosphere and molar

fraction of gas in the packaging material respetyivandc is the Henry’s law constant

in Pa. If the permeable gas molecule has an affinity eoghckaging material matrix, or

is immobilized in the micro voids of the matrix poler at a relatively low pressure, the
sorption behaviour follow a logarithmic non lingatationship, which is expressed as a
Langmuir type sorption. Following equation show timear relationship between the
concentration at the surface of the packaging nahtand the partial pressure of the
gas:

Cs=H™"p, (1.6)

Where pis the partial pressure of the gas on the high @atnation (G) side.

Since the driving force for gas penetration throagbackaging material is the
difference in gas concentrations or partial presshetween the two sides of the
packaging material, the gas flux J of both pernseatind diffusion can use partial
pressure term instead of the concentration gradient
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In the mass transfer situation, the concentrataemm lwe substituted for the partial
pressure p and the solubility S in:

_DDs(C, -G, )At

L (1.7)

Q

The product D*S is referred to as thermeability coefficienbr constantand is
represented by the symbol P. Thus:

QLL
- 1.8
ACtO(p, - p,) 9
Or
Q_P
: LAD(Ap) qL.

The term P/L is called theermeabilityor permeanc€Han and Scanlon et al., 2005).

1.4.2. Viscoelasticity and mechanical properties

1.4.2.1. Viscoelasticity

The response of food materials when subjected riouaforces is of the greatest
importance to food scientists and engineers. Abledilm or coating with very good
barrier properties could be inefficient if its macdical properties do not permit to
maintain the film integrity during handling, packag and carrying processes. Thus, the
mechanical resistance and deformability of edildatiogs have to be determined. The
mechanical properties of films are related to d$tmat properties and influence the
handling and processing of films.

Rheology is defined as the study of the deformatiad flow of matter under
defined conditions. It deals with the predictioigreechanical behaviour based on the
micro- or nanostructure of the material, e.qg.,ti@ecular size and architecture of food
polymers in solution or particle size distributiona solid suspension.

The ideallyelastic materialexhibits no time effects and negligible inertitkets.
The material responds instantaneously to appliexbst When this stress is removed,
the sample recovers its original dimensions coreptetnd instantaneously. In addition,
the induced strairg, is always proportional to the applied stress i@nddependent of
the rate at which the body is deformed. For thaliddastic material, the mechanical
response is described by Hooke’s law:

o=-—=E¢ 1.10)

>|T

Whereo the force divided by the cross-sectional areahefgpecimeng, is the
strain and E is Young’s modulus, that represerttasacteristic of each material solid.

An ideal fluid will deform and continue to deforms bong as the load is applied.
Thus in contrast to the ideal elastic response,ideal viscosity materialstrain is a
linear function of time at an applied external ssteThe material will not recover from
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its deformation when the load is removed. On thHease of the applied stress, a
permanent set results. According to Newton’s ldw, response of a fluid to a shearing
stresst is viscous flow, given by:

d
r :nd—‘t’ (1.11)

Wheren is viscosity and ddt is strain rates].

From energy considerations, eladtiehaviour represents complete recovery of
energy expended during deformation, whereas visttousrepresents complete loss of
energy as all the energy supplied during deformasalissipated as heat.

Ideal elastic and ideal viscous behaviours present extreme responses of
material to external stress. As the terms implgséhare only applicable for “ideal”
materials. Real materials, however, exhibit a vaday of responses between viscous
and elastic. Most materials exhibit some viscousl @ome elastic behaviour
simultaneously and are called “viscoelastic”. Altal foods, both liquid and solid,
belong to this group.

The viscoelastic properties of materials are detethby transient or dynamic
methods.

The transient methods include stress relaxationn@antaneous strain is applied
to the sample. The stress required to maintaingfngn is measured as a function of
time) and creep test (the sample is subjected fastantaneous constant stress and the
strain is monitored as a function of time).

The viscoelasticity studied by transient methoda b& represented by two
mechanical model: Hookean elasticity is represebtea spring and Newtonian flow
by a dashpot. The behaviour of any viscoelasticerreds can be adequately described
by connecting these basic elements in series parallel or in combination. Though
such methods are fairly easy to perform, theresaneeral limitations. Major among
them is that the material response cannot be detednas a function of frequency.

Dynamic mechanical tests provide useful informat@mout the viscoelastic
nature of a polymer. It is a versatile tool fordstung the effects of molecular structure
on polymer properties. In dynamic mechanical te#iis, response of a material to
periodic stress is measured. Dynamic mechanicalgpties of viscoelastic polymers are
measured when the applied stress or strain islatecy in nature with a specific
frequency.

Data from dynamic mechanical measurements can geodirect information
about the elastic modulus and the viscous respainggolymer. This can be illustrated
by considering the response of elastic and visaoatgrials to imposed sinusoidal small
strain (or stress}, , and measuring the resulting stress (or strain)

£ = g,sin(at) 12)
Whereg, is the max amplitude andis the frequency (rad/s).

It is important to empathize that the strains dreldtresses used in these tests are
very small, often <1%. This is to assure that ttademal response is in the linear range,

i.e. the range within the stress is proportionahi® applied strain (linear viscoelasticity
range) and the theory described below is applicable
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For a purely elastic body, Hooke’s law is obeyedage angle) , is equal to 0).
Consequently,

r =G g, sin(at) (1.13)

whereG’ is theelasticity modulusind represent the material resistance to deformatio
It is evident from two last equations that for @labodies, stress and strain are in phase.

Now consider a purely viscous fluid. Newton’s laigtdtes that the shear stress is
given byt =ng, that is,

r = neyweodat) (1.14)

In this case, the shear stress and the strainCdre of phase. The response of
viscoelastic materials falls between these twoesxéswith 0° <5 < 90°.

The stress response of a linear viscoelastic nadtieria sinusoidal strain input is
given as:

7(t) = £,G (w)sin(at) + £,G" (w)coat) (1.15)

The frequency dependent functioB$ (o) and G"(w) are shear elastic (storage)
modulus and shear viscous (loss) modulus respécti@ (o) is a measure of the
energy stored and subsequently released per ciydefarmation per unit volume. It is
the property that relates to molecular events afted natureG"(w) is a measure of the
energy dissipated as heat for cycle of deformapen unit volume.G"(®) is the
property that relates to molecular events of visaoature.

The linear viscoelastic behaviour of a fluid, orlymeer, is completely
characterized when we know the frequency dependehdsvo functions, such as

‘G*‘ and the loss tangentand =G /G, or the dynamic moduls ' andG", or any other

combination of two quantities.
‘G*‘ corresponds to the ratio between the maximum sstresd the maximum

strain appliet’. At constant frequency, it does not depende@@and then the stress
response is linearly proportional to the appligdistonly if the oscillation amplitude is
enough small, within the linear viscoelastic regifibewele, 2000; Grassi et al., 2007).

1.4.2.2. Mechanical properties

Mechanical behaviour involves the deformation ohaterial under the influence
of applied forces. The mechanical properties ofmelrs are affected by their chemical
composition, surrounding conditions and test coonls. The various factors that affect
the mechanical properties are:

. Molecular weight and molecular weight distrilouti
. Cross-linking and branching

. Crystallinity and crystalline morphology

. Copolymerization (random, block or graft)

. Plasticization

. Fillers, type and amount

. Blending and related morphology of the blend

~NOoO o WNPRE
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8. Molecular orientation

In any given polymer system one or more of the aldactors would be operative. The
effect of these factors can be correlated withrttezhanical behaviour, which help in
tailoring properties.
In addition several environmental and external aldgs that affect the mechanical
behaviour of polymers are:

1. Temperature

2. Time, frequency, rate of stressing /straining

3. Pressure

4. Stress and strain amplitude

5. Type of deformation

6. Thermal history

7. Nature of surrounding atmosphere, such as meituel, ozone level, etc.

Processing methods and the conditions of procegdeng an important role in
governing the polymer morphology and hence theltiagumechanical properties. The
micro-structure produced during processing afféfoésviscoelastic nature and thus the
response to applied stress during testing. Itherefore, important to also correlate
processing with structure and properties.

The tensile properties of polymers are normallydatned by studying the stress-
strain behaviour at relatively high strains. A tgdiplot of stress strain curve is shown
in Figure 5. The initial part of the curve hasreehr stress-strain relationship exhibiting
elastic deformation of the polymer. The slope irs tinear region gives the tensile
modulus of the material. The point at which it lmegio deviate from linearity is called
the proportionality limit. At slightly higher stnas, the yield point is reached and after
this the polymer deforms in a plastic manner ahdhal strain is not recoverable. The
stress at this point is called the yield stres$hwaitcorresponding elongation at yield.
Beyond the vyield point, the material is permaned#jormed. If the stress is removed
after the yield point the polymer exhibits some orery and some permanent
deformation. At a higher strain level the polymeedks giving the ultimate tensile
strength and the corresponding strain at break.thancfeature of importance is that
during the plastic deformation there is an increasestress which is called strain
hardening.

26



Elastic .
Region ‘. Plastic

-..‘r"uu

Ultimate

Rupture

Stress (o)

" Strain to failure

k"'_‘V_—" Strain (€)
Permanent
deformation

Figure 5Stress-Strain behaviour of Polymeric Material®(fDavid and Mirsa, 2001)

The common tensile test involves elongation of mbloell shaped sample held in
jaws that pull the sample at a constant rate aedotdd required for this is measured as
a function of time. The load-elongation curve ohégi on a uniaxial tensile testing
machine is plotted and then converted to stressastiurve. Ductile materials have a
relatively higher elongation at break while brittteaterials have a lower elongation at
break. Similarly stronger materials have highetdystress and ultimate strength values.
Stiffer materials have a higher modulus as compa#wesiofter materials. Amorphous
polymers in their glassy state are generally lerithd in the rubbery state they are
ductile. Another feature of importance is that dgrthe plastic deformation there is an
increase in stress, which is called work hardeniig stress-strain relationship at large
values of deformation gives an idea about the tyfjpeehaviour a polymer has (David
and Misra, 2001) .

1.5. Factor affecting films properties

The main properties of interest for films and cogsi are tensile properties
(tensile strength, elongation at break and elastadulus), gas permeability, water
vapour permeability and appearance. All of thesgp@rties can be affected by the
extrinsic conditions used to process and produedilins (Dangaran et al., 2009).

1.5.1. Drying condition

Drying conditions may influence the final propestiaf the material. For example,
proteins can change their structure as a functibmprocessing parameters (Tapia-
Blacido et al., 2005). In this sense, temperatsreaistrong denaturing factor for
proteins, although the thermal stability and comfation of each protein depend on the
amino acid composition. During the drying periodhen water is progressively
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eliminated, proteins conformation changes, and degree of protein unfolding

determines the type and proportion of covalent (She&hds) or non-covalent

(hydrophobic interactions, ionic and hydrogen bdndsteractions that can be
established between protein chains. It is known ¢hains can interact more strongly
and easily, especially by disulfide bonds, whertgins are denatured (Mauri and Anon,
2006). So the cohesion of the final network wouédafunction of these bonds and
determines the properties of the films obtained@eet al., 2009).

The effect of dry conditions (e.g., temperaturéatree humidity, type of energy
source, etc.) on the properties of edible baseusfihave been investigated for different
proteins. Just as an examples the results of th& wioDenavi et al. (2009) on the
influence of drying condition (air temperature amtative humidity) on properties of
commercial soy protein isolate (CSPI) films andeotbbtain in laboratory (LSPI) is
reported. Authors report that different drying citiesh could promote different
interaction. CSPI films were dried at high temperat(70°C) and low relative humidity
(30%), which could have promoted the formation dfigher number of hydrophobic
interactions within the film structure, while LSRIms were dried at 60 °C and high
relative humidity (60%), which would promote a hégghnumber of hydrophilic
interactions. Thus, the higher number of hydropbabteractions in the CSPI film
would hamper water diffusion through the film anduhd confer it better barrier
properties to water vapour and lower solubilityrthzsP1 films. On the other hand, the
presence of a higher number of pores in the streatiLSPI films would explain the
higher oxygen permeability of such films.

1.5.2. pH

If protein is one of the components of the filmrfoing solution, the pH should be
adjusted not to be extremely acidic or extremekalaie, since intra molecular protein
repulsive force develops under extremely acidic atidline conditions. Therefore,
films formed in these conditions will be less dease more permeable. Film opacity,
solubility, WVP, and mechanical properties of wheglatten films were affected by pH.
It is reported that the films made at pH 5 weredtrengest, while flms made at pH 6
had the lowest WVP (Lee and Wan, 2003). pH affdeésmechanical properties of soy
protein/gelatine film (Cao et al., 2007). The authceported that tensile strength was
most strong at pH 8-9. And the films were most agagyhen pH increased from 6 to 9.

1.5.3. Heat denaturation

The protein film network may be improved throughatadenaturation, which
improves the tensile and barrier properties ofesai\casted films by induction of cross-
linking between the protein chains (Dangaran e2al09).

Heat denaturation effect was studied for whey pmotand soy protein.
Temperature denatured unfolded whey protein stracnd increased exposure of free
thiol group (Dangaran et al., 2009). Perez-Gago kammthta (2002) reported that S-S
bonds, whether intra- or intermolecular, play ayvemall role in determining the
moisture barrier properties of WPI-based films, reviethese films possess different
oxygen permeability (OP), solubility, and mechahipeoperties. OP of native WPI
films is significantly higher than OP of heat-damat films, but of the same order of
magnitude. The lower OP values for heat-denatutet fmay be related to their more
linear (unfolded) structure, leading to higher ihe energy density and lower free
volume among polymer chains. The unfolded structditeeat-denatured whey proteins
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and the covalent S-S bonding during drying lead$ilto insolubility in water and
produces films that are stronger and can withstagder deformations. The degree of
protein denaturation and unfolding as heating tané temperature increase affects the
degree and nature of protein—protein cross-linkind, as a consequence, the solubility
and mechanical properties of the films.

For soy protein films formation is believed to imw® development of
hydrophobic, disulfide, and hydrogen bonds betwgetein polymer chains. Heating
of the film-forming solution is very important tastdupt the protein structure, cleave
native disulfide bonds, and expose sulfhydryl gsoapd hydrophobic groups, and then
to form new bonds between protein chains during tirying.

1.5.4. Enzymatic treatment

Cross-linking of proteins has been induced by bctlemical and enzymatic
means. Formaldehyde, glutaraldehyde, and lactid have been used to cross-link
whey proteins through lysine residues.

Transglutaminase (TGase) is a food grade enzynteutes the acyl-transferase
mechanism to link the gamma-carboxyamide (acyl dooba glutamine residue to the
gammaamine (acyl acceptor) of lysine residues ajmogein chains. This enzyme is
known to improve elasticity in foods. Originallyahsglutaminase was extracted from
Guinea pig liver, making it expensive and cost-fritive for large-scale production. It
is now possible to be obtained it at a lower cosif microbial sources, and it has been
used in both homogenous protein systems and msufreroteins to affect tensile and
permeability properties. Whey protein, casein, smg albumin and wheat gluten have
all been investigated for treatment with this eneymhe molecular weight of alpha-
lactalbumin, beta-lactoglobulin and alpha-lactalin/betalactoglobulin mixtures was
shown to increase after TGase treatment, indicativaross-linking. Moreover, TGase-
treated proteins were also more heat stable relatvuntreated ones (Truong et al.
2004). The cross-linked protein networks were lesisible, which may improve the
water vapour permeability properties of films fonfom the cross-linked proteins
(Dangaran et al., 2009; Mariniello et al., 2003;Harro et al., 2007).

