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ABSTRACT

The aim of this work was the preparation and characterization of
biodegradable films with antimicrobia and/or antioxidant
properties, using chitosan (CH). In order to modulate their
properties and enhance their functionality, CH was combinated
with other polymer matrices. wheat starch (WS), polyvinyl
alcohol (PVA) and polylactic acid (PLA). Moreover, essentia
oils (EO) of thyme (Th) or basil (B), a-tocopherol (Tp) and
citric acid (CA) were incorporated.

The effect of homogenization treatment of the film-forming
dispersions (FFD) on CH films with EO at different proportions
was evaluated. In the FFD, microfluidization led to a droplet
size reduction, a surface charge increase and a viscosity
decrease. Furthermore, this treatment intensified all the effects
caused by EO addition on the mechanical properties of the films,
due to the induced close contact polymer oil. At low EO
proportion, microfluidization improved the water vapor barrier
properties, although it had no significant impact on the oxygen

permeability. These films played a protective role against



oxidation of pork fat. Although EO addition caused an increase
in oxygen permeability, lower rates of oxidation were observed
in samples covered with CH-EO films (especially at high
relative humidity), which is probably due to the specific
antioxidant effect of the EO components. Chitosan films
effectively controlled the microbial spoilage when applied on
minced pork meat, but the incorporation of EO did not improve
this antimicrobial activity.

CH was incorporated in WS films in different proportions. As
CH proportion was increased, both the viscosity and stability of
the FFD were increased. The addition of CH in major proportion
resulted. CH and WS appeared to be highly compatible, and
homogeneous film structures were observed. The increase of CH
proportion gave rise to films with improved mechanical
properties, since CH seemed to inhibit starch retrogradation.
WS:CH films caused a reduction of the microbia load when
applied on minced pork meat samples.

Antioxidant agents were incorporated (essential oil of thyme and

basil, citric acid and a-tocopherol) in WS (80%):CH (20%)



blend films. These films showed a heterogeneous microstructure
due to the immiscibility of components, mainly those formulated
with a-tocopherol, which showed phase separation. This was
associated with arougher surface, lower gloss and, in the case of
a-tocopherol, a more intense yellow hue. On the other hand,
antioxidant incorporation resulted in atransparency increase and
an oxygen permeability decrease. CA caused an increase in the
elastic modulus and a decrease in the extensibility of the films.
The incorporation of CH in PVA matrices resulted in highly
homogeneous films, which is due to the compatibility of the two
polymers. As CH was incorporated, the films became more
resistant and rigid, but less extensible. A reduction of the
crystallinity degree, an increase in thermal stability and a
reduction of the UV light transmission were observed.
Moreover, these films showed antimicrobial activity when
applied to minced pork meat samples.

CH was incorporated in a PLA matrix by extrusion. CH addition
did not affect the thermal behavior of the blend films, nor the

crystallinity degree of PLA. Both polymers were incompatible.



The CH particle size reduction minimized its negative impact on
the mechanica properties and water vapor permeability. Their
application to minced pork meat demonstrated that the
antimicrobia properties of the films were improved when CH

was incorporated.



RESUMEN

El objetivo de esta tesis fue la obtencion y caraacion de
films biodegradables con caracteristicas antimiarwds y/o
antioxidantes a partir de quitosano (CH). Para ravdaus
propiedades y mejorar su funcionalidad, se estut#o
combinacion con otras matrices poliméricas: almidéntrigo
(WS), polivinil alcohol (PVA) y acido polilactico PLA).

Ademas se incorporaron aceites esenciales (EQ)ndiddd (Th)

o albahaca (B)-tocoferol (Tp) y acido citrico (CA).

Se evalud el efecto del tratamiento de homogerinade las
dispersiones formadoras de films (FFD) en filmsqgdéosano
con EO en diferentes proporciones. La microfluidiza dio
lugar a una reduccion en el tamafo de gota, a @y@mtarga
superficial de las mismas y una menor viscosidad lade
dispersiones. Ademas, intensifico todos los efeptosocados
por la incorporacion de EO sobre las propiedadesameas de
los films debido a potenciaciéon de las interaccsomen el
polimero. A baja proporcion de EO, la microfluidizan mejoro

las propiedades de barrera al vapor de agua dinhss pero no



tuvo un impacto significativo en la permeabilidddoaigeno.
Los films ejercieron un papel protector frente axadacion en
grasa de cerdo. La presencia de EO en los filmsesar de
aumentar la permeabilidad al oxigeno, dio lugama menor
velocidad de oxidacién de las muestras (especidémanalta
humedad relativa), probablemente por el efectozidtante de
los componentes de los EO. Los films de quitosanmastraron
efectivos en el control del deterioro microbiancamio se
aplicaron en carne de cerdo picada, pero la incagxn de los
EO no mejoro su actividad antimicrobiana.

Se incorpord CH en films de WS en diferentes propoes. La
adicion de CH en cantidades crecientes dio lugam aumento
en la viscosidad y estabilidad de las FFD. Ambolnpyos

mostraron un alto grado de compatibilidad lo gqueldgar a una
microestructura homogénea. El aumento de la prapode CH

dio lugar a films con mejores propiedades mecanjeague el
CH parecio inhibir la retrogradacion del almidérosLfilms

WS:CH dieron lugar a una reduccion de la carga ghiana

cuando se aplicaron en muestras de carne de cieattap



Se incorporaron diferentes antioxidantes (aceitena@al de
tomillo y albahaca, acido citrico g-tocoferol) en films mezcla
de WS (80%) y CH (20%). Los films presentaron una
microestructura heterogénea por la inmiscibilidade d
componentes, principalmente el film com-tocoferol que
presento separacion de fases. Esto llevé asocimacuperficie
mas rugosa, con menor brillo y, en el casocd&bcoferol, un
color mas amarillo. No obstante la incorporacion de
antioxidantes conllevé un aumento de la transp@aencuna
disminucién de la permeabilidad al oxigeno. El GAvocd un
aumento en el mdédulo de elasticidad y un descemsdad
extensibilidad de los films.

La incorporacion de CH en matrices de PVA dio lugdiims
altamente homogéneos, debido a la compatibilidacirdbos
polimeros. Se obtuvieron films mas resistentesgidos, pero
menos extensibles. Se observé una reduccion delo gde
cristalinidad y un aumento de la estabilidad téanademas de

una reduccion de la trasmisiéon de la luz UV. AsSmuo, cuando



se aplicaron a muestras de carne de cerdo picadamnaron
una accion antimicrobiana.

La incorporacion de CH en una matriz de PLA mediant
extrusion no afectd al comportamiento térmico deA i a su
grado de cristalinidad. Ambos polimeros se mostraro
incompatibles. La reduccion del tamafio de las pdd$s de CH
minimizo el impacto negativo sobre las propiedatesanicas

y de barrera al vapor de agua. En su aplicacioruestras de
carne de cerdo picada, la presencia de CH mejosd la

propiedades antimicrobianas de los films.