1.6. Proteins polysaccharides interaction

Proteins and polysaccharides are present togetheany kinds of food systems,
and both types of food macromolecules contributihéostructure, texture and stability
of food through their thickening or gelling behawi@and surface properties.

Most structural elements present in foods at theprasunolecular (or
microstructural) level are thermodynamically medht# and at nonequilibrium (e.qg.
amorphous phase), where the nature and kinetiasitefactions between them are
largely unknown and uncontrolled. Knowledge of ttieermodynamics of simple
mixtures provides a reference point to assess thenpal behaviour of the extremely
complex multicomponent system that is a real foodi the effect on it of variables such
as temperature, pH, ionic strength, concentratiod,so on (Tolstoguzov, 1997).

An understanding of polymer science principles sseatial for following the
evolution of food materials science. The basic pserof this science is that since most
food are formed by polymers, they must comply vtk principles and theories that
apply to synthetic polymers. It tries to interppdtysical and chemical phenomena in
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food system through concepts such as thermodynamemmpatibility of polymer
solutions, the glass transition, state diagramiynper rheology, etc.

Material science is a well developed disciplinet,thauilding on chemistry an
physics, covers such subjects as internal progedienaterials, phase transitions and
phase equilibrium, strength and fracture of malgri@and surface and transport
properties (Aguilera et al., 1999).

1.6.1. Polymer solution

Knowledge of the role of protein-polysaccharideerattions, in relation to their
functionality in complex multiphase systems, such faod mixed solutions, bio
polymeric films or coatings, emulsions or gelsstifl rather limited.

Functional properties of food proteins, such asulsbty, surface activity,
conformational stability, gel-forming ability, ensifiying and foaming properties, are
affected by their interactions with polysaccharidegeractions of these biopolymers
with each other and their competitive interactiaith other system components (water,
lipids, surfactant, metal ions, etc.) determineidtrre-property relationships in a food
system such as bio polymeric packaging that digongly from those of the
macromolecular reactants.

Thermodynamics provides valuable information agh® direction in witch a
system (such as polysaccharide-protein mixture) mibve, what condition will be
reached at equilibrium, and what would be the ¢fééosariables such as temperature,
concentration, pH, ionic force, etc.

The Gibbs free energy (G) is the key thermodynapacameter for studying
phases at equilibrium (Aguilera and Stanley, 1999)necessary (but insufficient)
condition for a homogeneous solution to be forméeramixing is given by this
expression:

AG,, =AH,, ~TAS,, <0 (1.16)

where AGnix (0F G mixturee G pure componen)s IS the free energy of mixingdHmix is the
enthalpy of mixing,T is temperature andS:ix is the entropy of mixing. Thus, mixing
generally involves changes in enthalpy and entropy.

An ideal solutionis a fictitious model for mixtures of identical feoules in
which molecular interactions are the same (or nané)the change in volume after the
mixing is zero. For an ideal solution of small nmikes (e.g. those that follow Raoult’s
law), AHpmix =0 (athermal mixing), so the sing af5n,ix depends only on the entropic
term.

For the so-calledegular solutions AHpx is finite, and the free energy of mixing
takes this form:

% =AH ., + RT(x InX, +x,In X, ) (1.17)

wherex; and x; are the molar fractions of solvent and solute, éespely, and\N is the
total number of moles. Since ¥ and Inx; are always negative, if they behave as an
ideal solution AH nix = 0).

A polymer solution behaves differently than a solutof small molecules,
obviously because of the large size of the polymergomparison to the solvent
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molecules. However, the theoretical treatment ohdatons for polymer-solvent

miscibility is not very different from that usedrfalilute ideal solutions of small

molecules. In fact, it involves calculating entmopand then enthalpic effects and
determining their contribution ta&G mix.

In the Flory- Huggins theory, the polymer solutisrmodelled as a lattice, where
each lattice site is occupied by either a solventecule or a polymer segment. The
change in free energy of mixing for a polymer solutis given by the Flory- Huggins
equation:

AG

T’“ix= I?T(xlzgal(p2 +@ing +%In¢2j (1.18)

The last two terms in this equation contain theagit contribution arising from
the different placements that polymer (componenard) solvent (component 1) may
have in the lattice; x represents the relative tlerfgumber of segments per molecule).
These terms are similar to the last two terms ofaé@qn (2), but the molar fractions of

solvent and solute have been replaced by the volfiantions of solvent #) and

polymer ((/’2).

The first term represents the enthalpic contributio interaction energy between
the solvent molecules and the polymer segments. chedficient x12 is called the
Flory-Huggins interaction parameter and is equal to

— AH mix
RTNg@

where AHnix is the excess energy involved in neighbouringradton,N; in the
number of moles of solvent, aftis the gas constarRTis a sort of “thermal energy”
that at normal temperatures is of the order of ritaga of the energies involved in
intermolecular bonds such as hydrogen bonds ordémnNaals’ forces. Thug;.is a
kind of ratio between the energy involved in theeraction of neighbouring molecules
and the thermal energy, and it is positive for eéndomic mixing and negative for
exothermic mixing. Negative values fgg indicate miscibility, while positive values
indicate repulsion. According to the Flory-Huggitteeory, the critical value of the
interaction parameter for phase separation of ynpei-solvent mixture is given by:

X2 (1.19)

Xipo = - F o= (1.20)

The critical interaction parameter is a measurethid amount of effective
segment-segment repulsion that a mixture can teldrafore phase separation occurs.
This parameter depends only on the relative lengthsof components. For monomeric
mixture K = 1), y12c =2 , whereas for large polymer {~©) in solution, it approaches
1/2 . So ifyo< 1/ 2 the polymer should be soluble if amorphaund linear. For a
mixture of two long polymers, it can be shown thai,. approaches zero, which
explains why binary polymer blends almost alwayagghseparate.

Therefore, using the Flory-Huggins theory it is §ibke to account for equilibrium
thermodynamic properties of polymer solutions sashdeviations from Raoult’s law,
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phase separation, melting point depression in aifyst polymers and swelling of
networks (Tolstoguzov, 1997; Aguilera, 1999).

1.6.2. Consequences of mixing solution

On mixing two biopolymers in solution, for instaneepolysaccharides and a
protein, one may observe either one of the follgnpossibility as depicted in figure 6.
The interaction of the of the two biopolymers may b
« Associative (the biopolymers attract one another)
e Or segregative (the biopolymers repel each othed ame denote as
incompatible)
(de Kruif et al., 2001)

g, |.."-:'||'5I saccharide

‘ %l +

profein

segregation =] association

ey

incompatibility co-solubility complexation

Figure 6.Main trends in the behaviour of protein/ polysactes mixture (From de Kruif et
al., 2001)

For very dilute solutions the system is stableeiactropy dominates and proteins
and polysaccharides are co-soluble. Upon increagimy concentration of the
biopolymers the system may become unstable, depgmi the type of interaction. As
a rule biopolymer mixtures tend to segregate. Fdymers of a similar and expanded
structure this is classically ascribed to the dédfece in interaction energy between
polymer segments and is at the core of Flory theory

For polymers dissimilar in shape and structure esgagion lead to a reduction of
the polymer concentration near the other (protearjicle. Exceeding a certain polymer
concentration lead to a phase separation into eeiprenriched and a polysaccharide
enriched phase. A special case is a segregatigeaation of very large polymers and
relatively small colloidal sphere.

A mixture of polysaccharides and proteins can alsetable when associative
interactions are operational. In that case the gamigharides adsorb onto the protein
surface. If the amount of polymer is not large egioto completely cover protein, a
polysaccharides may adsorb onto more than oneipsieface (de Kruif et al., 20p1

Phase separation in mixed polymer solution is q@denmon as important
technological applications in foods and biotechgglo Almost all foods contain
complex mixtures of different proteins or proteinccombination with polysaccharides
that can also form gels. In these mixtures, mokacuhteractions occur which
powerfully influence the gelation characteristi¢sre individual components.
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The mixing process is spontaneous when changesbins@ee energyAGmix =
AHmix -TAS) is negative. The mixing process can only givee rto complete
compatibility when the entropy difference A$) between the two-phase and single-
phase states is larger than the mixing enthaldy)( This is true for low molecular
weight compounds, but not for polymers. Then, theapy of mixing significantly
decreases when monomers are replaced with biopadymecause of the large size and
the rigidity of macromolecules typical of biopolyrse biopolymers solutions contain
less independently moving particles. Since theogytrof mixing is a function of the
number of individual particles being mixed, theuabf the entropy of mixingAS) of
biopolymers is several orders of magnitude smdfian that corresponding monomers.
Therefore, molecularly homogeneous mixtures of diymers could be preparedAH
Is negative. This means that the attractive folmtgveen different macromolecules are
equal to or greater than those between the sameeofymacromolecules. Therefore, the
biopolymer compatibility is related to the abilitp form soluble interbiopolymer
complexes.

When the energies of interaction between the chaingwo polymers are
favourable, for example, in polyanion-polycationstgyns, the two polymers may
associate into a single gel-like phase or form eciprtate. More commonly, the
interactions between the two polymers are lessuiale than between like segments
of each type. There is therefore a tendency foh dacexclude the other from its
polymer domain, so that the effective concentratbboth is raised in their respective
domains. At sufficiently high concentrations, thestem can separate into two liquid
phases, or one component may be driven out ofisalbly the other.

1.6.3. Associative phase separation

Associative phase separation between proteins ahggrcharides refers to a
demixing phenomena induced either by direct intevsas between bio-polymers, e.g.
electrostatic interactions (the famous complex epation phenomenon) or hydrogen
bonding, or by bad solvent conditions without reupg the involvement of interactions
between molecules.

Basically, associative phase separation impliesfahmation of primary soluble
macromolecular complexes that interact to formtelkeadly neutralised aggregates, then
unstable liquid droplets and/or precipitates théimately sediment to form the
coacervated phase containing both biopolymers (Derugt al., 2000).

Electrostatic complex between proteins and anigrutysaccharides generally
occurs in the range between the pk value of thenamigroups (carboxyl groups) on the
polysaccharide and the protein isoelectric poinEP(l Generally, electrostatic
complexes dissociate when the ionic strength exxc8e2+0.3, or when the pH value is
above the protein IEP. At pH value above the IEB,, et neutral pH, electrostatic
interaction may still occur between anionic cardosgntaining polysaccharides and
positively charged subunits of oligomeric protearsl between proteins and sulphated
polysaccharides.

The process of mutual neutralization of macro- teas leads to an
electrostatically neutral insoluble complex. Elestatic biopolymer interactions are
enhanced with an increase in the net opposite ekanfi biopolymers and when the
ratio of net charges of charges of the polymerstegds approaches unity. In other
words the composition of insoluble interbiopolymssmplexes tend to satisfy the
condition of electrical neutrality. The net chamgfeanionic polysaccharides decreases
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with gradual attachment of each successive prate@cro ion during formation of

electrostatic complexes. This diminishing net opgosharges, reduces both the
hydrophilicity and the solubility of the resultambmplex and decreased its IEP
compared to that of the initial protein. The higttex relative content of polysaccharide,
the lower the pH at which the complex precipitafBise composition of an insoluble
inter biopolymer complex usually depends on thegplthe system, but not on the ratio
of the biopolymers.

Since the net charges of proteins and anionic poblsarides are differently
changed with pH, the stoichiometry of the compkexieatly changed with pH. When
the pH is decreased below the protein’s IEP, thecharge of the protein increases,
while that of anionic polysaccharide macro-ion éases. As a result the insoluble
complex is enriched with polysaccharide.

Aggregation of neutral insoluble complex particles mainly due to
intermolecular hydrogen bonds and hydrophobic, leipo dipole and charge - to dipole
interactions. Formation of the concentrated phdse complex leads to a decrease in
electrostatic free energy of the system. The Idsentropy on complexing of rigid
polymer molecules may be counter —balanced by thbay contribution from
interactions between macro-ions by liberation afrder —ions and water molecules.

Non electrostatic interactions play an importanie rom composition property
relationships of complex coarcevates. In partiGuian electrostatic interaction can
cause non equilibrium effect in the complexing areh lead to an irreversible
complexing. After the precipitation of one of thelymer components remains in
solution.

The composition of soluble complexes depend oriritial ration of protein and
polysaccharide concentration. Normally, soluble plaxes form at low bulk
concentrations when the ratio of biopolymer redctsarfar from equivalent. Normally,
soluble complex are metastable and are aggregdted thhe concentrations increased.
The aggregation of soluble complexes when the cdraton is increased. The
aggregation of soluble complex can be induced leyattidition of a small amount of
salt. At high salt concentration these complexesdasociated.

Since the composition and properties of a complepedd on its formation
condition, e.g., on the way of their preparatiod #ime time of aging, inter-biopolymer
complexes can be not at equilibrium. Not equilibriscomplexes are especially typical
of polyelectrolytes with a high charge density Stofuzov et al., 2007).

1.6.3.1. Functional properties of electrostatic coplex

Interaction of protein with polysaccharides andvafious proteins between each
other govern the stability, solubility and co-sdliiy of biopolymers, their to form
viscous solutions and gels and their behaviouintatfaces. Even a small alternation of
the between macro-molecules may result in a changiod texture. Functional
properties of inter-biopolymer complex differ stgiy from those of the
macromolecular reactants.

The nature and number of interacting side-groupd smze and stability of
junction zones determine the stability and funaigproperties of the interbiopolymer
complex, the non equilibrium nature of the commex! dispersed systems stabilizes by
the complex.

Since biopolymers macromolecules difference in sehagize, conformation,
flexibility and net charge at a given pH and iosicength, the formation of structurally
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regular junction zones in interbioplymer complexssvery unlikely. Formation of

interbiopolimers junction zones decreases hyduoitfifiand provides a more compact
conformation to the complex, increased the criticahcentration for gelation and
decreases the viscosity of soluble complexs.

In other words, an increase in junction zone siespécially multichain
interbiopolymer zone) decreases the solubility bé& tcomplex. Macromolecular
segments that are not incorporated into the junctmne play a key role in dictating the
hydration, solubility, surface activity, and getatiand other functional properties of the
complex. Neutral insoluble interbiopolymer complexeay be dissociated in either a
salt solution or at alkaline pH to recover andse the polysaccharide.

Thus, the hydrophilic/hydrophobic character of enptex particle is controlled by
the junction zone /polisaccharides chain ratio.idgrease in junction zone content can
decrease the solubility (dispersibility) and impeathe surface actability of functional
protein complexes.

The two methods, namely the cross-linking of progeiand anionic
polysaccharides by the binding of multivalent catiguch as Ca, Fe, Cu, etc) and
thermal denaturation of the bound globular protsin increase the stability of protein-
anionic polysaccharide complex. These two treatmeain increase the stability of
protein —polysaccharide complexes against higtcistrength and pH values above the
IEP. This is mainly due to coordinate, hydrogendsoand hydrophobic interaction. The
composition and properties of protein multivalerdtian anionic polysaccharide
complexes depend on their preparation conditioalsfbguzov et al., 2007) .

1.6.4. Aggregative phase separation: Thermodynamimcompatibility of proteins
and polysaccharides

Grinberg and Tolstoguzov (1997) reported about p@ftein —polisaccharide-
water systems, which show that the thermodynamionpatibility of protein and
polysaccharides is a very general phenomenon.

This means that under certain conditions, any pragielysaccharide-water
system is spontaneously demixed into two liquidsgisawith separation of the protein
and the polysaccharide. The conditions necessamphfase separation vary according to
the biopolymers. They are dependent on specificctiral and compositional features,
as well as on the molecular weight and conformatiotne biopolymers.

Incompatibility of mixed polymers in solution demsnon interactions between
the two polymers, and it was measured by the Rhuggins interaction parameter
Xg-p, @nd interactions of each polymer with the solvergasured by,,_g and byx; _.

A positive value fox,_, is indicative of the exclusion of one polymer frotie

neighbourhood of the other (net repulsion betwden golymers). Clearly, solvent-
biopolymerl (or biopolymer2) interactions are farai to the detriment of
biopolymerl-biopolymer2 and solvent-solvent intéicats, so that the system finally
demixes into two phases, each being enriched withad the two biopolymers 1.The
second phase separation phenomenon, the compleereaton, occurs when the
interactions between the two biopolymers are fagduix,_, < 0). This occurs when
both polymers carry an opposite charge, for ingamica pH slightly lower than the
isoelectric point of the protein, while the polysharide still carries a negative charge.
Complexation takes place, which can yield eitherfdrmation of soluble complexes or
an aggregative phase separation. In an assocjatage separation, the two coexisting
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phases have the following composition: a rich soly@ase with very small amounts of
biopolymer(s) and a rich biopolymer(s) phase fognithe so-called coacervate
(Doublier et al. 2000).

Molecular characteristics of biopolymers (molecwlaight, conformation, charge
density, etc.), factors affecting them (pH, ionicesgth, solvent quality, etc.), mixing
conditions (ratio, total concentration, etc.) andaking procedures (heat treatment,
pressure, shearing, etc.) must be considered asmlaing factors in separation phase.

Sufficiently concentrated solutions of biopolymseimghtly differing in chemical
composition and conformation are usually immiscible

The mixing of proteins and polysaccharides und@ulseve conditions often
results in phase separation phenomenon. Thermodgnaocompatibility was identified
as the driving force of this phenomenon. Resuléystems present two phases enriched
in one of the polymer with a partition of solvemttleen these two phases.

The thermodynamic incompatibility of biopolymerkeaplace when the Gibbs
free energy of mixing is positive. Since the mixigtropy is a function of the number
of individual particles being mixed, the value dfetentropy of mixing AS) of
biopolymers is several orders of magnitude smatlen that corresponding to
monomers.

The maximal co-solubility of polymers that are riggd to phase separation.
Phase separation threshold for mixture of polysacdh and for mixture of synthetic
are usually below2%. The phase separation thresivaideds 4% for polysaccharide-
globular protein mixture and 12% for mixture of lgldar proteins.

Incompatibility usually increases with molecularigig and salt concentration.
Phase separation threshold in mixed solutionslafge number of biopolymers studied
in very sensitive to entropy factors given by th&cleded volume of the
macromolecules. The phenomenon of incompatibiktiates to the occupation of the
solution volume by macromolecules and repulsiomben unlike macromolecules. The
differences in excluded volume effects between nmgatible biopolymers and their
competition for space determines the critical cbadiof a system phase separation and
contributes to asymmetry of phase diagrams of profgolysaccharide systems. The
water is always is higher in the phase of a momrdyphilic biopolymer with a higher
excluded volume effect. The degree of asymmetrghafse diagrams reflects a higher
hydrophilicity and larger effective volume of polescharide macromolecules compared
to compact molecules of globular proteins. Accogtina less concentrated phase rich
in polysaccharide is usually in equilibrium witlt@ncentrated phase rich in protein.

The symmetry of phase diagrams may be charactelig€d the ration of critical
point coordinates, (ii) the angle made by tie limath the concentration axis of one of
the system components (iii) the length of the bial@@gment between the critical point
and phase separation threshold.

Normally, phase separation of a mixed solutiondsoaplished by a non-equal
partition of water between the co-existing phasenéd. Usually, a higher concentrated
protein-rich phase is in equilibrium with a dilutgoblysaccharide phase. This
phenomenon of water transfer between immisciblemnsalutions of biopolymers ca be
used for the concentration of protein solution.sThiethod is called “membraneless
0sSmosis”

Incompatibility of protein with polysaccharides manesult in depletion
flocculation of protein particles and protein staieid dispersions. The phenomenon of
depletion flocculation is similar to the phenomenoh limited thermodynamic
incompatibility of biopolymer of limited thermodymac incompatibility of
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biopolymers in solutions, the basic difference ket the two phenomenona is that
depletion flocculation is of a non equilibrium negu

1.7. Edible film application

Edible film and coating can be used in same protmsd, minimally processed
food, meat food, dried food, nuts and fried foodsese coating can improve the quality
and prolong the product shelf life (Mc Hugh et 20]12).

The use of edible film and coating in food appli@as and especially highly
perishable products, such as horticultural onegoigditioned by the achievement of
diverse characteristic such as cost, availabilitynctional attributes, mechanical
properties (flexibility, tension), optical propexsi (brightness and opacity), the barrier
against gases flow, structural resistance to watef microorganisms and sensory
acceptability.

1.7.1. Fresh fruits and vegetables

Since fruits and vegetables consist of living tesssubsequent physiological and
biochemical changes which cause detrimental chamgeguality and shelf life of
produce are common after harvesting. Respiratioanspiration and ethylene
production are main factors contributing to deterion of fruits and vegetables.
Problems mentioned above increase with partialotal tloss of skin in minimally
processed fruits and vegetables. Skin protectsusmdgainst water loss and pathogen
invasion and provides partial barrier to gasesii®}i chopping, and peeling, etc., of
fruits and vegetables can cause injury not onlygdtls immediately exposed by the
action, but also to unexposed cells deep withintigsie, increasing extent of damage
(Olivas et al., 2009).

Edible coatings improve the quality and extendghelf life of lightly processed
fruit and vegetables by acting as a barrier to wktss and gas exchange, creating a
micromodified atmosphere around the product.

In addition, edible coatings can serve as carfmrsther generally recognized as
safe (GRAS) compounds, such as preservatives dradt finctional ingredients from
natural sources. For example, the addition of dutexenhancer, such as calcium
chloride, in an edible coating formulation may ante fruit quality during storage by
maintaining firmness. Furthermore, calcium in tbenf of calcium ascorbate provides a
dual function of cross-linking (from €9 and preventing the cut surface from browning
(from ascorbate). The incorporation of natural @itlants, such as ascorbic acid (AA),
citric acid, cysteine, and antimicrobials such astit acid, acetic acid, can help in
reducing enzymatic browning and controlling micadlgrowth of fresh-cut products.

On a general basis, edible coatings used with {fteshproducts must be
transparent, tasteless, and odourless, in addtbonontaining safe and food-grade
substances. They must have an appropriate wateuvagermeability (WVP), solute
permeability, and selective permeability to gased wolatile compounds. Further, the
cost of technology and raw materials from whichtic@gs are made has to be relatively
low (Rojas-Grau et al., 2007b; Oms-Oliu et al., 20Bmmambux et al., 2003; Yaman
et al., 2002; Simoes et al., 2009; Dea et al., 2012

For minimally processed food, coatings have beemdtated from several major
chemical classes including lipids, resins, carboaias, and proteins. Composite film
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can be advantageous because have been also corttierggabd water barrier properties
of lipid coatings and the good gas permeabilitypprties and non greasy texture of
polysaccharide or protein coatings (Bai et al.,201

Interestingly, fruit and vegetable coatings areegeally referred to as “waxes”
even though some do not contain any wax compondhdst or many commercial
coatings are wax or lipid based (Bai et al., 2012).

Generally, lipid-based coatings offer resistancaevader vapour and, therefore,
reduce water loss from coated fresh produce. Tihisturn, reduces weight loss,
shriveling, and shrinkage of fruit and vegetabledorcts, which, if left unchecked,
render these commodities unmarketable.

These coatings, however, are relatively permeablgases and, therefore, result
in less modification of the fruit internal atmosphieAs a result, they have less of an
effect on ripening and senescence. On the othed, Hgoid coatings are less likely to
result in anaerobic conditions and the accompangffiijavors (Baldwin et al., 2002).

Polysaccharides show effective gas barrier pragerialthough they are highly
hydrophilic, and they also show high water vapoerngeability in comparison with
lipid and resin coatings. The polysaccharides useddible coatings are starch and
derivatives, cellulose derivatives, chitosan, gupestin, and other compounds (Bai et
al., 2012).

Protein coatings, similar to carbohydrates dueh@rthydrophilic nature, are not
effective in reducing water loss. But, certain pmotmaterials such as soy protein and
casein, which contain higher levels of hydrophamano acids, present more effective
moisture barriers, especially in combination witpids. Protein coatings are more
effective for ripening control via creation of ange MA. Only the corn protein and
zein, can result in a high-gloss appearance thaalegthat of resin-based coatings
(Baldwin et al., 2002; Bai et al., 2012).

1.7.2. Meat food

The aim of any packaging system for fresh musctel$ois to prevent or delay
undesiderable change to appearance, flavour, ododrtexture (Gill and Gill, 2005).

Cutter (2006) has analyzed the opportunities obledfilms to improve food
guality and safety of meat. Films and coatings thase polysaccharides can be used to
prolong the shelf life of foods based on meat ®vpnt dehydration, oxidative rancidity
and superficial browning. When applied to produste&h as meat packaged and
subjected to the smoke and steam, the polysacehbased film melts and becomes an
integral part of the surface of the meat. Meatta@avith the film in this way showed a
better structure and texture, and have low moidgg(Yingyuand et al., 2006; Wu et
al., 2000).

Fats have been used for coating chicken, shrimat sred sausages. Waxes and
other fat-based oils have also been added to filased on proteins or polysaccharides
to impart the flexibility to improve the charactgrcs of the coating.

Several studies have demonstrated the benefiipididased coating to preserve
the quality of meat-based foods (fish or meat)sHrdrozen or processed. Meat treated
with wax exhibits a longer shelf life in refrigeeat, reduced drying surface, and retains
colour. Despite the advantages of using proteirethéigms, research has shown that the
enzymes associated with muscle (meat) can degnadeins of the film. In addition,
proteins of the film may have health problems, esky for people with food allergies
associated with milk proteins, eggs, peanuts, $cg,0r protein.
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1.7.3. Fried food

Deep-fat frying is a widely used method for prepgrioods with an attractive and
tasty surface. The soft, moist interior and theoper crispy crust increase food
palatability. In most industrialized countries, pgdat frying is one of the most rapidly
growing culinary techniques.

One of the main problems associated with fried f@ods high oil content; as a
result, owing to its association with the high demce of diseases such as obesity, high
cholesterol levels or high blood

pressure, fried food consumption is a cause forceom Different ingredients
have been proved to be effective in reducing thewarhof oil absorbed by fried food.
Among these, edible coatings based on proteinso#ret hydrocolloids can play a role
in reducing oil absorption during frying (Antonogaal., 2002).

Many factors have been reported as affecting oibkgy including oil quality,
frying temperature and process duration, the proslsbape, its moisture, solids, fat or
protein contents and porosity, pre-frying treatrseftrying, blanching) and coating,
among others. Since covering the surface of thd femoves the differences in surface
properties and also protects it, this is an intergdield of study.

Figure 7 is a schematic diagram representing thestare and lipid transfer
during frying of a product coated with an ediblenfi

' T !f' ™
i
I
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Coated

Qil Moisture

Edible

Figure 7.Schematic representation of reduction in oil uptakd of moisture retention during
deep-fat frying of a food coated with an ediblenfiffrom Antonova et al., 2002).

The coating has to be designed to minimize wates, lthus preventing oil from
entering. The crust may act as a diffusion barteat limits mass transfer, but inner
moisture converted to steam may find selective elBnin the structure and escape
through open capillaries, pores, and crevassespiémday enter the voids left by the
water (Valera et al., 201Albert et al., 2002; Williams et al., 1999; ).
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1.8. Film and coating as carrier of active substames

Edible films and coatings have received increasimigrest because films and
coatings can carry a diversity of functional ingesds. It is possible to incorporate
antioxidants, antimicrobials, nutraceuticals, flesjcand color agents to enhancing food
guality, stability, and safety (Avena-Bustillos akidHugh, 2012).

The term “active packaging” may be defined as pgitigawhich performs some
desiderate function other than merely providingaaribr to the external environment.
The active packaging solutions interact consisyeatid actively with the atmosphere
inside a package, changing the qualitative and tijatime, or directly with the product
it contains, through the release of useful subsmmno improve their quality or by the
seizure of unwanted substances. The functionsddiathave an active packaging are
antimicrobial functions, @scavenger, absorbing moisture, or ethanol.

Generally, antimicrobial agents control the detation of foods and the growth
of pathogenic microorganisms.

The non-edible packaging can contain any kind @&servatives in their food
packaging materials to create an antimicrobialégtiThey may contain organic acids
and their salts, fungicides, bacteriocins, antib&t enzymes, alcohols, thiols,
antioxidants, or gas.

In the case of edible films and coatings, the alh@€ antimicrobial agents is
limited to edible compounds because they must Ibswuoed together with the film or
coating, and food, so their edibility and safety essential.

Antimicrobial agents that can be incorporated iedlible films and coatings are
organic acids and their salts, such as benzoic, andium benzoate, sorbic acid,
potassium sorbate, propionic acid, lactic acid aedtic acid (Han, 2002). Recent
studies had demonstrated that also essential g# latimicrobial activities against
alterative and some pathogens microorganism (R0@4; Bakkali, 2008).

Antioxidants can be added into the coating matoixptotect against oxidative
rancidity, degradation, and discoloration of cert&ods. For examples, nuts were
coated with pectinate, pectate, and zein coatingsaming BHA, BHT, and citric acid
to prevent rancidity and maintain their texture.

Edible films and coatings are excellent vehiclesribance the nutritional value of
fruits and vegetables by delivering basic nutrieartd nutraceuticals that are lacking or
are present in only low quantity in fruits and viagpes. These substances are calcium,
zinc, vitamin E, and beta carotene (Avena-Bustidod McHugh, 2012).

Among the factors to consider in designing antioiical edible film and coating,
was need to controller release of these substaitgste 8, shows the structure of
edible film and coating systems.

Packaged food may be contaminated by microorganisfare packaging or by
post-process contamination after the sealed packagepened. Therefore, surface
contamination is the most probable and needs toptsvented. Contaminating
microorganisms will locate themselves on the foadaxe, in the area between the
package and the food. In the case of edible coalystems, they can completely cover
the food. However, the food surface may potentiggt contaminated before the
coating process. Microorganisms positioned betwdencoating layer and the food
product may not become active and grow due to tdoBxygen and to direct contact
with the antimicrobial agents. Therefore, coatedd® are most likely to become
contaminated on the external coated surface whdmoonganisms will position
themselves and start to grow. In both film and iogasystems, the food layers that do
not contain antimicrobial agents initially have ydarge volume compared to the
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volume of the thin films or coatings. Because @& #imost infinite volume of the food
layer compared to the film/coating layer and thgnation of antimicrobial agents from
the films/coatings into the food, the concentratainthe antimicrobials in the edible
film and coating layers will be reduced. Eventudhg antimicrobials will be depleted
from the edible films/coatings. Therefore, the aske rate must be controlled to prevent
the early depletion of antimicrobial agents dué&gi migration.