RESUM

L'objectiu d'aquesta tesi va ser l'obtencio i dard#zacio de
films biodegradables amb caracteristiques antirbiares y/o
antioxidants a partir de quitosano (CH). Per a navdes seues
propietats i millorar la seua funcionalitat, es estudiar la
combinacié amb altres matrius polimeriques: midblde (WS),
polivinil alcohol (PVA) i acid polilactic (PLA). Amés es van
incorporar olis essencials (EO) de timo (Th) olziga (B),a-
tocoferol (Tp) i acid citric (CA). Es va avaluaefécte del
tractament d’homogeneitzacio de les dispersiomaddores de
films (FFD) en films de quitosano amb EO en difésen
proporcions. La microfluiditzacié va donar lloc maureduccio
en la grandaria de gota, a una major carrega sciperde les
mateixes i una menor viscositat de les dispersibnmés, va
intensificar tots els efectes provocats per latipomacio d'EO
sobre les propietats mecaniques dels films dequitanciacio
de les interaccions amb el polimer. A baixa proidodEO, la

microfluiditzacié va millorar les propietats de e al vapor



d'aigua dels films, pero no va tindre un impacgmisicatiu en la
permeabilitat a I'oxigen. Els films van exercir paper protector
enfront de l'oxidacio en greix de porc. La presemtEO en els

films, a pesar de augmentar la permeabilitat agéox va donar

lloc a una menor velocitat d'oxidaci6 de les mastre

(especialment a alta humitat relativa), probabldanpen I'efecte
antioxidant dels components dels EO. Els films diéogano es
van mostrar efectius en el control del deterioranmeitrobia
guan es van aplicar en carn de porc picada, panzdaporacio
dels EO no va millorar la seua activitat antimiceoia.

Es va incorporar CH en films de WS en diferentspproions.
L'addici6 de CH en quantitats creixents va donac l& un
augment en la viscositat i estabilitat de les FFRbdos
polimers van mostrar un alt grau de compatibilitgue va
donar lloc a una microestructura homogenia. L'augnde la
proporcio de CH va donar lloc a films amb millonropetats
mecaniques ja que el CH va pareixer inhibir laogrtadacio del
mido. Els films WS:CH van donar lloc a una reducds® la
carrega microbiana quan es van aplicar en mostesath de

porc picada.



Es van incorporar diferents antioxidants (oli esgdrde timo i
alfabega, acid citrica-tocoferol) en films mescla de WS (80%)
i CH (20%) . Els films van presentar una microedtia
heterogenia per la immiscibilitat de componentfgipalment

el film amb a -tocoferol que va presentar separacié de fases.
AcO va portar associat una superficie més rugasé, menor
brillantor i, en el cas deak -tocoferol, un color més groc. No
obstant aix0, la incorporacié d'antioxidants va portar un
augment de la transparéncia i una disminucio getemeabilitat

a l'oxigen. EI CA va provocar un augment en el nhodu
d'elasticitat i un descens de I'extensibilitat didiss.

La incorporacié de CH en matrius de PVA va donar H films
altament homogenis, a causa de la compatibilitamidos
polimers. Es van obtindre films més resistentsgidsi, pero
menys extensibles. Es va observar una reducciégidel de
cristalinidad i un augment de l'estabilitat téermieamés d'una
reduccio de la transmissio de la llum UV. Aixi nateuan es
van aplicar a mostres de carn de porc picada veseptar una

accié antimicrobiana.



La incorporaci6 de CH en una matriu de PLA per amitj
d'extrusié no va afectar el comportament termic RleA ni el
seu grau de cristalinidad. Ambdds polimers es varstrar
incompatibles. La reduccié de la grandaria de Bsiqules de
CH va minimitzar limpacte negatiu sobre les progie
mecaniques i de barrera al vapor d'aigua. En la aplicacio a
mostres de carn de porc picada, la presencia deaQiillorar

les propietats antimicrobianes dels films.
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Justification and interest of the work

JUSTIFICATION AND INTEREST OF THE WORK

Food packaging, an important discipline in the aoéaood
technology, concerns preservation and protectioalldfypes of
foods and their raw materials from oxidative andcnuidial
spoilage (Tharanathan, 2005). Edible films andingatare thin
layers of edible materials applied on food prodtictt can play
an important role on their preservation, distribnti and
marketing (Falguera et al., 2011). These are prdiutom
edible biopolymers and food-grade additives. Fioming
biopolymers can be proteins, polysaccharides addipEdible
films and coatings may enhance the quality of fpooducts,
functioning as barriers against oils, gases or ueppdvioreover,
they can act as carriers of active substances, auantioxidant,
antimicrobial or flavouring compounds, resulting shelf-life
extension and safety improvement (Han and Gennad@3bh).
At present, the consumer demand has shifted tofrenwly
biodegradable materials that come from agro-foodustry

wastes and renewable low cost natural resourcethidrsense,

1



Justification and interest of the work

chitosan alone or in combination with other biodefgble
biopolymers such as starch, polylactic acid andypoyl
alcohol were chosen to develop biodegrable filnts@atings.
Chitosan is obtained from chitin, which is an intpot waste of
the fishery industry, by deacetylation in the preseof alkali
(Sanchez-Gonzélez et al., 2010). It is a biodedpadeationic
polysaccharide, with an excellent film-forming il
Furthermore, this biopolymer exhibits great potntias
antimicrobial packaging material owing to its antirobial
activity and non-toxicity (No et al.,, 2001; Thar#man and
Kittur, 2003). The influence of chitosan-based o on food
lipid oxidation and colour stability has been ats@luated. The
antioxidant properties of such coatings is atteluto chitosan’s
ability to chelate free iron (Bonilla et al., 201Nevertheless,
chitosan films have relatively high water vapournpeability
(Vargas et al., 2009). The functionality of chitoddms can be
improved by inclusion of inert materials and/or atbse

compounds in the polymer matrix (Rhim et al., 20Gg&)dition
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of hydrophobic agents (Han and Gennadios, 200%)lending
with other biopolymers (Xu et al., 2005).

Essential oils are aromatic mixtures obtained frqoant
materials with antimicrobial activity. The lattes commonly
related to the chemical structure and concentratibrtheir
components, and the interactions among them. Eélibie can
serve as carriers for essential oils, whose release the food
surface could control microbial growth.

The shelf life and storage-keeping quality of mgducts are
influenced by a number of interrelated factors: gemature,
oxygen pressure, endogenous enzymes, dehydratight |
microbial load, etc. These factors determined tteresion and
kinetics of detrimental changes, affecting the uooloodour,
texture and flavour of meat. Edible coatings contay
antimicrobial agents can extend shelf-life at lowetive agents
concentration than that applied directly onto pridsurfaces
(Lee et al., 2010). In fact, the diffusion ratetlo¢ antimicrobial

compounds added to the film matrix can be slowednj@and a
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high content of the active agent remains on thelygbsurface
(Sanchez-Gonzaélez et al., 2011).

In this work chitosan was combined with other bmrdelable
polymers, such as wheat starch, poly-lactic acid polyvinyl
alcohol. Likewise, the effect of the incorporatioh essential
oils and other antioxidant agents to chitosan dyrper blend
films have been analysed through the induced claangehe
film properties and the antioxidant/antimicrobiacttivity of the

film in meat products.
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INTRODUCTION

The environmental impact caused by the excessiaatiy of
non-degradable waste materials is promoting rekeantd
efforts to develop new biodegradable packing malethat can
be manufactured with the utilization of environnadiyt friendly
raw materials (Avérous et al., 2001). Edible filaosd coatings
have been particularly considered in food presamabecause
of their capability for improving global food quili(Chillo et
al., 2008). An edible coating or film has been dedi as a thin,
continuous layer of edible material formed or pthaen or
between foods or food components (Bravin et al0620Edible
films can act as mechanical protection, moistuck gas barriers
and, at the same time, can preserve the coloutyreexand
moisture of the coated product. Coating materidlat tare
currently used include polysaccharides (chitinrcttacellulose
derivatives, gums), proteins (soy, milk, gelatiafrczein, wheat
gluten) and lipids (oils, waxes, resins) (SanchénZfales et al.,
2010). The functional properties of edible filmse agreatly

influenced by parameters such as formulation, ffltoming

9
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technology, solvent characteristics, and addit{Gentard et al.,
1992). The possibility of incorporating active campds
(antimicrobials, antioxidants, nutraceuticals,  faxs,
colourants) in polymeric matrices is one of the nmailvantages
of coatings (Sanchéz-Gonzales et al., 2010).

One of the polysaccharides that can be used tolafeweslible
films and coatings is chitosan, which is a biopudy derived
by deacetylation of chitin, a major component of ghells of
crustacean such as crab, shrimp, and crawfish {Mb,e2002).
In recent years, applications of chitosan (CH)he fields of
food, medicine, chemical engineering, pharmacelstica
nutrition, environmental protection and agricultureave
received considerable attention (Mohamed et all3p0The
reasons for CH addition in edible films are the dyodm
forming and mechanical properties, no toxicity, and
biodegradability, (Chillo et al., 2008). The potahuses of CH
as a food preservative to develop antimicrobiakpgtg films
have been extensively studied (Ouattara et al.02¥@ng and
Lin, 2002). CH has a wide inhibition spectrum faot ronly

Gram-positive and Gram-negative bacteria but aksasts and
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moulds (Liu et al., 2004). The mechanism of thenaictobial
activity of CH and its derivatives is unknown. Iash been
suggested that a positive charge on thez'Ngroup of the
glucosamine monomer at pH<6.3 allows interactionsh w
negatively charged microbial cell membranes that léo the
leakage of intracellular constituents (Liu et 2004). Chitosan
categorized as GRAS (generally recognized as dafel).S.
Food and Drug Administration can be considered dditise
(FDA, 2012).

Starch, which is one of the most naturally abundant
biopolymers, can also be used to prepare biodegi@dadible
films and coatings. The starch granule is essént@mposed
of two main polysaccharides, amylose and amylopeand
some minor components such as lipids and protdiastér et
al.,, 2004). Among the natural polymers, starch Heen
considered as one of the most promising candidatetuture
materials because of its attractive combination pofce,
abundance and thermoplastic behavior, in addition t
biodegradability (Galdeano et al., 2009). Starckeblamaterials

have poor mechanical properties, particularly velow
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extensibility. The main disadvantage of biodegréelatiarch-
based films is their hydrophilic character, whigads to low
stability when these materials are submitted tofedkht
environmental conditions (Forssell et al., 1999).

Starch and chitosan can act as a matrices congaioiher
natural ingredients with antimicrobial and antiaid activity,
thus giving rise to active films with improved fummnality and
performance. For instance, polymeric matrices cexorporate
essential oils (EO). Natural extracts, such as H@ their
constituents, are categorized as flavorings by Hueopean
Decision 2002/113/EC. In addition, EOs and theinstiuents
are categorized as Generally Recognized as Safa$ERy the
U.S. Food and Drug Administration (Lopez et al.020 The
incorporation of EO can lead to an improvementha water
vapor permeability of the film, because of the @ment in the
hydrophobic compound fraction. The antioxidant grbjes of
these extracts have been maily attributed to phenompounds
present in their essential oil fractions (Oussadalal., 2004).
Their antimicrobial properties are mainly assighec number

of small terpenoids and phenolic compounds (thyreryacrol,
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eugenol) (Oussalah et al., 2007). Terpenes havelthigy to
disrupt and penetrate into lipid structure of tredl evall of
bacteria, leading to denaturation of proteins aestrdction of
cell membrane, cytoplasmic leakage, cell lysis amdntually
cell death (Emiroglu et al., 2010). Essential @ilso penetrate
into mitochondrial membrane, leading to the greater
permeability of organelle and the®Kion leakage process
(Oussalah et al., 2007).

Edible films based on biodegradable materials caproduced

by different techniques such as casting, extrusion,
thermomolding, injection, sheeting and blowing (Aués et al.,
2001; Gennadios et al., 1993). Casting processsmesnts for
the dispersion of film-forming materials, followéxy drying to
remove the solvent and form a film structure. Hos rocess,
the selection of solvents is one of the most imgrdrtactors. All

the ingredients of film-forming materials should dissolved or
homogeneously dispersed in the solvents to prodiloe
forming solutions/dispersions. The film-forming pkssions
should be applied to flat surfaces using a spray@reader or

dipping roller, and dried to eliminate the solveiotming a film

13
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structure (Han and Gennadios, 2005). Although gdtas been
extensively used in laboratory studies, becauseo#s not
require specific equipment and consumes lesser aisi@d raw
materials, there is an important disadvantage cairgg the
industrial scale up of the process. Thus, extrussaems
definitively to have advantages over casting, beangnore
attractive process to produce films (Galdeano et28i09). The
extrusion process of edible film production does u&e liquid
solvents, such as water or alcohol. For the dregss, heat is
applied to the film-forming materials to increake temperature
in order to overcome the melting point of the fifarming
materials, thus causing their flow. Therefore, thermoplastic
properties (gelatinization, polymer melting, flowofile, etc.) of
the film-forming materials should be identified wmrder to
design film-manufacturing processes (Han and Geoead
2005). Extrusion has the advantage of being a lmst,c
continuous and versatile production system (Sothbret al.,
2007). This technique can be used for large-scedelyation
(Andreuccetti, et al.,, 2012). When developing bgrdeable

films by extrusion some synthetic polymers from menewable
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sources such as polyvinyl alcohol (PVA) and polgtia acid

(PLA) are commonly used. PVA is a synthetic, wateluble
polymer with excellent film forming, emulsifyingnd adhesive
properties (Kanatt et al., 2012). It also shows dydensile
strength and biodegradability and hence has beet insmany
biomaterial applications. PVA has also been appidoe use in
packaging meat and poultry products by the USDAMBwis

and Schonek, 2003).