Edible Film Layer Edible Coating Layer
/ Food

0| o °
—O—’O
() o)
——>
OO
T

Antimicrobial Agents /

Contaminating
Microorganisms

Figure 8. Structure of edible film and coating systems angration of antimicrobial agents in
food (From Han, 2002)

Therefore, figure 8uggests that the two systems (the film systemtlaadoating
system) should have different protective functiodakigns. In the film system, the
incorporated antimicrobials should migrate slowlgni the film layer into the food,
thereby acting against contaminating microorganidmsontrast, in the coating system,
the antimicrobial agents must remain in the coataygr to protect the food product
from invasion of contaminating microorganisms. Colied release of the
antimicrobials with an intermediate diffusion rate expected to achieve effective
antimicrobial activity at the food surface in anfilsystem. In a coating system,
preserved high concentration of the antimicrobimlequired with a very slow diffusion
rate to maintain the efficiency of the antimicrdbfanctions against spoilage and
pathogenic microorganisms.

A mass transfer model of the migration phenomeamalie used to describe the
concentration profile in the film/coating layer afusbd over time. Figure 8hows that a
two-layer diffusion model can represent both then fand coating systems. When
volatile antimicrobial agents are incorporatedytban evaporate out from the system to
the surrounding environment. Most non-volatile @trobial agents would penetrate
into the food layer during storage and distributiblan 2002).

Controlled release and mass transfer models hase pmposed. That may be
used to describe the migration of antimicrobialrdgehrough food packaging systems
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consisting of single, double, or triple layers (H2000; Mastromatteo et al., 2009;
Flores et al., 2007; Guillard et al., 2009).

Because the mass transfer model describes theralip between concentration
and time, it allows for calculating the storagei@érthat maintains the antimicrobial
concentration above the critical inhibitory concatibn and permits the estimation of
the microbiologically safe shelf life
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2. Aim of thesis

In recent years the concept of using edible filrd emating to extend the shelf-life
of food has been increased. The latest regulatcoreerning the production and
disposal of packaging (94/62 EC, 1935/2004 EC, @¥72EC) have directed research
towards the study of renewable raw materials. Funtlore, much interest has been
placed on the use of natural ingredients that egtace some chemical traditional
components.

The success of an edible films or coatings in editen the shelf life and
enhancing the quality of food strongly depends tsnbarrier properties to moisture,
oxygen, and carbon dioxide which in turn dependshenchemical composition and
structure of the film-forming polymer.

For these reasons it is interesting to investigédterent matrices, parameters and
factors that may influence the properties of thiendi in order to optimize the
performance of edible films and coatings and toeusidnd the relationships between
structure and properties.

The aim of this work was to investigate the effeictompounds on structure and
functional properties of hydrocolloids based filni$he results will help to develop a
film or coating system with specific properties,clsuas solubility, barrier and
mechanical properties, to control physiologicalcmbiological and physicochemical
changes in food products, with an improvement effdod quality and an increasing of
their shelf-life.

The objective of the first part of the work wasréview the results on the main
polymer used to produce edible film and coatinghwhe objective of studying the
knowledge’s on the edible film properties and stne-functional properties relation.

Then, the objective of the work was to study thieafof constituents on the
structure and properties of films based on protairg polysaccharides. In particular the
work was organized in different cases studied depto investigate different aspects of
the problem:

| Study case Effect of rosemary oil on functional propertigshydroxyl propyl methyl
cellulose films.

II Study Case Structure and properties of Hydroxy propyl metbgllulose-sodium
caseinate film cross-linked by Transglutaminase.

[Il Study Case: Food application of sodium caseinate cross linkél trasglutaminase
edible film: oil absorption reduction on Frencleffipotatoes.
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1.1 STUDY CASE

Effect of rosemary oil on functional propertieshgfiroxyl propyl
methyl cellulose films
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ABSTRACT

Edible films based on hydroxyl propyl methylcelbdo(HPMC) obtained with
different concentrations of rosemary oil were pneggh In order to study the impact of
the incorporation of rosemary oil into the HPMC mat mechanical properties, water
vapour permeability (WVP) and microscopy analysesenevaluated. Results showed
that the different amount of rosemary oil did navé a significant effect on mechanical
properties at small and large deformation. For fiah6% of HPMC, at concentration
of oil equivalent to 0.4% a reduction of WVP wakiaged.

1.1. Introduction

Active packaging technologies involve interactidmstween the food and the
packaging material to extend the shelf life of feadhile maintaining their quality and
safety. These materials are designed to delibgraebrporate ‘active’ components
intended to be released into the food or to absalistances from the food (Regulation
(EC) No 1935/2004).

A variety of antimicrobial agents have traditioyalbeen used for food
preservation and may be added to the film mateagl%active” components to provide
antimicrobial functions. In the last years, the deohfor replacing synthetic chemicals
with natural compounds it is increased. In thistegt the essential oils (EOs) are
interesting for their potential use as natural grestives.

EOs are natural complex compounds characterizexddtsong odour and they are
formed by aromatic plants as secondary metabolithey can be synthesized by all
plant organs, i.e. buds, flowers, leaves, stemigstveeeds, fruits, roots, wood or bark,
and are stored in secretors cells, cavities, caapldemics cells or glandular trichomes.
They are liquid, volatile, limpid and rarely coleadr, soluble in organic solvents with a
generally lower density than that of water. Singei@nt time known for their antiseptic,
i.e. bactericidal, virucidal and fungicidal, and di@nal properties and their fragrance,
they has been used in preservation of foods arghtasicrobial, analgesic, sedative,
anti-inflammatory, spasmolytic and locally anaestheemedies. Nowadays, more is
now known about some of their mechanisms of acpanticularly at the antimicrobial
level. They can contain about 20-60 componentsuié glifferent concentrations, but
are characterized by two or three major componantairly high concentrations (20-
70%) compared to others components present in taateunts. The main group is
composed of terpenes and terpenoids and the otbferaromatic and aliphatic
constituents, all characterized by low moleculaighe

To measurethe antimicrobial activityof essential oilsin the literatureusually
definedthe MICand MBC. MIC is defined as the minimum inhibitoryncentration of
EOs, whichallows a reductionof microbial population growth; MBC is defined as
minimum bactericidal concentration, which allowsreduction in the number of
microbial cells at least 99%. The in vitro efficaafyEOs against food borne pathogens
and spoilage bacteria and their action mechanise be®en extensively reviewed.
Among the most common oils that have been proveimamobial properties against
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spoilage microorganisms the main are Cilantro @briander oil, Oregano oill,
Rosemary oil, Sage oil, Clove (bud) oil and Thyni€Burt, 2004; Bakkali, 2008).

Among essential oils, rosemary oil shows a stromigacrobial action against
spoilage and pathogenic microorganisms and in iaddit shows also antioxidant
properties (Fernandez-Lopez et al. 2005; Estevak,e2007; Fu et al., 2007).

Edible films and coatings may carry antioxidantgjraicrobial agents, colorants,
flavours, fortified nutrients, and/or spices. Rabgrnt is increasing the interest in using
these molecules as active compound in edible filnsaating to preserve and prolong
the shelf life of food as meat and fish and minisngrocessed fruit (Lanciotti et al.,
2004; Gutierrez et al., 2008; Raybaudi-Massilialet 2008; Rajas-Grau et al., 2006;
Valencia-Chamorro et al., 2009; Villalobos-Carvajat al., 2009; Oussalah et al.,
2004). The only limitation in using edible film @oating as carrier material is that
incorporated antimicrobial agents must be selearadng edible compounds (Han et
al., 2002; Sanchez-Gonzales et al., 2011)

Polysaccharides have been extensively used asfdilming solution for edible
films or coating. Cellulose is probably the mostiradlant organic substance existing in
nature and is the major constituent of most larehisl HPMC is a macromolecule
water-soluble, non-ionic, which is able to formgeapon heating (Yoguchi et al., 1995).
Residual group along the backbone of the polymamshcan be hydrophobic in nature,
like methoxyl groups, and other portions ban berdpdilic in nature, being full of
hydroxypropyl groups. Thus, the properties of fhaéysaccharide depend of the nature
of the substitution groups, the degree of sub&itu{DS) and the distribution of the
substitution groups. Derivatives with DS below @re generally insoluble, but if the
DS is increased up to 0.2-0.5 (depending on the ¢fsubstituting group) the product
becomes soluble in agueous alkali (Richardson &@o2003).

Hydroxypropyl methylcellulose (HPMC) yields filmkdt are flexible, odourless,
tasteless, water soluble, and resistant to oils fatg] and present good oxygen and
aroma barrier properties (Miller & Krochta, 199However, their hydrophilic nature
makes them rather ineffective moisture barriers.

Several lipids have been tested as depressors tefr wapour permeability in
composite films based on polysaccharides. In tbgpect, the incorporation of plant
extracts to composite films represents an intargsalternative. Like other lipids,
essential oils (EO) may improve the water barriepprties of the films, because of
their hydrophobic nature, (Sanchez_Gonzales e2@D9; Atares et al., 2010a; Atares et
al., 2010b; Lim et al., 2010; Mahdi Ojagh et 28D,10). However, functional properties
of edible film depends on the type of constituesrtsl also on their interaction (Phan
The et al., 2002; Phan The et al., 2009; Giancarad.£2011). Regarding the role of
EOs on film functional properties the results repdron literature are still contradictory
(Sanchez Gonzales et al., 2011; Du et al., 2009tal., 2010; Hosseini et al., 2009).
Few works have been focused on the effect of ropewibon functional properties of
polysaccharides based edible films. Thus, the @ibpof this work was to study the
effect of rosemary oil on the functional properté$iPMC edible films.
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1.2. Materials and Methods

1.2.1. Materials

Hydroxypropyl methyl cellulose (HPMC) (1.8-2.0 mgtkubstitution (DS); 0.20-
0.3 hydroxypropyl substitution (MS)), rosemary eg&e oil (Rosemary officinalisand
Tween 80 were purchased by Sigma Aldrich (Milaalyit

1.2.2. Film making procedure

HPMC film were prepared by dissolving 2%, 4% and 6241MPC powder in
deionised water at room temperature for all nigtasemary oil- and Tween 80 were
emulsified, at 6:1 ratio rosemary oil/tween 80,usyng a vortex (IKA MS 3 Digital) for
5 min at 2000rpm. Different concentration of rosgmail (0.0, 0.4; 0.7; 1, 2%) were
added to the HPMC solutions at 2% and 6%. Thistmwis were emulsified by using a
Blender (Osterizer) to maximum power for 15 minutes

Prior to film casting, solutions were de-aeratedarmvacuum to prevent pinhole
formation. 20 ml of film forming solutions were ped onto levelled 56.7 c¢m
polystyrene Petri dishes and allowed to dry atQ@fd 50% relative humidity (RH) for
48h under air circulation. The dried films were lpdefrom the Petri dishes and stored
at 20°C and 50% relative humidity prior to testing.

1.2.3. Film thickness measurement

Film thickness was measured using a micrometer Méd@&2 with a sensitivity
of £2 um (Metrocontrol Srl, Casoria, NA, Italy).lfi strips were placed between the
jaws of the micrometer and the gap reduced urgilinistrument feel in contact with the
film. Mean thickness (um) of films was determingddveraging 10 measurements at
different locations.

1.2.4. Scanning electron microscopy analysis

Microstructural characteristics of film samples we¥xamined using an LEO
EVO 40 scanning electron microscope (Zeiss, ObérocGermany). All film samples
were dried in a desiccator containing lithium chder (§,=0.113+£0.003) and then
manually fragmented. Dried strip fragments of filmere mounted on specimen stubs
with the cross-section oriented up and coated within layer of gold by a DC sputter
coater (AGAR B7340, Agar Scientific Ltd, Stansteldk). Digital images of film cross-
section were collected at a tilt angle of 0° to #ectron beam using an acceleration
voltage of 20 kV.

1.2.5 Dynamical mechanical measurement

Dynamical mechanical analyses (DMTA V, Rheomettits Piscataway, USA)
were performed on rectangular film specimens (50mm). The sample was cut whit
scissors and mounted on grips so that its length 1amm. All measurements were
conducted in dynamic mode. Before any measuremesis taken, samples were rested
for 3 min, allowing the stress induced during sanfgading to relax. The linear
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viscoelastic region was determined by performingist sweep tests at an angular
frequency ¢) of 1 rad &. Then, all the films were submitted to frequenaiesp tests
by increasingw from 10% to 10 rad §' under a constant strain amplitudg ¢f 0.01%
(within the linear viscoelastic region) to monitthre storage (E’) and the loss (E”)
tensile moduli.

1.2.6. Film mechanical properties

The tensile strength of the films was measured &ipguan Instron Universal
Testing Machine (Instron Ltd., Model 4467, High ¥éynbe, GB) equipped with a
1,000-N load cellFilm samples were cut into 25 wide and 100 mm lersitips using a
sharp razor blade. The strips were equilibratedrogkt at 50+5% RH and 23+2 °C in
an environmental chamber. Ten samples of each fipe were tested. Tensile
properties of the films were measured accordintpéoASTM (1991) Standard Method
D882 using Test Method A, the StaticWeighing, CansRate-of-Grip separation test.
The initial grip separation was 50 mm and crosshgaeked was 15 mm/min in a
Tension Mode. Tensile strength (TS) and percenngeltion at breakesfo), Young
modulus (EM) were calculated. Results are repoate@verage of ten replications of
each sample.

1.2.7. Water vapour permeability

Water vapour permeability (WVP) of films was evdidh by gravimetric test
according to ASTM E96 (1993) by means of a FishdPayne permeability Cup (Carlo
Erba, Milan, Italy). Eight grams of silica gel weargroduced in each cup. Film sample
having diameter of about 6 cm was placed on tofhefcup and sealed by means of a
top ring kept in place by three tight clamps. Thienfarea exposed to vapour
transmission was 10 émThe cups containing silica gel were weighed dreth tplaced
in desiccators containing a saturated KCI solutidrich provided a constant water
activity of 0.8434 at 25 °C. The desiccators wawest in a Heareus thermostated
incubator (Binder KBF240, Turin, Italy ) at 25.00x °C). Cups were weighed at
scheduled times, and the amount of water vapouositngssion rate (WVTR) through the
film was estimated by the linear portion of thegilaam obtained by plotting the weight
increment of the cup as a function of time. It vée@asumed that the steady state was
reached once the regression analysis made by tisengst four data points resulted in
R*>0.998.

From WVTR data, the value of vapour pressure an’silinner surface @ was
obtained taking into account the method proposebyHugh et al. (1993) to correct
the effect of concentration gradients establisheitié stagnant air gap inside the cup.

PEDD_n[P_PZ}

-

WVTR=

11
RIT [Az (1)

Where, P is the total pressure; D is the diffugiat water through air at 25°C; R

is the gas law constant; T is the absolute temperahz is the mean stagnant air gap
height, considering the initial and final z vall®;is the water vapour pressure on the
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solution surface; Pis the corrected water vapour pressure on thésfiinmer surface in
the cup. Then permeance was calculates as followed:

Permeance= (WVTR (1.2)

P-PR)

Where R is the water vapour partial pressure at the filoteo surface.
Permeability was obtained by multiplying the pernmamaby the average film thickness.
Results are reported as average of three replisatibeach sample.

1.2.8. Statistical analysis

To assess the effect of HPMC concentration andch&ateil concentration on the
functional properties of HPMC-based films, threeMHP> concentration levels (2%, 4%,
6%) and 5 oil concentration level (0%, 0.4%, 0.7%%, 2%) were tested, each level
being replicated three times. The reliance of HP&I@ oil concentration on film
functional properties was assessed by ANOVA anslygiusing SPSS 13.0 for window
(SPSS, Milan, Italy Duncan’s test was carried out to find the sowfcthe significant
differences within the samples examined. Signifteanf differences was defined at

p<0.05.