In the family of biodegradable synthetic polymeps]y-lactic

acid (PLA) appears one of the most attractive fipliaations in
agriculture and as packaging material due to iwhydro-
degradability and the biorenewable profile (Forturet al.,

2012). PLA, a typical linear aliphatic thermoplagtiolyester, is
known by its high mechanical performance, by sgatsf
physicochemical properties, the possibility of prodg from
annually renewable resources and degradability atural

products in a short period of time, in contrasth® conventional
plastics. For these reasons, PLA is environmemiahdly (Wu

et al., 2007).

15



Introduction

In the present introduction, in addition to the mwew

commented on above, two chapters (published asjictae
included, which concerns the objectives of the wdmkthe first
the possibilities and limitations of edible films prevent the
detrimental effect of oxygen on food quality arsatissed. In
the second, the use of antioxidant agents in feodevised,

through the analysis of the recent patents infibid.
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Abstract

Oxygen has a deleterious effect on the quality oide variety
of food products. The application of edible filmsdacoatings to
food products represents a new approach to solsetbblem.
Edible films and coatings can include antioxidagerats in their
formulation and at the same time, they represeharaier to
oxygen, which results in a better preservation wdligy. The
water activity of the product, as well as the ambieelative
humidity, determines the antioxidant effect of fdmand
coatings. This paper reviews the latest studiesirdeaith the

effectiveness and application of antioxidant filamsl coatings.

Keywords: Edible films, oxygen, food oxidation, antioxidant

effect, edible coatings, nuts, meat, fish, frudgetables.
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1. Introduction

Oxygen is responsible for many degradation processéoods
such as lipid oxidation, micro-organism growth, ynatic
browning and vitamin loss (Ayranci and Tunc, 2003).
According to Brown (1992), the most common qualdgs of
packaged foods is caused by oxygen. The oxidafidat oesults
in off-flavour, off-colour and nutrient loss (Horand Krochta,
2006). Oxidative processes cause the degradatiomrmexit
proteins, pigments and lipids, which limits the IS (Liu et
al., 2010). Although some oxygen availability is needed
respiration of living tissues, this process acetbs the
consumption of sugars and other compounds, thugasmg
ethylene production and causing senescence (OmseOAl.,
2008; Rojas-Graét al., 2007).

The deleterious effect of oxygen on food is commatdlayed
with the application of antioxidant and anti-browgi agents,
such as ascorbic and citric acids. The inclusionstwbdngly
flavoured antioxidants (e.g. essential oils, N-glogsteine,
glutathione) in edible films and coatings allow faohneir

encapsulation and can reduce their strong aroméditiddally,
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oxidation could be effectively reduced by selectfiijms and
coatings of limited oxygen permeability. Accorditg Kester
and Fennema (1986) hydrophilic films and coatings
(polysaccharide or protein-based) generally provalegood
barrier to oxygen transference. This property igum greatly
affected by the water availability and temperature.

The present work reviews the latest studies onatitexidant
effect of edible films and coatings and summarizeg
application of these on diverse food products (noisat, fish,
fruits and vegetables). We will discuss the speddatures of
each food group in order to better understand titeoadant

mechanisms taking place in the coated product.

2. Oxygen barrier properties of edible films and catings

The antioxidant effect of stand-alone edible filissstrongly
linked to their oxygen permeability (OP), which cde
measured directly by oxygen permeation tests, warehmostly
based on the standard described by ASTM (1988). The
measurement of oxygen gas transmission througts fihmolve

the flowing of an oxygen gas stream on one sidhefiilm and
26
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a nitrogen stream on the other side that carriestrtdmsmitted
oxygen gas to the analyzer. A coulometric sensorinfrared
sensor, a gas chromatograph or a dedicated oxygelysar
may be used for monitoring (Ayranci and Tunc, 2003)

Films made from proteins and carbohydrates are llexte
barriers to oxygen, because of their tightly packerdered
hydrogen-bonded network structure (Yang and Paul2660).

The oxygen permeability of edible materials depeonlsnany
factors, such as temperature and relative humiditsté and
Krochta (1996) measured the OP of whey proteindibndp3-

lactoglobuline plasticised with glycerol and obsehthat high
temperature promoted gas transference across Itheirfi an

exponential way.

Oxygen permeability is highly dependent on the treta
humidity (Hong and Krochta, 2006). As relative hdity

increases, more water molecules interact with tlageral and
the film becomes more plasticized. In these coond the
mobility and the extensive mass transfer acrossfithe are

favoured. For this reason, the antioxidant abiityedible films
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should always be tested under controlled relativenitity
conditions.

Table 1.1 shows the oxygen permeability of ediblens as
compared to common synthetic packaging films. Fibrepared
with hydrocolloids tend to show higher OP valueanttlthose
prepared with synthetic polymers. However, the edéht
relative humidity and temperature conditions whenfgrming
permeability tests make it difficult to compare mag the

reported data.
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Oxygenpermeability Measurement
Composition Reference
mL pm/(m®day Pa)  conditions: RH (%)/T (°C)
0.097 50/24
Methylcellulose
0.090 52/25
Miller and Krochta,
3 (1997)
3 Hydroxypropyl methylcellulose 0.272 50/24
g
8 Amylomaize starch 0.065 100/25
@
£ starch 0.0014 57/20 )
[} - Gaudinet al. (1999)
0. Starch:sorbitol (4:1) 0.00032 57/20
Chitosan 0.0328 50/25
i i Di Pierroet al. (2010)
Chitosan:whey protein 0.0213 50/25
(2] P . -
_g Zein:PEG + glycerol (2.6:1) 0.039 - 0.090 0/25 Miller and Krochta
o (1997)
O Gluten:glycerol (2.5:1) 0.0061 0/25
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Table I.1. Oxygen permeability of edible and synthetic fil(ont.).

Composition

Oxygenpermeability

mL pm/(m? day Pa)

Measurement

conditions: RH (%)/T (°C)

Reference

Proteins

Soy protein isolate:glycerol (2.4:1) 0.0061 0/25
WPI:Glycerol (2.3:1) 0.761 50/23
i Miller and Krochta
WPI:Sorbitol (2.3:1) 0.0043 50/23 (1997)
< 0.00004 - 0.0005 O/RT
Collagen 0.023 63/RT
0.890 93/RT
WPI:Gly (60:40) 0.127 NR
Han and Krochta
WPI:Gly (60:40) + antioxidante 0.131 NR (2007)
WPI:Gly (50:50) 0.087 21/37
WPI:Gly (50:50) 0.052 21/29 Mateé and Krochta

(1998)
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Table I.1. Oxygen permeability of edible and synthetic fil(ont.).

Oxygenpermeability

Measurement

Composition Reference
mL pm/(m® day Pa)  conditions: RH (%)/T (°C)
Han and Krochta
PET 0.013 NR (2007)
LDPE 1.73 0/25
_ Parket al. (2010)
LDPE: Chitosan 1.75 0/25
o LDPE 1.870 50/23
é’ HDPE 0.427 50/23
c .
@ EVOH (70% VOH) 0.012 95/23 Miller and Krochta
(1997)
EVOH (70% VOH) 0.0001 0/23
Polyester 0.0156 50/23
PE 0.0188 50/25 Hong and Krochta
PP 0.0027 50/25 (2006)

RH: Relative humidity; RT: room temperature; NRt reported
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3. Antioxidant effect of edible films

The antioxidant efficiency of edible films has beested using
different approaches. In some studies, the film siamtegrated
and different tests (such as radical scavengingya$swere
performed to the resulting formulation. In thesesesa the
disintegration procedure depended on the matenma &s
solubility properties. For instance, chitosan filnten be
dissolved in distilled water (Siripatrawan and ldar2010),
whereas a more elaborated procedure (freezingdiggnand
extraction with methanol) was necessary for alginéiims
(Norajit et al., 2010). Table 1.2 summarizes some of these
reported studies that include the following antitaxit tests: 2,2-
diphenyl-1-picryhydrazyl radical (DPPH), N-diethy-
phenylenediamine (DPD) radical scavenging assawyicfe
reducing antioxidant power (FRAP), 2,2'-azinobis(3-
ethylbenzothiazoline- 6-sulphonate) (ABTS) assayl dotal
phenolic content.

Testing the activity of an antioxidant by more thare assay is
desirable, because different methods approachteasurement

in different ways (Erkanet al., 2008). Very often, radical
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trapping method$iave been applied. These methods - DPPH,
DPD, ABTS, FRAP, amongst others (Frankel and Me3@00),
measure the ability of an antioxidant agent to roept free
radicals. Additionally, the quantification of spicichemicals of
recognised antioxidant activity (such as phenobenpounds)

may be performed.

DPPH radical scavenging assay

In this test method, the DPPH radical is reduced thy
antioxidant, and the reaction is monitored by megaguthe
absorbance at 515 nm (Erkeinal., 2008). Antioxidant activity
is expressed as the percent inhibition of absodand/or as the
concentration of the antioxidant required to cawses0%

decrease in initial DPPHoncentration (16g).
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Table 1.2. Measurement of the antioxidant capacity of

disintegrated edible films.

Film Antioxidant Method of

composition additive measurement References
DPPH radical
: Ginseng scavenging and Norajitet al.
Alginate extract reducing power (2010)
activity
DPPH radical -
. Siripatrawan
. Green tea scavenging and
Chitosan , and Harte
extract total phenolic
(2010)
content
Milk protein
(calcium Oregano

DPD and total Oussalalet

caseinate and and/or pimento phenolic content  al. (2004)

whey protein essential oils

isolate)
Tuna-skinand Oregano and GOmez-
bovine-hide rosemary FRAP, ABTS Estaceet al.
gelatin extracts (2009a)
Sgl':tif]'j'” FRAP, ABTS, Gémez-
9 . ., Borage extract iron chelation Estaceet al.
commercial fish o

. activity (2009b)
gelatin

. : Hydrolysates o
Squid skin fromsquid  FRAP, ABTS  Cimenez
gelatin . al. (2009)
gelatin

Pumpkin oil Popovicet al.
cake ABTS (2011)

DPPH: 2,2-diphenyl-1-picryhydrazyl radical; DPD:N,N-diethyl{p-
phenylenediamine; FRAP: ferric-reducing antioxid@uwer; ABTS: 2,2"-

azinobis(3-ethylbenzothiazoline- 6-sulphonate)
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DPD radical scavenging assay

The capacity of the sample to inhibit the accunaomatof
oxidative species (able to oxidize DPD) is meastineough the
absorbance at 515 nm (Oussakthal., 2004). The sample is
subjected to electrolysis, and DPD is added. Thelabixe
species released during the electrolysis reactnteheously
with DPD, producing a red colour. The scavenging@etage is
calculated in reference to the optical densityhef électrolyzed
solution in the absence of sample mater#us, films able to
reduce completely the level of reactive oxidatipeaes will

have a 100% scavenging capacity.

FRAP assay

The FRAP assay directly determines the capacigntibxidant
compounds to reduce a ferric tripyridyltriazine qex to the
ferrous form at low pH (Frankel and Meyer, 2000ueBcolour
results from this reaction, which is spectrophottrically
measured at 593nm. The absorbance is linearlyerklat the
total reducing capacity of electron-donating antiaxts.

According to Frankel and Meyer (2000) the main dsatage
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of this approach is that the measured reducingatigpadoes not
necessarily imply antioxidant activity. This methddes not
include a substrate prone to oxidation, hence farnmation is

provided on the protective properties of antioxidan

ABTS radical-scavenging assay

In this method, modified by Ret al. (1999) the radical cation
ABTS ™ is produced by oxidation of ABTS with potassium
persulphate. The activity of antioxidants to scaeABTS" is
measured by the decrease of its absorbance at mM34The
results are reported as TEAC (trolox equivalenticaidant
activity), which is the concentration (mM) of tral¢a vitamin E
analogue) required to produce the same activitynak! of the

test compound.

Total phenolic compounds content

The content of phenolic compounds can be determined
following the Folin-Ciocalteu procedure (Erkash al., 2008;
Pastrana-Bonillaet al., 2003). Results are expressed as

milligrams of gallic acid equivalent per millilitref extract.
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This first approach entails the disintegration toé film prior to
the analysis of the antioxidant capacity. Consetiyerthe
interactions between the matrix and the antioxidaditives
taking place in the film are modified. In fact, gshtype of
analysis could be regarded to as a quantificatiénthe
antioxidant capacity of the film components, but s®@ much of
the film itself. Therefore, it cannot be considerttat this
procedure mimic the actual antioxidant effect @ titm.

The second approach consists of testing the adaoxicapacity
of the stand-alone films. Os&s$ al. (2008) and Atarést al.

(2010) performed this measurement by using sunflaileas a
model food system. The oil was placed inside metaie cells

and the films were secured as cell covers as slowigure 1.1.
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Sema ed nm 0.6cm

5.0cm
=
o O
Edible Oil (e.g. sunflow er oil)
w
eptu

Methacryllate
cell

Owersaturated salt solution

F

Figure 1.1. Methacrylate cell used to test the antioxidantvagtof

stand-alone films.