1.3. Results and Discussions

1.3.1. Thickness

Thickness of HPMC film is reported in Figure 1. Bycreasing the HPMC
concentration from 2% to 6%, the film thicknessr@ased from 0.062 +0.005 mm to
0.23 + 0.01 mm. ANOVA highlighted a significant et of HPMC concentration on
film thickness (p<0.01), and results showed that tthickness increased linearly with
HPMC concentration (0.999). As reported for pectin film (Giancone ket 2010), an
increase in HPMC concentration lead to a denserctstre which can justify the

increment of thickness.
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Figurel.thickness (B of HPMC film at different concentration at 20°C.
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The addition of rosemary oil to HPMC films did rfeive a significant effect on

the thickness of the film (p>0.05). This result evar accordance with Du et al., (2010)
who reported that the thickness of tomato pectmdidoes not increase in presence of
oregano oil, garlic and allspiece up to 3%. Asrggd by Sanchez-Gonzales (2011a) a
possible losses of oil could occur during film ayiwhich can reduce the total amount
of solids contributing to the film thickness. Hoveeythe effect of EOs on thickness is
reported to be a function of the kind of oil ansl gdoncentration. In fact, in the case of
apple and pectin edible film it was showed thattthiekness increased in presence of
clove bud oil at a minimum concentration of 3%, véas in the case of cinnamono and
allspice oil the thickness increased for 1% of(Dil et al., 2009).

1.3.2. Scanning electron microscopy analysis

Characteristic SEM images of cross sections of HIRMC films at different
concentration (2%-4%-6%) was shown in Fig. 2. Atgare structure was observed for
HPMC film at different concentration HPMC.

WD |Mag|Spot -
.1 mm|500x; 3.0

Hv |Det| WD M - -300.0pm
20.0 kVETD 10.1 mm 5! F11314 stub 6

Figure 2. SEM micrographs of HPMC films with different HPMComtent: (a) 2%
magnification 500x (b) 4% magnification 1200x, 6 magnification 500x.
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Figure 3 and 4 show SEM micrographs of the crostieses of the 2% and 6%
HPMC films at different oil concentration.

The final structure after drying was influenced thg structural arrangement of
the different components (HPMC, Tween 80 and rosgrmi) in the initial dispersion,
and their development during the drying processnwdreplet flocculation, coalescence
and creaming can occur (Vargas eta l., 2009; SanGeazales et al., 2009 )

For 2% HPMC films at different concentration (FR), the presence of rosemary
oil caused discontinuities due to lipid dropletdielhh appeared, in some cases, as voids
due to the fact that droplets remain in the noreoled part of the film during fracture.
One can observe that the droplets oil was not @mlbedded into the HPMC matrix and
the creaming phenomena involved. Probably, mosthadl migrated toward the
evaporation surface. This phenomena was most d@videamaximum oil concentration
(figure 2d). These results was in accordance withnPThe et al., (2002) who reported
that drying condition (temperature and air speedjuénced film structure and in
particular air speed contributes to the destaltibneof film-forming emulsion.

50.0pm
F11311 stub 4

Figure 3.SEM micrographs of 2%HPMC film at 0.4% oil (a) médgation 10000x, 0.7% (b)
magnification 4000x, 1% (c) magnification 3000x &% oil (d) magnification 1200x.
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Figure 4 show 6% HPMC films cross section at ddfer concentration of
rosemary oil. In a different way respect 2%HPM@8| its seems that droplets oil were
better homogenously distributed across the filmisTban be an indication that
destabilization phenomena, like creaming did nauaed or occurred slowly during
the film drying, probably due to the increased oty of the solution of HPMC at 6%
compared to 2%.

Figure 4. SEM micrographs of 6% HPMC film at 0.4% oil mageé#iion 2000x (a), 0.7%
magnification 1200x(b), 1% magnification 500x (ada2% oil magnification 2000x (d).

1.3.3. Dynamical mechanical measurement
Figure 5 (a-b) shows the dependence of storage ¢ ooodulus (E’) and loss

tangent (tad) on angular frequencyw) for HPMC film at different HPMC
concentrations (% wi/v).
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As w was increased from 0.01 to 1000 raj E’ was found to be practically
constant for HPMC at 6%, whereas a slight depereldram w was observed for
HPMC films at 2% and 4% (figure 5a).
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Figure 5. Storage tensile modulus (E’) (a) and loss tang@md) (b) versus angular frequency
(w) for HPMC films at different HPMC concentrations.

The low dependence of E' ow showed that HPMC films acted as solid-like
materials. All over the frequency range explordw kbss Young modulus (E”) was
always lower that E’ (data not shown).
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Decreasing HPMC from 6% to 4%, E’ decreased apprately by two order of
magnitude, but no differences were observed betikes at 4% and 2%. Thus, results
revealed that mechanical properties depend uponEiBdhcentration, but not linearly.
Different results were reported by pectin film affetent pectin surface content for
which it was found that E’ Young modulus was neangependent of pectin surface
content (Giancone et al., 2008).

The loss tangent values, being a measure of tiebatween the energy lost and
that stored throughout any deformation cycle, wless than one and decreaseuas
increased from 0.01 to 1000 rad. $t dependence ab was higher for film at 2% and
4% of HPMC (figure 2b).

Due to the dependence of the mechanical behawdor HPMC concentration, the
influence of oil concentration was studied on HPM®@s at 2% and 6% (Figg.6 and 7).

For films at 2% of HPMC, in presence of oil at centation up to 1%, E’
modulus showed a slight lower dependencevat low frequency and an higher value
of E’ as the oil concentration increased (figurg Bowever, film at 2% of oil behaved
as the control samples obtained in absence of Mdreover, statistical analysis
performed on E’ at 1 rad shighlighted that the oil concentration did not baa
statistically effect on E’ modulus (p<0-05).

In terms of loss tangent, it can be observed tmatfitms at 2% of oil showed a
higher values all over the range tested (Figure 6b). From the above resultsriot
possible to exclude an effect of the oil concermdrabn the mechanical behavior of the
films, but its effect depends on oil concentration.

Different results were obtained for films at 6% ldPMC. First, it must be
highlighted that for these films an higher variapibf the data was measured respect to
film at 2% of HPMC, thus from a statistically poiot view not significant differences
can be highlighted among samples at differentanilcentration. However, for HPMC at
6%, the presence of the oil caused a decreaseeofEthof almost one order of
magnitude, with the only exception of the sampte®. 2% of oil that showed a behavior
similar to control samples (figure 7a). Whereassltangent was slight affected by the
presence of oil (figure 7b).
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Figure 6. Storage tensile modulus (E") (a) and loss tan@@mb) (b) versus angular frequency
(w) for 2% HPMC films at different oil concentrations
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1.3.4.Mechanical properties

The typical mechanical behaviour of the films aghhdeformation is shown in
figure 8 in terms of true stress- Hencky strainvesr From these curves, mechanical
parameters: elastic modulus (E), tensile strenf#) &nd elongation to brea#f) were
obtained (figure 9).
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Figure 8.Typical true stressof vs. Hencky straine(;) curves obtained in tensile test carried out
on HPMC film at different oil concentration. (2% MIE: dotted lines; 6% HPMC: solids lines).

By increasing the HPMC concentration from 2% to 6%eduction of the EM
(MPa) and an increment of tlkg%) was observed. On the contrary, the additiothef
rosemary essential oil did not affected the med#mproperties of the film, with the
exception of the% of film at 6% of HPMC which is reduced at higth @yncentration.

This result was in accordance with (Sanchez Goszalal., 2009; Pranato et al.,
2005; Mahdi Ojagh et al., 2010; Du et al., 2009;ddwl., 20010; Seydim et al., 2006).
However, literature provides evidence of very deecreffects of lipid addition on
mechanical parameters. In some of this studiesi{Bast al., 2012; Fabra et al., 2008;
Vargas et al., 2009),when a essential oil was adddecreased of tensile to break (TS),
elastic modulus (EM) and increase of elongationbteak ¢%) was observed,
depending of oil content.

When a hydrophobic substance is added, it can chesaterrupt of the polymer
matrix with a reduce cohesion matrix (Vargas et2011; Fabra et al., 2008; Sanchez
Gonzales et al., 2009; Bonilla et al., 2012; Ataeesl., 2010a; Atares et al., 2010b;
.Benavides et al., 2012; Hosseini et al., 2009).
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Figure 9.(a): Elastic Modulus (E), (b):Tensile Strength JE®d (c) Elongation to break%)
of HPMC films at different oil concentration (%).@dns with different letters are significantly
different (capital letters refer to HPMC effect asrdall letters to oil concentration effect).
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1.3.5. Water vapour permeability

One of primary function of an edible film is to test to moisture transfer
between the food and surrounding atmosphere or dagtwtwo compounds of
heterogeneous food product.

Figure 6a shows the WVP value of HPMC film at difet concentration,
measured at 25°C and 87% RH gradient. Results shtvee WVP was influenced by
HPMC concentration, and in particular it increagesm 0.89x10° g m' s Pa to
2.68x10"° g m* s* Pa, as HPMC concentration increased fra%to 6 % (p <0.05).
This effect can be attributed to the higher nundfgrolar group, enhancing interaction
with water and favoring water transmission throdim (Miller and krochta, 1997).
Similar results was reported for pectin film (Giane et al., 2011).

Hernandez (19943uggested that water vapour transfer generallyrsdtwough
the hydrophilic portion of the film and dependstba hydrophilic—hydrophobic ratio of
the film components. Thus, it is generally accepteat the addition of hydrophobic
lipids to hydrophilic polymer films improves wateapour barrier properties.

The addition of rosemary oil had a significant effenly on WVP of film at 6%
of HPMC which decreased from 2.68xfQy m* s* Pa to a value of 1.2x¥8 g m* s*
when 0.4% of rosemary oil has been added to time (flgure 10b). Rosemary oil
concentration of 0.7% and 1% also caused a decdfabe WVP to a value slightly
higher than at 0.4%. In contrast, the addition afemary oil at 2% had detrimental
effect on the WVP that increased up to 5.3%19 m* s™.

Similar result were obtain by Bonilla et al. (2012)ho reported that 0.5% of
basile and thyme oil reduce WVP of chitosan filmheneas 1% of both oil have a
detrimental effect on WVP. It is recognized thah@ optimal distribution of the oil
particles into the film structure can have a negatimpact on the film barrier
properties. In particular this effect could occechuse hydrophobic substance decrease
the cohesion forces of the polymer network. Thipeat could enhance transport
phenomena though the film, despite the increasienhydrophobic character of the
matrix when oils were dispersed (Atares et al.,2@onilla et al., 2012, Benavides et
al., 2011). However, many studies reported differeffiect of EOs on WVP. For
sodium caseinate, alginate, whey protein films fifiece of the incorporation of essential
oils and natural extracts on WVP have been repdi¢arés et al., 2010b; Pranoto et
al., 2005; Zinoviadou et al., 2009). Whereas, foitasan films (Hosseini et al., 2009;
Zivanovic et al., 2005), starch—chitosan films (iBséri et al., 2009), HPMC films
(Sanchez Gonzales et al., 2009), &@wladiuim corneunedible film (Lim et al., 2010)
containing essential oils it was reported that mesakeoil improve WVP.
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Figure 10.Water vapour permeability (WVP) of HPMC film affférent concentration (a) and
of HPMC film (e 2%, 0 6%) as function of essential oil (b) (87% RH geadiat 20°C)

Moreover, Atarés et al. (2010) reported that lipadth similar size distribution in
film forming emulsion may exhibit different wateatvier effectiveness at specific lipid
to protein ratios, depending on the interactionswben components and on the
destabilizing phenomena taking place during dryBga determinant factor that affects
the water vapour barrier is the impact of the lipdtlition on the microstructure of the
emulsified film.
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1.4. Conclusions

The structure of HPMC film was affected by rosemany concentration.
Probably, most of the oil migrated toward the evapon surface and migration was
function of HPMC concentration. In fact, this phemna was most evident for
2%HPMC film at maximum oil concentration, maybe the low viscosity of HPMC
solution. For 6%HPMC film, no destabilization phemena occurred or occurred slowly
during the film drying.

Dynamical mechanical analysis results highlightbdt tmechanical properties
depend upon HPMC concentration: decreasing HPM®@ 1686 to 4%, E’ decreased
approximately by two order of magnitude, but ndeddénces were observed between
films at 4% and 2%.For both samples, the oil cotregion did not have a statistically
effect on E’ modulus and loss tangent.

Tensile strength, elongation to break and elastcutus were evaluated. The
addition of the rosemary essential oil did not etiée the mechanical properties of the
film, with the exception of the% of film at 6% of HPMC which is reduced at high oi
concentration.

WVP of HPMC films increased as increased HPMC cotrae¢ion for increased
of hydrophilic groups. Rosemary oil improve waterrer properties only to 0.4%
concentration oil of 6% HPMC films. This results svaxplain by decrease of the
cohesion forces of the polymer network due to preseof hydrophobic substance, as
confirmed by microscopy analysis.
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2. 11 STUDY CASE

Structure and properties of Hydroxy propyl methaiiudose-
sodium caseinate film cross-linked by Transglutasn
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ABSTRACT

The objective of the present work was to studysth&cture and the functional
properties of Hydroxypropil methyl cellulose (HPM&)dium caseinate (SC) edible
films cross linked with TGase. SDS-PAGE, scannilegtrenic microscopy and
dynamical mechanical analysis were performed testigate the structure of the films.
Film performance were studied by means of solybilést, thickness, mechanical
properties and water vapour permeability. Resuhlisve that structure and functional
properties of HPMC/CS films were affected by thm tomposition. In particular, the
number of cross-links within the blend edible filimgunction of HPMC/SC ratio and
increased by increasing the protein concentratibat only for HPMC concentration
less than 50%. The cross linked structure in presasf protein can enhance blend film
solubility but only at specific ratio HPMC/SC, maythue to immiscibility lacunas.

Mechanical properties confirmed the positive rofepolysaccharides on the film
stiffness, but the negative effect on film extelitgibln contrast, the different ratio of
HPMC/CS film did not affect the permeability to @ratapour of the films, showing that
it is the hydrophilic nature of the polymer thatplthe major role in determine the
barrier properties of the films.

2.1. Introduction

Edible and biodegradable films must meet a numidespecific functional
requirements (moisture barrier, solute and/or gaigdy, water or lipid solubility, colour
and appearance, mechanical and rheological chastict® non-toxicity, etc.). These
properties are dependent on the type of materiedl,ugs formation and application
(Guilbert et al., 1996).

Protein films are brittle and susceptible to cragkdue to the strong cohesive
energy density of then polymers. Thus they regadeition of a plasticizer to achieve
adequate tensile properties, especially flexihilityavoid cracking. Plasticized protein
films are good oxygen, carbon dioxide and lipidrizss. However, their predominantly
hydrophilic nature results in poor water barrieai@tteristics (Lim et al., 2002; Lacroix
and Cooksey, 2005). Polysaccharides are generathbte for the production of edible
films without addition of a plasticizer. Like prats, they are good barriers to oxygen,

carbon dioxide and lipids but have limited contwbwater vapour migration and
can be soluble in water (Sothornvit and Krocht®)32@Gennadios, 2002).

However, in general, individual proteins and pobgarides lack the
combination of structural integrity and barrier ¢tionality to make them broadly useful
in food systems.

Blend biopolymer films, which contain both proteiand polysaccharide
ingredients, may advantageously use the distimattional characteristics of each film-
forming ingredient . Blend edible film can be fomindy protein/polysaccharide,
protein/protein, polysaccharide/ polysaccharide,ileviipid were added for their
hydrophobic characteristic, to improve barrier mes. When two different
biopolymers are mixed together, it is unusual foe tehaviour of the individual
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components to be unaffected by the presence daittiex polymer (Han and Gennadios,
2005).

Generally, blend systems consist of separated phageere domains of one
polymer are dispersed in a matrix of the other pay and, rarely, there is an attractive
electrostatic interaction between chemically disisimpolymers within a single-phase
material (Tolstoguzov, 1997).

Another way to improve properties of edible filmtiee modification of protein
enzymatic or chemically. The chemical or enzymatitoduction of new covalent
bonds into protein systems is expected to affdot tructure and, in turn, film
performances, such as water permeability and/or harecal properties
(Gennadios,2002). Among the numerous cross-linkioents, transglutaminase (TGase,
protein-glutamine glutamyltransferase, EC 2.3.2.13) is an enzymealdap of
catalyzing acyl-transfer reactions, resulting ie flormation of -€-glutaminyl)lysine
intra- or intermolecular cross-links in proteinggNen, 1995).

Milk proteins, such as caseinates, have specigegpties which make them highly
suitable for obtaining edible films. Their exceligtutritional value and their numerous
functional properties such as their solubility iater and ability to act as emulsifiers are
important factors for the formation of edible filmSasein-based films can be cast from
aqueous solutions without further treatment, duetht® random coil nature of the
proteins and their ability to hydrogen bond extealsi and engage in electrostatic
interactions. Caseinate films are transparent,ofidess, flexible and highly soluble.
Finally, considerable interest exists in findingmases for milk proteins due to their
surplus availability industrially (Arvanitoyannig al., 1996; Chen, 2002; Khwaldia et
al., 2004).

Casein is an ideal substrate for TGase due te#s brdered conformation and
relatively high content of glutamine and lysine.eT$usceptibility of all components of
sodium caseinate for mTGase-induced reaction deedem the order di-casein >o-
casein >c-casein (Chen, 2002).

Hydroxypropylmethylcellulose (HPMC) is a readily aable nonionic edible
plant derivative shown to form transparent, odarlemsteless, oil-resistant, water-
soluble films with moderate moisture, oxygen, anoh@ barrier properties, high TS,
and low flexibility (Nisperos-Carriedo 1994; Kroa@nd De Mulder-Johnston 1997).
Little research has been published on protein—HR\&@Gds (Perez-Gago and al., 2005;
Brindle and Kroctha, 2008).

Based on results present in literature on use ldlose polysaccharide edible
film, we hypothesized that HPMC matrix can act d8ler on sodium caseinate cross
linked matrix. Thus, the objective of the preserdrkvwas to study how different
concentration of a filler (the polysaccharides)amid making films at different ration
between protein and polysaccharides can have aotesh the structure of the blend
films and thus its functional properties.

2.2. Materials and Methods

2.2.1. Materials

Sodium caseinate (SC), hydroxypropylmethylcellulgd®MC) (1.8-2.0 methyl
substitution (DS); 0.20-0.30 hydroxypropyl subgstdan (MS)) and glycerol was
purchased from Sigma-Aldrich (Milan, Italy). Othezagents used were analytical
grade.
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The enzyme transglutaminase (TGase), excreted breptBverticillium
mobaraense (C&*-independent transglutaminase (Activa EB)) was begp by
Ajinomoto Co. (Tokyo, Japan), with a nominal adivof 34-65 U/g (1 U of TGase
being defined as the amount of enzyme that relehsasol of hydroxamic acid in 1
min at 37 °C according to the hydroximate test lbjkFand Cole 1965), a maximum
reaction temperature of 55 °C, and an optimal pkgea of 6-—7. Microbial
transglutaminase (mTGase) was used without  furthepurification
(http://www.ajinomoto.dg/

2.2.2. Film making procedure

HPMC film forming solution was prepared dissolvihg of powder in 100 ml of
deionised water (4%) at 65°C for 90 minutes and twoling it at 25°C.

SC film forming solution was prepared dissolvingy 4f powder in 100 ml of
citrate buffer solution (100mM and pH 7,0) andrstig for 4h at 25°C. During the
stirring, 0.3g of glycerol were added.

The two film forming solution were mixed togetherdifferent ratio (100:0; 75:
25; 50:50; 25:75; 0:100) for all night. After mixjnwith the exception of samples
HPMC/SC 100:0, the enzyme was added to the blehdi@o into which the enzyme
was easily solubilised. Reaction was started byag® the blend solutions in a
environmental chamber at 40°C. Once reached théesgierature, the samples were
stored for 4h. Then, in order to stop the reactsamples were stored for few minutes in
a environmental chamber at 80°C.

Before casting, solutions were de-aerated undeuuracto prevent pinhole
formation. 20 ml of film forming solutions were ped onto levelled 56.7 c¢m
polystyrene Petri dishes and allowed to dry at@@fd 50% relative humidity (RH) for
16h under air circulation. The dried films were lpdefrom the Petri dishes and stored
at 20°C and 50% relative humidity prior to testing.

2.2.3. SDS-PAGE analysis

The sodium caseinate (SC) enzymatically modified waaluated using SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) undeducing conditions as
described by Laemmli (1970). A discontinuous systeomsisting of a 4% (w/v)
acrylamide stacking gel and a 12% (w/v) acrylantigdening gel was used. A total of 10
mg of protein samples was dissolved in 1 ml of darbpffer (0.5 M Tris—HCI, pH 6.8)
containing 10% (w/v) SDS, 10% (v/v) glycerol, 4mercaptoethanol and 0.1% (w/v)
bromophenol blue and heated at 100°C for 5 minrfgsample (10 puL) was applied to
each lane of gel. The gel electrophoresis wasezhout at 120 V constant voltage. The
gel was stained with 0.1% (w/v) Coomassie Brilli@itie R-250 in 10% (v/v) acetic
acid, 40% (v/v) methanol and destained with 10%)(\&cetic acid containing 40%
(v/v) methanol.

2.2.4. Scanning electron microscopy analysis

Microstructural characteristics of film samples we¥xamined using an LEO
EVO 40 scanning electron microscope (Zeiss, ObérocGermany). All film samples
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were dried in a desiccator containing lithium chder (8,=0.113+0.003) and then
manually fragmented. Dried strip fragments of filmere mounted on specimen stubs
with the cross-section oriented up and coated within layer of gold by a DC sputter
coater (AGAR B7340, Agar Scientific Ltd, Stansteldk). Digital images of film cross-
section were collected at a tilt angle of 0° to #kectron beam using an acceleration
voltage of 20 kV.

2.2.5. Dynamical mechanical properties

Dynamic mechanical analyses (DMTA V, Rheometrics. IRiscataway, USA)
were performed on rectangular film specimens (50mm). The sample was cut whit
scissors and mounted on grips so that its length 1&amm. All measurements were
conducted in dynamic mode. Before any measurenvests taken, samples were rested
for 3 min, allowing the stress induced during sanfgading to relax. The linear
viscoelastic region was determined by performingti@in sweep test at a given
frequency of 1 rads Then, the frequency sweep tests were conductepplying an
oscillation amplitude of 0.01% (within the lineaegion) over a frequency range
between 0.1 to 1000 rad‘.sThe parameters used for this study were the geora
modulus (E’) ,the loss modulus (E”) and @n(

2.2.5.1. Modelling of rheometrical determinations

In the linear viscoelasticity regime, knowledge tbe evolution of the shear
relaxation modulus G(t) over the entire range wietipermits calculation of all the other
viscoelastic functions (Ferry, 1980):

G'() =G, + w [G(t) - G, Jsin(at)dt (2.1)

G'(w) = @[ [G(t) - G, |codar)dt (2.2)

To solve the equations (2.1) and (2.2), G(t) wasuiaed to coincide with the
Friedrich and Heymann model (1988):
S -
Git)=G,, + 2Lt e 2.3
)= Coa *ri 23 (23)

wherea is the order of the relaxation functidr(l—a ) is the Gamma function arb,, ,

S, and), are, respectively, the equilibrium modulus, a matshear parameter and the
mean relaxation time pertainingdoSuch an extended relaxation function was found to
be able to reconstruct the evolution of linear @&dasticity in oscillatory experiments
during cross-linking reactions before and afterghkepoint.

Upon integration of equations (2.1) and (2.2), dhalytical dependence &(» ) and
G"(w) on frequency was expressed as (Friedrich and ldegnl988):
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Sle)=c., + 257 (ma)s‘”[([l“(’ )a“:)ta]:‘f“a)] @)
1- (e, )?] 2

G,,(w):\/%SZEA:,(Ma)cos[(l—a)arctar(aﬂa)] 2.5)

1-a

b-(wa, ]2

At moderate and high frequencies, such equatiohgigxhe same slope fdg'
andG" (i.e. GOw" G"Ow" ), while at very low frequencies they may descrither
liquid (G'Uw? ,G"On?) or solid G= G'y,,GO"w" ) behaviour. Moreover, Friedrich and
Heymann (1988) were able to demonstrate that imidiie frequency range, near the gel
point or after the transition sol-gel (i.e> ®l,) equations (2.4) and (2.5) can be
reduced to:

o, = 20 n
G(a))—Gwya+\/; Saco{zajwz (2.6)

G"(w)= \/%SE sin(gajwz (2.7)

Both these equations are independent of the retextime A ,, while the tangent
of phase shift would be dependentcoanly:

tand = G = tar{l—T aj (2.8)
G' 2

Provided that the equilibrium moduluS.{, ) is equal to zero (this holding for the
sol state and at the gel point) or can be neglefttéd holding at the gel state in a
limited frequency range only).

2.2.6. Film thickness measurement

Film thickness was measured using a micrometer Md@62 with a sensitivity
of £2 um (Metrocontrol Srl, Casoria, NA, Italy).lfi strips were placed between the
jaws of the micrometer and the gap reduced urgilitistrument feel in contact with the
film. Mean thickness (um) of films was determingddveraging 10 measurements at
different locations.

2.2.7. Film solubility

Film solubility was tested with a procedure similarthat described by Stuchell
and Krochta (1994). Small pieces of films (20-25)wgre dried at 70°C and 6.67 kPa
in a vacuum oven for 24 h and then weighed to #erest 0.0001g to determine the
initial dry weight of the film. Each film piece wascubated at 25°C for 24 h in a screw-
top tube (150 x 15 mm) with 10 mL of deionised wakd the end of the incubation the
samples were poured onto Whatman #1 qualitativter fipaper. The non-dissolved
material, removed from the filter by using 10 mLdutilled water, was dried at 70 °C
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and 50 Torr in a vacuum oven for 24 h and then kexg The percentage of total
soluble matter (TSM) was calculated as follows:

am —dm 5

TSM(%) = 0

(2.9)
wheredmis the dry matter and subscript@ndf correspond to the initial and final
dry matter. Tests were carried out in triplicatel amerages are reported.

2.2.8. Mechanical properties

Mechanical analysis was carried out at room tenmperausing an Instron
Universal Testing Instrument Model No 4301 (InsteEmgineering Corp., Canton, MA)
equipped with a 1,000 N load cell. Film samplesewneut into 25 wide and 100mm
length strips using a sharp razor blade. The stvgr® equilibrated overnight at 50+£5%
RH and 23+2 °C in an environmental chamber. Tenpéegnof each film type were
tested. Tensile properties of the films were meawaccording to the ASTM (1991)
Standard Method D882 using Test Method A, the &tateighing, Constant Rate-of-
Grip separation test. The initial grip separaticasvd0 mm and crosshead speed was 15
mm/min in a Tension Mode. Tensile strength (TS) patent elongation at brealé4),
Young modulus (EM) were calculated. Results areontep as average of ten
replications of each sample.

2.2.9. Water vapour permeability

Water vapour permeability (WVP) of films was evdtdh by gravimetric test
according to ASTM E96 (1993) by means of a Fistmie permeability Cup (Carlo
Erba, Milan, Italy). Three grams of silica gel wém&roduced in each cup. Film sample
having diameter of about 6 cm was placed on tofhefcup and sealed by means of a
top ring kept in place by three tight clamps. Thienfarea exposed to vapour
transmission was 10 émThe cups containing silica gel were weighed dreh tplaced
in desiccators containing a saturated distilledewaThe desiccator was stored in a
Heareus thermostated incubator (Binder KBF240,nTutaly ) at 25.0 (£ 0.1 °C). Cups
were weighed at scheduled times, and the amoumtatér vapour transmission rate
(WVTR) through the film was estimated by the lin@artion of the diagram obtained
by plotting the weight increment of the cup as action of time. It was assumed that
the steady state was reached once the regressitysisnmade by using the last four
data points resulted in’R 0.998.

From WVTR data, the value of vapour pressure an’$ilinner surface ¢ was
obtained taking into account the method proposebyHugh et al. (1993) to correct
the effect of concentration gradients establishetthé stagnant air gap inside the cup.

PEDELn[P_PZ}

R

WVTR= (2.10)

RIT [Az
Where, P is the total pressure; D is the diffugiat water through air at 25°C; R is the

gas law constant; T is the absolute temperathzds the mean stagnant air gap height,
considering the initial and final z valuej B the water vapour pressure on the solution
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surface; R is the corrected water vapour pressure on thésfiinmer surface in the cup.
Then permeance was calculates as followed:

WVTR
Permeances (

—_— (2.11)

P,-P)
Where R is the water vapour partial pressure at the fillteosurface. Permeability was
obtained by multiplying the permeance by the averéin thickness. Results are
reported as average of three replications of eacipke.

2.2.10. Statistical analysis

Data were submitted to analysis of variance by medrSPSS v13.1 for window
(SPSS, Milan, Italy)Duncan’s test was carried out to find the sowfcthe significant
differences within the samples examined. Signifteanf differences was defined at
p<0.05.

2.3. Results and discussions

2.3.1. SDS PAGE analysis

The extent of cross-linking of the proteins incohtvith mTGase was evaluated
by SDS-PAGE analysis. The SDS-PAGE patterns oftilgmerization process of the
SC incubated with the mTGase at 40°C at differemé$ in comparison with molecular
mass markers (lane 8)ere showed in Fig. 1.

The disappearance of proteins bands with the conaontmappearance of new
bands at higher molecular weight and/or the accatian of protein polymers at the
stacking and running gel origin was observed.

kDa
Degraded prod ' . ' l4.4
CETAadCd Prod ucts —
K-CN - 20
B-CN &
@ -CN : 30.0
"+
o -CN
. 45.0
) 97.0
- --
o [ ! ! N
polymers N =
- S e
lincs l 2 3 4 5 6 7 8

incubationtime(h): 0 1 2 4 6 16 20

Figure 1. SDS-PAGE analysis (reducing conditions) of bov8(@ cross-linked with microbial
transglutaminase (mTGase) at 40°C. Lanes 1-7: &®lsa incubated respectively for 0, 1, 2,
4, 6, 16 and 20 hours; lane 8: molecular mass atdad(caseinate fractiofusi+ asp), p- and
k-CN).
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The unpolymerized SC (lane 13howed three major bands, rappresenting the
caseinate fraction (CN)u{i+ as2), - and k-CN with apparent molecular weigitiout
30.0 kDa. The incubation of sodium caseinate wilfGase at 40°C for 1 hour (lane 2)
resulted in a high decrease of the relative intgrsfi f-, as;- andas>CN bands and a
concomitant appearance of new high molecular wepgiymers (> 97.0 kDa) on the
top of separating gel. After four hours of the ibation (lane 4)s-, s>, andp-CN
were completely polymerized. After 20 hours of itheubation (lane 7), there was still a
small amount ofk-CN unpolymerized. The intensity of new high molecuveight
bands increased with incubation time ranging froto 20 hours, while other polymers
heavier did not enter in the stacking gel.