Cells covered with aluminium foil and uncovered|<ekere
prepared, and all of them were stored at controtigdtive
humidity and temperature. The oil was removed fiitvn cell
through the septum by means of a syringe and thexioe
value determined throughout storage time. Using thethod,
Oseéset al. (2008) corroborated that whey protein isolate $ilm
were more effective protectors at 50% RH than thveye at
75% RH. Moreover, it is important to point out tlt50% RH

edible coatings have almost the same effect asriogveith the
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aluminium foil. Using the same methodology, Atarsal.
(2010) tested the antioxidant capacity of sodiusegate (SC)
films incorporated with cinnamon (SC-C) or ging&8CtG)
essential oils. The cells were stored at 33% RH 40RC. As
shown in Table 1.3, all edible films protected thenflower oil
effectively, showing a protective effect againgtidi oxidation
similar to the aluminium foil. No effects of incamating the
essential oils were detected, despite that theysha@n a high
TEAC. This was probably due to the reduced moistargent
of the films, equilibrated at low RH conditions, i promoted
a reduced OP and masked the actual role of an#okid

additives.
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Table 1.3. Peroxide value (mEgOZ2/kg) development in sunflowdr unprotected, protected with

aluminium foil or with sodium caseinate (SC) filmgorporated with cinnamon (SC-C) or ginger (SC-G)

essential oils.
Time (days) SC SC-C SC-G Al foil Uncovered
0 2.7(0.7%¢ 2.7(0.7%* 2.7(0.7%* 2.7 (0.7 2.7 (0.7}*
8 4.2 (0.2)Y 4.6(0.31"Y 3.8(0.37¥ 2.8(0.4%* 6.8(1.1}"
22 7.0 (1.1 7.1(0.79°* 5.6 (1.2y* 5 (2F* 57 (45"
30 8.8(0.2yY 12(4fY 7.2(1.3)° 6.3(1.4) 96 (4f°
41 7.5 (L.4Y* 10 (3f™* 6.3 (0.6Y* 5.5(0.4** 168 (2"
50 6.3 (0.8 6.8 (1.9Y* 3.5(0.3f* 5.2 (1.8f°* 231 (10§”

The same superscrifif: o be compared vertically ati horizontally) means
homogeneous group in LSD test.
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Another approach for testing the antioxidant atgivin stand-
alone films was reported by Neréet al. (2008). The test film,
enriched with a natural volatile antioxidant, wanged in the
headspace of a glass jar containing a solution dfighly
oxidized compound that mimics a real food systetmst
avoiding the direct contact with the film. In thisay, the
antioxidant capacity of the volatile compounds mpawated in
the film was tested, and the oxygen barrier eféé¢he film was
not considered. In this way, the antioxidant atfivivas
achieved by scavenging oxygen radicals rather tign
protecting from oxygen. This methodology was ifigia
described for polypropylene films. However, it cdme
potentially used for assessing the antioxidant cigpaf edible
materials enriched with antioxidants, as long a&sfilm matrix

allows for some release of the active additives.

4. Effect of water availability on the antioxidant effect of
films and coatings
As commented on above, the antioxidant activitedible films

and coatings is greatly influenced by the waterilalgity,
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which in turn is affected by both the moisture feé product and
the ambient relative humidity. In dry conditionewi moisture
products) the network structure of the film or @ogtis tightly
packed and its oxygen permeability is very limitebhis
mechanism by itself may have positive effects ore th
preservation of the quality, because of the reduorggen
availability in the coated product. In some casles,addition of
antioxidants can entail further protection due tbe t
enhancement of the oxygen barrier properties of film
(Ayranci and Tunc, 2003; 2004). However, in thesaditions
of reduced molecular mobility no chemical activif the
antioxidant agents can be observed and the onlpxaadnt
effect is due to the oxygen barrier effect, as ted by Atarés
et al. (2010). On the other hand, in wet systems thdirapa
network is plasticised and mass transference igui@d. In this
context, the oxygen permeability of the film or Gog is
dramatically increased and the specific activityaotioxidant

agents could become more relevant.
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5. Application of antioxidant films and coatings onfood

products

In the last decade, many edible materials have besed as
protectors against the deleterious effect of oxydpeth on high
moisture (meat, fish, fruit and vegetables) and lowisture
products (nuts). Some examples on studies perfornethese

foodstuffs are given in Tables 1.4, 1.5 and I.6.

5.1. Application of antioxidant films and coatingson nuts

Nuts are rich in unsaturated fatty acids, which entiem very
prone to lipid oxidation. Being low moisture protiicthey
should be stored under dry conditions to keep tbegpness,
which would, in turn, reduce the kinetics of lipakidation.
Some authors have demonstrated the efficiency otrak
coatings in prolonging the shelf life of this typé products
(Table 1.4). The most common indicators of lipichcality in

nuts are the peroxide value (PV) and hexanal levelghis

sense, Matét al. (1996) measured the PV of nuts coated with

whey protein and acetylated monoglycerides, as aoaapto

non-coated nuts. They observed that non-coated lsamp
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showed values above the acceptance limit beforal®& of

storage, those coated remained below this limiingumost of

the storage period (70 days). The effect of coatimckness and
storage relative humidity was also evaluated. Tdw that the
increase in coating thickness and the decreasevinoemental

relative humidity led to a decrease in lipid raitgighointed out
that the mechanism of protection of the coatindeseon its

oxygen barrier properties. Moreover, the continuiand

homogeneity of the coatings was found to be acatifiactor to

achieve an effective delay in the oxidative reaxgio

Leeet al. (2002) tested the effect of vitamin E additioroithe

formulation of whey protein isolate edible coatinds/

determining the hexanal content of non-coated aodted

roasted peanuts. Vitamin E reduced hexanal leaéilspugh the
differences were not significant. As the storageetiincreased,
the hexanal content was significantly correlatethwihie sensory
score for rancid attribute, which corroborated ttree hexanal
measurement is a good indicator of rancidity irs thype of

products.
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Film or coating Antioxidant Application Analyses References
compound
Hydroxypropyl cellulose and  a-tocopherol P Sensory analysis Baldwin and
ecans
carboxymethyl cellulose BHA, BHT Hexanal Wood (2006)
Native or heat denatured
whey protein isolate, o Lee and Krochta
o Vitamin E Peanuts Hexanal content
glycerol, lecithin, methyl (2002)
paraben
Whey protein, glycerol, o Sensory evaluation,
T Vitamin E Peanuts Leeet al. (2002)
lecithin, methyl paraben hexanal content
Whey protein, glycerol _
o Peroxide value, ]

(60:40 and 50:50), distilled (none) Peanuts Matéet al. (1996)

acetylated monoglycerides

hexanal content
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5.2. Application of antioxidant films and coatingson meat
and fish products

Likewise nuts, meat and fish products contain @ddi fat.
Additionally, oxygen could have a very negativeeetfon the
colour of meat products, due to the spontaneoudatinn of
myoglobin to form metmyoglobin, which imparts brasim
colour (Bekhit and Faustman, 2005). For this reaste
application of antioxidant films and coatings toan@roducts
may be beneficial (see examples in Table 1.5)h&sé products,
the level of lipid oxidation is frequently evaludtby measuring
thiobarbuthuric reactive substances (TBARS), whiehe
expressed as malonaldehyde content. In this wamnez<Estaca
et al. (2007) monitored the malonaldehyde content of cold
smoked sardine during storage at 5°C, to test ttexddant
efficiency of gelatine coatings incorporated witsential oils.
In this case, the incorporation of these plantaets reduced the
lipid oxidation. In other study, Ojagh et al. (201developed
chitosan coatings enriched with cinnamon oil witle @im of
increasing the self life of cold-stored trout file Their results

revealed that chitosan coatings were effective inatgoting
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lipids from oxidation. Moreover, these results aiile with the
trend previously described by Jeetral., (2002) when applying
chitosan-based coatings to herring and cod filleighis case,
both the inherent antioxidant activity and the cxygbarrier
properties of chitosan films may have contributedhte control
of lipid oxidation in the fish fillets.