By SDS-PAGE experiments carried out under reducimggitions (containing-
mercaptoethanol), it can be confirmed that the nmMymers were originated by
covalent cross-linkages throughout mTGase treatmBme mTGase polymerization
reactivity, observed by SDS-PAGE analysis, of imtlial caseins was different, and the
polymerization rate was in decreasing orglers> as > k-CN.

This data was in accordance with Kuraishi e(2001) results on milk powder or
skim milk powder, incubated with mTGase at 25°C 2oh, by SDS-PAGE analysis
where mainlyB-casein was cross-linked; fok-casein, only a minor decrease in the
intensity of the monomer band was observed, andlisible decrease occurred fer
casein.

2.3.2. Scanning electron microscopy

Scanning electron microscopic examination was perd to understand better
the structure of the different films examined.

Figure 2 shows the cross section micrographs of BRM\B-based films at
different HPMC/CS ratio. HPMC cross section presgritomogeneous structure, but
some irregular particles of the films can be obsérwhich can be attributed to some
amount of non-dissolved polymer which remains naegrated in the matrix due to a
not perfect control of the temperature during gelliin fact, at temperature higher than
65°C, it is possible that same HPMC polymer as tioncof DS and MS can precipitate
(Morris, 2007).

SC films cross linked with mTGase exhibited quitsoanpact and dense structure
as expected for a homogeneous material (figure 3ibjilar result was obtain by Bruno
et al. (2008).
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Figure 2.(a) SEM micrographs of HPMC film at magnificati@800x (al) and 2500x (a2) and
(b2) SC based film crosslinked with mTGase at miagation 1000x (b1) and 2500x (b2)

Figure 3 show the cross-section micrographs of HF@Cbased filmsat different
ratio. By blending HPMC and SC at 75:25 and 50d&reads to a rough surface, with
increasing density of crack deflection sites theuits in increasing amount of ripples
and ridges due to high concentration of HPMC (feg8r a-b).

A more dense and compact structure was found whateip concentration was
75% (figure 3c). These results can be justifiedanyincrease in link density with
increasing of protein amount. On the other handerwlthe HPMC content was
overwhelming (that is, greater than 50% wi/w), therostructure was less compact and
seems to be not affected by the cross-linking agtof TGase.
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Figure 3. SEM micrographs of HPMC/SC based films at threéeckiht ratios: 75: 25 (b1-2),
50:50 (al-2), 25:75 (c1-2).
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2.3.3. Dynamical mechanical analysis

Dynamic mechanical measurements at small-deformatiepresent an
investigation technique not destructive, that Hdiofeing the variations of E' and taf)(
with oscillatory frequency«f) allow a qualitative determination of material urat
(Ferry, 1980).

Figure 4a shows the dependence of storage modhluar{d loss tangent (t&n
on o of SC based films prepared in either the presenedsence of TGase.

As o was varied from 1 to 1000 rad,sE’ increased almost linearly with E’ one
order of magnitude greater than (gata not shown). The loss tangent values, being a
measure of the ratio between the energy lost aatdstbred throughout any deformation
cycle, were less than one and decrease ereased from 0.01 to 1000 rad(figure
4b). The low dependence of E’ anand a loss tangent being less than one showed that
SC films acted as solid-like materials

TGase cross-linked films apparently behaved asahesponding films produced
in absence of such a cross-linking agent, excepgh®higher values of E’ and a slight
higher frequency dependence. Moreover, films obthin absence of TGase showed an
higher values of loss tangent all over the freqyeaage.

Figure 5 (a, b) shows the dependence of E' andl dano of HPMC/SC films
obtained at different ratio, in presence of TGase.

As w was increased from 0.01 to 1000 ratl & was found to be not only
practically constant, but also nearly independdrtiPMC/SC ratio for films at ration
HPMC/SC 100/0, 75/25 and 50/50. On the contrary fifms obtained with 100% of
SC, as showed before, and for films at ratio HPMIC(85:75) E’ increased almost
linearly with c.

The loss tangent values were less than one andatecaso increased from 0.01
to 1000 rad $. It dependence ab was higher for film HPMC/SC at ratio 25: 75 (figur
5b).

The mechanical spectra revealed that mechanicadepties depend upon film
polysaccharides content, in agreement with Gianebra. (2008). Nevertheless, due to
the nature of HPMC, it is most probably that pobearides act as filler of the protein
network, affecting the mechanical spectra of thend¢ film as function of the ratio
HPMC/SC films. In presence of high concentratiotH®MC, it is possible that protein
are unable to form a continuous network and in tiln® mechanical spectra of the
blends are similar to HPMC film.

In order to obtain information on structural orgaation of film network, the
frequency sweep curves were described by the kehetteymann model (1988). Based
upon the model, the three-dimensional film struetmight be described in terms of the
order of relaxation functioruj of the film network (Giancone et al., 2008). Faegero.
may be related to the number of cross-links witthi@ polymer, since macromolecule
relaxation broadens with increasing cross-link dgr{serry, 1980).

83



10°

S

r| A SCcrosslinked with mTGase
b O SCwithout mTGase
0.28 -

i
o

0.2
A

(2)

tan_delta
[
T
B
—e—

f Hi
oot HHMHMMMMW

Freq [rad/s]

Figure 4. Storage tensile modulus (E") (a) and loss tan@@mb) (b) versus angular frequency
(w) for sodium caseinate (SC) film cross linked antlaross linked with mTGase

B

84



c
& HPMC:SC 1000
v HPNCISC 7525

a & HPNCSC 50-50

& HPNCSC 2575

O HPNCISC 0:100

SETRgsseTettzeetinizitetsiiasiatstts
Siiii%%%%%%%%%%%%%%%%%%%%%%%%%%%%§§§§§§§

— gooodl

, Y
i
Ammmm

107 il Ll Ll
101 10° 10" 10° 10°

Freq [rad/s]

0.4

e

& HPMC:SC 100:0

v HPMC:SC 75:25

b i % & HPMCSSC 5050
L % % % A HPMC:SC 2575,

% % 0 HPMC:SC 0:100
03k % %

4
§§§§§§§§§@4§§¥%%

)

(a

E@%M%

02~

tieg
@@@@E@E@Emmmﬁmmmmmmmmmmmmmm

tan_delta
[1

15
oaf e 3833338083,
i

00—
101 10° 10t 102 10°

Freq [rad/s]

Figure 5. E’ (Pa) (a) and loss tangent (&r(b) versus angular frequency)(as for different
HPMC/SC films cross linked with TGase

Figure 6a shows the parameter of the model as a function of HMPC/Si.ra
Thea parameter the HPMC/SC blend was not influence8®yup to a concentration of
50%. For higher concentration of SC, that is forMIICS ratio 25/75 and 0/100,
considerably increase for increased from 0.0464¥D10 0.111+0.002. The increase in
a implies an enhancement in the link density witthia polymer network, thus proving
that HPMC macromolecules were a limiting factor famotein-protein interaction,
because by acting as filler into the protein nelwat high concentration reduce the
probability that protein can cross-links.
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Figure 6. Effect of HPMC/SC ratio on the order of the reléxa functiona

2.3.4. Optical properties and thickness

Pure HPMC film was colourless and transparent. $@ €ross-linked with
mTGase show good appearance and a homogeneouetdARMC/SC blended films
were translucent. Translucent films have been tedom chitosan—gelatin (Lopez-
Caballero and others 2005), konjac gluccomannanM}@elatin (Li and others 2006),
corn starch—casein, corn starch—gelatin and camalstalbumin film blends (Jagannath
and others 2003).

Generally, transparency of films is an auxiliarytezion to judge the miscibility
of two or more polymer mixed films (Li et al., 2006 translucent appearance has
been attributed to the less viscous phase formiogréinuous matrix, with the more
viscous phase forming dispersed domains. Lightotfrfrom these domains, causing
the film to appear translucent. Typically, trangnce indicates incomplete miscibility
between two or more components (Brindle and Kro208).

The thickness of the film samples is reported guife 7. The HPMC/SC ratio had
a significant effect on thickness (p<0.05). Theckhess of films decreased by
increasing the protein content.
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Figure 7. Thickness of HPMC/SC films at different ratio.

2.3.5. Solubility

Solubility is an important characteristic of ediliilens and coatings. A film with
low water solubility aids in maintaining film anddd integrity and will have different
applications than a film with high water solubilitpome applications require solubility
or disintegration in water prior to product consuimp such as pouches for instant
soups or drinks. However, in the most of food aggtion a low solubility is needed.

Functional properties of food proteins, such asulsbty, surface activity,
conformational stability, gel-forming ability, ensiflying and foaming properties, are
affected by their interactions with polysaccharidiegeractions of these biopolymers
with each other and their competitive interactiwith other system components (water,
lipids, surfactant, metal ions, etc.) determineidtrre-property relationships in a food
system such as bio polymeric packaging that digongly from those of the
macromolecular reactants (Aguilera, 1999).

In figure 8 was reported water solubility of HPMC/®dible film cross linked
with mTGase, at different ratio.

The composition of blend had a significant effect blend film solubility
(p<0.05). Considering that the chemical structurélBMC contains many hydrophilic
hydroxyl groups, the HPMC content in the films veapected to dissolve in less than 1
minute in water. Also pure SC film is a hydrophifior nature and in absence of
mTGase, SC was totally soluble in water (data hoiv). In contrast, SC edible film
in presence of mMTGase have a solubility of 26%0aC2and 31% at 70°C, due to the
formation covalent bonds (figure 8). The improvemenh solubility in presence of
mTGase was reported for chitosan-ovoalbumin filmRierro et al., 2007), fish skin-
gelatine films (Piotrowaska et al., 2008), fish agele-chitosan (Kolodziejska et al.,
2007) and chitosan- whey protein film, too (Di lPeeet al., 2006).

Thus, film solubility was chosen as measurementexplore the interaction
between SC and HPMC.

HPMC and glycerol were expected to dissolve, legvime SC matrix almost
intact. Results at 75/25 and 50/50 ratio let supptteast when HPMC and SC are
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blended same miscibility lacunas can affected thabdity results. In particular, the
blend at 50:50 HMPC/SC+TGase ratio was completiytde than as expected.
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Figure 8.Solubility in water, at 20°C4&) and 70°C ), of HPMC/ SC-cross linked with
TGase

2.3.6. Mechanical properties

The mechanical properties of edible films and cwmidepend on the type of
film-forming material and especially on its strueticohesion. Cohesion is the result of
a polymer’s ability to form strong and/or numeronglecular bonds between polymeric
chains, thus hindering their separation. This gbitiepends on the structure of the
polymer and especially its molecular strength, getoyn molecular weight distribution
and the type of position of its lateral groups. Thechanical properties are also linked
with the film-forming conditions, e.g. type of pess and solvent, cooling or
evaporation rate, etc., and the coating technigpeaying, spreading, etc.) (Guilbert et
al.,1996)

Blend properties may be linearly interpolated bemvéhe individual component
values (for the case of blending 2 polymers) or rbayhigher or lower than the
individual components, depending upon the inteoastiin the system (Ehrenstein
2001). Polymer blends may exhibit more than 1 phdspgending on how the individual
components interact with each other (that is, campb solubility and/or miscibility)
(Peters 2003).

Thus, the tensile properties of the composite filmese evaluated and the results
are presented in figure 8s a general trends, it is noticed that the elastxlulus of
composite film increases as the concentration oMBFncreases (figure 9a). Thus,
confirming the positive role of polysaccharidestbe film stiffness.
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This result was in accordance with Brindle and Kitaq2008). Moreover, Pereda
et al., (2011) showed that at the maximum fillen@antration (3 wt % fibers), the
tensile modulus is 80% higher than that of pureicede film, which is, however, lower
than the two-fold increase observed when cellufids®s, instead cellulose derivatives,
were used as reinforcement (Pereda et al., 2011).

On the other hand, the tensile strength increaseéstlae elongation at break
decreases as the concentration of modified polysaittes increases (figure 9 b and c).
The addition of cellulose derivatives harden thetgin structure, decreasing the
molecular mobility of the matrix. As a result ofighthe reinforced materials become
more stiff, more resistant to break and less digddle than the pure protein film.
Similar results (increase in tensile strength aedrelse in elongation at break as
carbohydrate concentration increases) were repdyeArvanitoyannis et al., (1996)
Brindle and Krochta (2008), Pereda et al., (20M¢greover, this behaviour can be
ascribed to adequate interfacial interactions (goothpatibility) between filler and
matrix due to their chemical similarities, as wasoareported by other researchers
(Chang et al., 2010).

2.3.7. Water vapour permeability

It is well known that many factors affect the filbarrier properties besides the
intermolecular cross-linking. Among these the pofaaind the density of the molecules
constituting the film, as well as the high leveldbfain-to chain packing, are the most
important. In fact, these factors determine tha filee volume that is a measure of the
interstitial space among the different moleculedl@vland Krochta, 1997). Concerning
the WVP characteristics of films, it should be ddesed that this property is supposed
to be dependent on the number of “available” pqlH, -COOH, -NH) groups that
the polymeric components possess (Miller and Krach997).

In figure 10 was reported a WVP of blend ediblenfilThere were no clear trends
with respect to content of both polymers. Pure HP®Wible film had low barrier
properties to water for its hydrophilic nature. @ISSC is an hydrophilic protein. Thus,
pure SC edible film even if cross linked with mT@&ahowed WVP of the same order
of magnitude of HPMC, even if slight higher barrégainst water.

In preliminary water vapour test, it was showed thdGase did not affect water
vapour permeability of sodium caseinate edible filthis result was in accordance with
Giancone (2006) phd thesis results.

As reported by Di Pierro et al., (2006) TGase gatlthe formation of covalent
bonds between lysine and glutamine in a protein, cagsequence with the
disappearance of primary amino and amide groupshentbrmation of less hydrophilic
secondary amide linkages should be less availajpdeophilic and therefore should
reduce the water permeability. However, the posiov negative effect of cross-linking
on film porosity, and thus, on tensile and watetriba properties, is still contradictory.
Oh et al. (2004) observed that TGase had no pehatitect on their water vapour
permeability (WVP) of casein, whey protein, zeis@a, zein- whey protein and
Kolodziejska et al., (2007) reported that TGase midd had effect on fish gelatine-
chitosan film. Also Lim et al. (1998) and Yildirimnd Hettiarachchy (1998) showed
that the enzyme had a negative effect on their WIWRereas, Chambi et al., (2006)
reported that TGase treatement increased WVP oéiagelatine and mixture of
casein- gelatine.

90



0,45

0,40 -
0,35 -
0,30 -
0,25 - -
0,20 *

0,15 -

WVP*10%(gm*Pals™?

0,10 -

0,05 -

0.00 ‘ ‘ ‘ *
(100:0)  (75:25) (50:50) (25:75)  (0:100)

ratio HPMC/SC

Figure 10 Water vapour permeability (WVP) of—- Na-CN-HPMQss linked with mTGase
using desiccant method$TM 1993).