The influence of chitosan-based coatings in terrhslipd
oxidation and colour stability has been also exawohim meat
products such as ground beef. Suman et al. (201@yexd that
coating ground beef patties with chitosan reduc&iARS
values and improved the surface red colour of ¢mttas
compared to non-coated samples. The antioxidarepty of
chitosan is attributed to its ability to chelatedriron, released
by myoglobin degradation during meat storage (Kaehiél.,

2002).
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Table I.5. Application of antioxidant edible films to meatdafish products

Film or coating Antioxidant compound Application Analyses References
Milk protein-based Oregano and/or pimento Beef muscle TBA Oussalaal.
films essential oils (2004)

Gelatin-based films Rosemary or oregano Cold-smoked PV, TBA, total phenol, Goémez-Estacet al.

with chitosan. essential oils sardine FRAP method (2007)

Alginate and Sodium ascorbate and  Buffalo meat TBA, tyrosine value, Chidanandaiah and
glycerol coating citric acid patties sensory quality Sanyal(2009)
Chitosan coatings Fish ail, vitamin E Lingcod file TBA Duanet al. (2010)
Chitosan and (none) Fish patties Colour, viscoelastic Lopez-Caballerat
gellatin properties, TBA, TVBN al. (2005)

Soy protein Ferulic acid Lard PV @ual. (2005)
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5.3. Application of antioxidant films and coatingson fruits
and vegetables

Oxygen can also reduce the quality of plant proglutable 1.6
shows some examples of antioxidant film and coating
applications on some fruits and vegetables. In ethes
formulations, the films and coatings prevent thezyematic
browning, which is caused by the enzyme polyphenadlase
that in presence of oxygen converts phenolic comgsunto
dark coloured pigments. Pérez-Gagoal. (2006) studied the
development of the browning index of coated and-cwmeted
apple slices to test the antioxidant effect of whmptein-
beeswax-ascorbic acid coatings. Rather than daetioxidant
addition, the best results in terms of colour pneson were
obtained by incorporating the antioxidants into¢batings.

Lin et al.,, (2011) treated litchi fruit with chitosan edible
coatings, which resulted in a significant reductiorhe activity

of polyphenol oxidase during storage as compardtt wbn-

coated samples.
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Table 1.6. Application of antioxidant edible films to fruiesd vegetable products.

Film or coating Antioxidant compound Application Analyses References
) ) Oleoresins: rosemary, onion Butternut Peroxidase and Ponceset al.
Chitosan coatings ) _ o
cranberry, garlic and carvacrol squash polyphenoloxidase activities (2008)
Whey protein concentrate Ascorbic acid, cysteine and 4- Aool Weight loss, colour, sensory Pérez Gaget
. pple .
and beeswax hexylresorcinol (4-hexyl) evaluation al. (2006)
) ] Water loss, respiration rate, .
Alginate and gellan with ) . ] . Tapiaet al.
Ascorbic acid Papaya ethylene production, firmness,
glycerol ) . (2008)
ascorbic acid content
Methylcellulose- Water loss, colour, vitamin C, ]
) o . Mushroom and ) o Ayranci and
polyethylene glycol Ascorbic acid, citric acid ) polyphenoloxidase activity,
) ) cauliflower Tunc (2003)
(3g:1ml) stearic acid total phenol
Methylcellulose- _ )
) o _ Apricots and o Ayranci and
polyethylene glycol Ascorbic acid, citric acid Water loss, vitamin C

reen peppers Tunc (2004
(3g:1ml) stearic acid J PEPP ( )
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6. Conclusions

Interactions with oxygen should be limited in orderprevent
quality losses in food products. This could be eebd by the
application of edible films and coatings, whoseacinvolves
two mechanisms: the oxygen barrier effect and thecific
activity of the incorporated antioxidant agentsthis sense, the
efficiency of films and coatings is greatly affettey the water
availability in the film. The increase in the filmater content
reduces the oxygen barrier effect, but can enhdreehemical
action of the antioxidants. For this reason, thestoce content
of the foodstuff and the relative humidity in thal@ent should
be taken into account in order to develop effecfilres and

coatings with antioxidant activity.
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Abstract

The application of antioxidant ingredients is orfetlee most
common ways to delay and prevent the detrimentacefof
oxygen in foods. Some of the most widely used amndlied
antioxidants are carboxylic acids, tocopherols atibl-
containing compounds. However, consumer trends rasva
healthier and safer foods, together with the ingirepconcern
for the potential toxicity of some antioxidants aleading
research efforts towards the use of antioxidantaioéd from
natural sources, such as plant phenols, esseniigl and
chitosan. This paper reviews the latest publishediss and
issued patents on the use of antioxidants agenfsoitstuffs.
The properties of the most commonly used antioxglas well
as natural antioxidants are revised. Moreover, @kesn of
recent patents on the application of antioxidawotsdifferent
foodstuffs (meat, fish, vegetables, fruits and bages) are
given.

Keywords. Carotenoids, chitosan, encapsulation, essential oi

packaging, phenol, tocopherol.
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Introduction

To some extent, the occurrence of oxidation prae#s some
foodstuffs is desirable. For instance, the typmaima of dry-
cured meat products is related to the initiatiotigtl oxidation

and the subsequent generation of volatiles [1]. éle#, in most
cases the oxidative reactions in food productsesst a major
detrimental process, resulting in such negativeaues as the
formation of undesirable chemical compounds (aldeky
ketones, organic acids) yielding rancid odours faburs [2].

The formation of secondary and potentially toxianpmunds
decreases the nutritional quality and safety [3]heW the
possibility of the undesirable influence of oxidizipids on the
human organism is considered, it seems to be ofnéab

importance to minimize the content of products gfidl

oxidation in food.

Antioxidant compounds are receiving more and madtentaon

in research and scientific literature, because they able to
preserve food products by delaying oxidation amaist such

detrimental processes as fat rancidity and/or cobbranges. In
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industrial processing, mainly synthetic antioxidaate used, in
order to prolong the storage stability of food [However, the
worldwide concern over safety demands for natural
antioxidants, which have the advantage of beingemuidely
accepted by the consumers as these are considsremra
chemical. In addition, they do not require safedgts before
being used, although they are more expensive asdelfective
than synthetic antioxidants [5].

The harmful effect of oxidation on human health hasome a
serious issue. According to Laguerre et al. [6]Jeaesh has
confirmed that antioxidants supplied by food prdaduare
essential for counteracting this oxidative strégwdré et al. [3]
stated that antioxidants are able to protect biolgsystems
against oxidative damage, thus helping to prevent
cardiovascular, neurologic and carcinogenic diseasene
solution to this problem is to supplement the dieith
antioxidant compounds that are contained in natynaint
sources. The source of these compounds is maiyptant

kingdom, and they are mainly phenolic compoundsv{fhoids,
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phenolic acids and alcohols, stilbenes, tocophgrols
tocotrienols), ascorbic acid and carotenoids, wic&h serve, in
some sense, as a type of preventive medicinectnifdnas been
suggested that a high intake of fruits and vegesalould
decrease the potential stress caused by reactigenxspecies
via a number of mechanisms, including the protectib target
molecules (lipids, proteins and nucleic acids) froxidative
damage [7].