2.4. Conclusions

Functional properties of HPMC/CS films were affectey the film composition.

In particular, solubility results highlighted thatotein can enhance blend film solubility
but only at specific ratio between polysaccharidesd protein, maybe due to
immiscibility lacunas.

Dynamical mechanical results showed that the nurobaross links in protein
based films increased in presence of TGase. Morgovelend films an enhancement
in the link density within the polymer network wabserved as protein concentration
increased, but only for value higher that 50%. Thesans that, HPMC macromolecules
were a limiting factor for protein-protein interaxt, most probably because they act as
filler into the protein network, and thus can reglibe probability that protein can
cross-links.

These results were confirmed by mechanical charaatens of the blends films.
In fact, as the HPMC concentration inside the bdeim#reased, increased the stiffness
of the films and decreased the elongation at break.

In contrast, the different ratio of HPMC/CS filnddnot affected the permeability
to water vapour of the films, showing that the dignaf cross links has not an effect on
diffusion of the gas through the film, and thasithe hydrophilic nature of the polymer
that play the major role in determine the barrieperties of the films.

These results were also confirmed by microscoplyaisathat proved to be a
useful tool for characterizing the structure of fitras under study
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3. Il STUDY CASE

Food application of sodium caseinate cross linkét wasglutaminase
edible film: oil absorption reduction on Frenchdd potatoes
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ABSTRACT

The objective of the present work was to assessithbarrier properties of
Sodium caseinate (SC) cross linked with TGase mgatn potato surface. Sodium
caseinate cross linked with TGase coating at twoceatration were prepared and
applied on the potato surface by immersion for hiute. The product was dried to
allow the film formation on the food surface. Cabéand uncoated potato were fried for
3 minute in oil at 190°C and then the absorbeda@t determined by extraction with n-
hexane. Results showed that the sodium caseinatengat concentration tested did
not reduce oil absorption during frying process.cBese oil absorption depends by
several factor including formulation coating anéthomogeneity of the coated surface,
an optimization of the coating formulation and loé forocess must be performed before
to exclude a protective role of the coating agalrabsorption.

3. 1. Introduction

Frying is a cooking method that enhances the flgvimxture and appearance of
food products and thus resulted globally appredia@ne of the main problems
associated with fried food is its high oil contenting to its association with the high
incidence of diseases such as obesity, high cleotédevels or high blood pressure.
Health authorities and the media advise of therdetity of reducing the proportion of
fat in the average diet.

The deep-fat frying process has been extensivelgiedd. Upon addition of the
food to the hot oil, the surface temperature of fhead rises rapidly. The water at the
surface immediately starts boiling. Surroundingisitooled down but this is quickly
compensated by convection. Only if the amountdofeal food exceeds a critical value,
will the temperature of the oil be significantlyfexdted.

In deep-fat-frying, water in the crust evaporated some water migrates from the
core to the crust. Since this water leaves voids dlow the fat to enter, moisture loss
and fat uptake are closely related. The microstnectof the crust is the main
determining factor for oil uptake, which takes @dxy a capillary mechanism. Several
physicochemical changes take place (starch rewlagom, Maillard reactions, glass
transitions). These will lead to beneficial orgamqtic properties and colour of the crust.
Note that for large pieces of food like Frenchdraa meatballs the temperature of the
food core will not rise above 100°C, for thin potatisps the core temperatures will be
higher. Thus, during the frying process not onlyexaapour but also other compounds
will go from the food to the fat. This, combinedtlwiong-lasting high temperatures,
will lead to degradation of the frying fat (Mellep2003). During deep-fat frying water
in the crust will evaporate and move out of thedfoo

The concern to develop healthier products thataioriess fat, absorbed during
industrial pre-frying and frying processes, is aidghe dominant factors in the latest
research trends in this area, prompting studiesayfs to lower the oil content of fried
food. Different ingredients have been proved tcefiective in reducing the amount of
oil absorbed by fried food. Among these, hydroddigplay a leading role (Mellema et
al., 2003; Varela and Fiszman, 2011).
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Coatings make the surface stronger and more brittith fewer small voids,
which reduces evaporation and leads to less odkaptalso, coatings alter the water
holding capacity by trapping moisture inside andvpnting the replacement of water
by oil (Mellema, 2003; Garcia et al., 2008; Singtg@nd Thongkaew, 2009).

In fact, some edible coatings, particularly those based yaimdphilic polymers,
are poor barrier to water and a good barrier te &ud oils. When frying coated food
pieces, the film hinders absorption of the oil, mpng its nutritional qualities and
reducing the fat content and calories of the fipedduct (Balasubramaniam et al.,
1997).

Edible films are usually applied in liquid form (lasypping or spraying the food
item or piece), using a solution or dispersion leé aigent (a high molecular weight
polymer). The solvent is then eliminated by evapogaor solidifying the material
through thermal treatment, irradiation, the usecwodsslinking agents, etc. A key
requirement is to achieve a continuous layer of.fiThe film-forming solvent system
and the conditions during film formation influentte final characteristics of the film.
Cohesive strength and flexibility are critical keetporosity, permeability and uniformity
of thickness of the barrier and to the supportavpes. The mechanism by which gas
and vapour flow through a uniformly applied filmifiwno cracks) is activated diffusion
(solution in the coating matrix, diffusion driveny bconcentration gradient and
evaporation on the other surface).

Many factors have been reported as affecting oibkegy including oil quality,
frying temperature and duration, the product’s ghais moisture, solids, fat or protein
contents and porosity, pre-frying treatments (dyyiblanching) and coating, among
others. The coating has to be designed to minimeter loss, thus preventing oil from
entering. The crust may act as a diffusion barteat limits mass transfer, but inner
moisture converted to steam may find selective olBEnin the structure and escape
through open capillaries, pores, and crevassespémday enter the voids left by the
water (Pinthus, Weinberg, & Saguy, 1993).

Due to their hydrophilic nature, protein films cdmnction as lipid barriers
(Krochta and De Mulder-Johnston, 199Protein-based coatings also have been
investigated for their potential to reduce oil aipsion by coated foods during frying
and, secondarily, to retain natural juices anddtay enhance texture and appearance,
and reduce moisture loss (Antonova et al., 2002)teih less intensive studied as
coating to reduce the oil uptake. Albert and Mital al., (2002) investigated ten
hydrocolloids coating, including sodium caseinatgy protein, whey protein and wheat
gluten. Whey protein costing solution reduce théake oil of chicken strips of 30%
(Dragich and Krochta, 2010).

The aim of this study was to study the effect gbdium caseinate coating on the
oil absorption of potato french fries during frying

3.2. Materials and Methods
3.2.1. Materials

Sodium caseinate was purchased from Sigma AldHlaty). The enzyme TGase
excreted by Streptoverticillium, Caindependent, manufactured by Ajinomoto (Tokyo,
Japan)Potatoes (variety Bintje) were purchased from |écaher.

97



3.2.2. Coating making procedure

Sodium caseinate (6g/100ml and 8g/ml) was dispeisedeionised water by
stirring slowly until complete dissolution. The gnze were added and the reaction was
started as reported in the Il case study. The isolsitwere de-aerated under vacuum in
order to remove small bubbles.

3.2.3. Sample preparation and frying conditions

Potato chips (10mm diameter and 3mm thickness) wesed immediately after
cutting for 1min in distilled water (1L) to elimitsome loose starch adhering to the
surface prior to frying. Blanched samples were areg by heating raw strips in hot
water at 80°C for 2min (potato-to-water ratio 1:6wWv

Samples of potato strips were dipped in the coaimpensions for 5 minutes. In
order to allow the film formation on potato surfatiee potato strips were dried under
air circulation, thought a desiccators tunnel (UBRray dried, Armfield, UK).at
controlled air velocity was used.

Because of the oil absorption during frying dependmoisture content of potato
(Saguy and Pinthus, 1995), the uncoated sampld,asseeference, was submitted to the
same treatment.

Coated and uncoated (control) samples were fried gontrolled temperature
deep-fat fryer (Tefal, Italy) filled with commer¢iaunflower oil. Potato-to oil weight
ratio was maintained as low as possible (~0.06)rarer to keep constant the frying
temperature (190+1°C). The frying time was 3min.eTdil was preheated for 30
minutes prior to frying, and was replaced by fresh after four frying batches.
Experiments for oil uptake were run in triplicate.

3.2.4. Water content

Water content (WC) for all samples (Coated and atem) was determined
measuring weight loss of fried products, upon dyyiman oven at 105 °C until constant
weight and expressed as water content /total wéight

3.2.5. Lipid content

Lipid content (LC) of fried products was determinbg Soxhlet extraction
(Universal extraction system B-811, BUCHI) with exane. Two grams of
homogenized samples were placed in each cellutosdlies (30x100mm, Delchimica,
Italy). After extraction for 2h, the solvent wade@sed to a rotary-evaporator and the
extract was dried under a nitrogen stream untildifference between two consecutive
weightings was smaller than 1 mg.

3.2.6. Data analysis

Data were submitted to analysis of variance andcBnis test (g0,05) by means
of SPSS v10.1 package.
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3.3. Results and discussions

3.3.1. Lipid content determination

A limited range of coating solution concentratidmss been studied due to the
excessive polymerization of sodium caseinate assaltr of transglutaminase which
caused an agglomeration of the polymer.

The film formation on potatoes was obtained by gsirtunnel drying system. The
drying times was set up as function of film forntida. In particular, we have found
that the drying times were: 45 minutes for sampmeated with sodium caseinate
suspension at concentration of 6% and 60 minwesdmples coated with sodium
caseinate suspension at concentration of 8%.

This treatment involves changes in moisture contéstmples prior to frying. In
fact, the humidity of potatoes changes from 80%e(athe blanching) for uncoated
sample, to 70% (after drying in tunnel) for samgbated with film solution at caseinate
concentration of 8%.

Figure 1 reports the effect of coating formulatiam oil uptake of French fried
potato in absence and in presence of coating. Ashote, during thermal process the
potato oil absorption was of 11%, in presence dtiog oil absorption seems to
increase, even if from statistical point of view diferences were highlighted between
samples.

20
18 -
16 -
14 -
12 -

O uncoated sample

B coated sample

oil contenet % (w/w)

4% 6%
Figure 1.Effect of coating formulation on oil uptake of uated and coated fried potatoes.

As noted, because the coating acts as a barridret@bsorption of oil during
frying is necessary that a continuous and homogendayer on the surface food is
formed. In addition to the factors already consderthe formulation coating, such as
concentration, viscosity (Albert and Mittal., 200Annapure et al.,, 1999) and
temperature (Sanz et al., 2004), to which the ngatias applied to the food can affect
the absorption of oil during frying.

A possible reason to our result was a low conceatraf coating solution and a
consequent low viscosity. In this way, Albert andt¥, (2002) investigated the effects
of ten hydrocolloid materials, including gelatinggllan gum, k-carrageenan-konjac-
blend, locust bean gum, methyl cellulose (MC), wacystalline cellulose, pectin (three
types), sodium caseinate, soy protein isolate (SR8l wheat gluten, and whey protein
isolate.The first part of work involved the selection ofating solutions on the basis of
the formulation (concentration, pH, temperatured ahfoods.The results showed that
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only some formulations are effective in reducing #bsorption of oil during fryingn
comparison to blank samples. Garmakhany et alQ§pR@eported that carboxymethyl
cellulose coating solution was most effective at fi#an 0.5% and 1% for xantan
respect 0.5%. These differences in adequate caatiens of coating formulations
could be attributed, among other causes, to diffee in adhesion between substrate
and coating suspension, surface characteristiteecsample and frying conditions.

3.4. Conclusions

Preliminary results of this work show that the $iolus of caseinate used are not
adequate to reduce the absorption of oil durinqéryf potatoes. For this reason it is
necessary to optimize the formulation of the c@piimorder to encourage the formation
of a continuous film on the surface layer of potato
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4. General conclusions

The results of this work have shown that dynammachanical analysis and
scanning electronic microscopy together with med@rand physical characterization
are useful tools to study the relations betwearctire and properties of a edible film.

The film composition and the interaction among tibumsnt play a crucial role on
structure formation and thus on functional progsrof the edible film.

In particular, in the first study case the roleaof active additive on structure and
functional properties of HPMC were studied. Resplited out that the structure of
HPMC film was affected by rosemary oil concentmatend its effect was function of
HPMC and oil concentration. On the base of prelanynresults it was assessed that
film forming solution in presence of essential wikre stable emulsion with similar
rheological properties. Thus the difference amoaihgsf at different HPMC and oil
concentration can be related to a different behavod the film forming solution during
the casting process. In fact, from the micrographihie cross section of the film it was
possible to suppose that for film at 2% of HPMC tmafsthe oil migrated toward the
evaporation surface and that the phenomena was evaint for 2%HPMC film at
maximum oil concentration. In contrast, maybe foe high viscosity of HPMC
solution, for 6%HPMC film, no destabilization phenena occurred or occurred slowly
during the film drying. Although these evident diffnces among samples, dynamical
mechanical analysis results highlighted that meiclaamproperties depend only upon
HPMC concentration: decreasing HPMC from 6% to &%cecreased approximately
by two order of magnitude, but no differences wavserved between films at 4% and
2%. Whereas, the oil concentration did not haveaassically effect on E' modulus and
loss tangent. Samples with different structureswslb different barrier properties
against water. The WVP of HPMC films increasednaseased HPMC concentration
for increased of hydrophilic groups. Rosemary wiprove water barrier properties only
to 0.4% concentration oil of 6% HPMC films.

In the second study cases the interaction betwebsarcharides ( HPMC) and
protein (CS) in presence of a cross linked ageriiGase) were investigated. Results
showed that the number of cross links in proteiselafilms increased in presence of
mTGase. Moreover, in blend films an enhancementhe link density within the
polymer network was observed as protein conceatraticreased, but only for value
higher that 50%. This means that, HPMC macromoéscwere a limiting factor for
protein-protein interaction, most probably becatlsy act as filler into the protein
network, and thus can reduce the probability thatgin can cross-links.

These results were confirmed by mechanical charaatens of the blends films
and solubility results. The solubility results highted that protein can enhance blend
film solubility but only at specific ratio betwegwolysaccharides and protein, maybe
due to immiscibility lacunas. Mechanical resultsghtighted that the HPMC
concentration inside the blends increased, inctedbe stiffness of the films and
decreased the elongation at break.

In contrast, the different ratio of HPMC/CS filnddnot affected the permeability
to water vapour of the films, showing that the dignaf cross links has not an effect on
diffusion of the gas through the film, and thasithe hydrophilic nature of the polymer
that play the major role in determine the barrieperties of the films.

These results were also confirmed by microscopyyaisathat proved to be a
useful tool for characterizing the structure of fitras under study

In the last study cases an application of one ef eédible film studied was
investigated. The objective was to assess theaoilds properties of Sodium caseinate
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(SC) cross linked with TGase coating on potatoasagf The results obtained have to be
considered preliminary and showed that the solatmfircaseinate used are not adequate
to reduce the absorption of oil during frying oftgmes. For this reason it is necessary
to optimize the formulation of the coating in order encourage the formation of a
continuous film on the surface layer of potato.

In conclusion same reflection can be done concgraifuture works:
film casting process parameter play an importalet oo the final structure of an edible
films, mainly for emulsion film forming solution. hlis, a study on the influence of
casting parameter ( air velocity, temperature,tiredahumidity) as function of film
composition on structural and functional properbésilm can improve the knowledge
on the relation between structure and functionaperties of edible film.
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