In order to evaluate the impact of the use of aidents for
food applications in terms of issued patents, th@ution in the
number of patents from January 2000 until Septer2bé® was
obtained from the Web of Knowledge. This data bals&ins
the information from the Derwent World Patents kfgleand
covers over 41 major patent issuing authoritiesldvade. The
search was performed within the Subject Area Foudrse &
Technology, and “antioxidant” in the patent titl@asvused as a
keyword. The search was refined by selecting thes omithin
the topic that include the keyword phrases “natardgioxidant”

or “plant extract” and the results are also plotitedrig. (11.1).
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The number of patents on antioxidants in foods ihaseased
steadily in the last decade, and this trend cam ladsdetected in
the use of natural antioxidants. As regards thelbmirof patents
concerning plant extracts, a regular pattern iseofesl, thus

pointing out that the research in this field ighogress.
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Figurell.l. Natural antioxidant solid line black plant extract.
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The uses and applications of antioxidants in fobdge been
extensively reviewed in the last decade, with emnegrg
highlights on the properties of natural antioxicamt this sense,
Krishnaiah et al. [8] have pointed out the antiaxitdpotential of
extracts from the stems, roots, bark, leaves,srard seeds of
several important medicinal species such as Diaspyr
abyssinica, Pistacia lentiscus, Geranium sanguineum
Sargentodoxa cuneata Rehd. Et Wils, Polyalthia scadlas
(Roxb.) Bedd, Crataeva nurvala Buch-Ham., Acacia
auriculiformis A. Cunn, Teucrium polium L., Dracgiealum
moldavica L., Urtica dioica L., Ficus microcarpafil, Bidens
pilosa Linn. Radiata, Leea indica, the Lamiaceaecigs,
Uncaria tomentosa (Willd.) DC, Salvia officinalis .,L
Momordica Charantia L., Rheum ribes L., and Pelaigo
endlicherianum. Podsedek [9] focused on the content
composition, and antioxidant capacity of the antart
compounds present in raw Brassica vegetables suchldbage,
broccoli, cauliflower, Brussels sprouts, and kdlke effects of

post-harvest storage, industrial processing arfdrdiiit cooking
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methods on the stability of bioactive componentsd an
antioxidant activity have also been discussed. kiheg
Leopoldini et al. [10] have just published a reviasticle on the
molecular basis and working mechanisms of natural
polyphenolic compounds (phenolic acids, flavonoidad
stilvenes). They have discussed the three main ogexp
mechanisms through which the antioxidants may lasir
protective role, reporting some valuable thermodyicaand
kinetic data and in this way, this work has conitéa to the
elucidation of the health benefits of these antexis. A brief
description of the mechanism involved in the mayoof the
techniques used for the evaluation of the antioXidetivity of
essential oils has been given in a recent revieW At the same
time, this review presented and compared the adaox
activities of some essential oils, obtained by rseaindifferent

in vitro assays. The present paper reviews the mestnt
patents in the area of antioxidant applicationaad products.
The view of the authors on the future perspectofethis topic

is given.
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FOOD ANTIOXIDANTS: CHEMISTRY AND NATURAL

SOURCES

Many different chemical compounds have shown some
antioxidant activity through different mechanismé axtion.
According to Laguerre et al. [6], these mechanisesult in
antioxidant activity of a particular compound, suak UV
filtration, singlet oxygen deactivation, peroxidamnzyme
inhibition, chelation of transition metals, enzymat
detoxification of reactive oxygen species, andrtB&bilization

through hydrogen radical transfer.

Tocopherols

Tocopherols are amongst the most commercially éeolo
antioxidants. Figure 1.2 shows the chemical stitestof this
group of compounds, and how the radicals deternihree
denomination ofy, B, y or & tocopherolsa, y andé-tocopherols
are commonly added to food products, and are ddrimtehe E

numbers E-307, E-308 and E-309, respectively.
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a-tocopherol [3-tocopherol

aNCHy
HC
HO CH,
GH,

y-tocopherol o-tocopherol

Figurell.2. Chemical structure da, (3, yandd tocopherols.

According to Podsedek [9], the predominant reaction
responsible for the antioxidant activity of tocopdie is
hydrogen atom donation, where a tocopheroxyl radisa
formed. Vitamin E ¢-tocopherol) is able to disrupt the chain
reaction of lipid peroxidation [12], thus preverfifree radical
damage. Vitamin E works in conjunction with vitami) the
latter regeneratingi-tocopherol from the tocopherol radical

formed by the reaction with radical oxygen spediE3]. The

72



Introduction. Il.

ability of vitamin E to trap peroxyl radicals anohglet O, has
been reported by previous studies [14, 15]. Acecwdio
Leopoldini et al. [10], the radical scavenging apibf vitamin
E is due to the OH group. Vitamin E is related tsesies of
health benefits such as coronary heart diseaseqpiat [16].
According to Greaves et al. [17], tocopherols haveotent
ability to inhibit lipid peroxidation in vivo by &pping peroxy-
radicals. Naguib et al. [18] patented compositiohs, B, y, and

d-tocopherols showing increased antioxidant potency.

Phenolic Compounds

Phenolic compounds are a large group of antioxgjant
widespread in the plant kingdom. Depending on theemical
structure, they are categorised into groups. Thatndoverse
group is that of flavonoids, built upon a flavorieleton (Fig.

11.3).

Figurell.3. Flavone (2-phenyl-1,4-benzopyrone) skeleton.
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Phenolics are able to scavenge reactive oxygeciespdue to
their electron donating properties [9]. Phenolitddacare also
known to show transition metal chelation capachy. [Their
stability in different systems, as well as the neménd location
of hydroxyl groups, determine their antioxidanteetiveness.
Diverse studies [19, 20] have demonstrated theoxdant
activity of these compounds in vitro, which is heglthan that of
antioxidant vitamins and carotenoids. AccordingLempoldini
et al. [10] the planar structure of phenolics, \hiallows
conjugation and electronic delocalisation as wellr@sonance
effects, is directly linked to a good radical-saagi@g activity.
The content of polyphenols in vegetables, as wellthat of
other phytochemicals, is affected by various feactorariety,
cultural practices, climatic conditions, maturity l@rvest and
storage conditions. Colliver et al. [21] patentegbracess for
increasing the flavonoid content of plants by iasiag the
activity of chalcone synthase and flavonol synthase

In the last few years, a number of patents havet deith

extraction methods aimed at obtaining phenol-rixinaets from
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diverse vegetable sources. Cuomo and Rabowskiyifi22hted
several methods for extracting antioxidant compguifichm
olive-based starting materials, including olivediveo pulps,
olive oil and wastewater from olive oil manufachgi
Romanczyk et al. [23] claimed cocoa extracts (rich
polyphenols and procyanidins), the methods for gmieg such
extracts and their uses. Ronzio et al. [24] praparater-soluble
extracts from the seed coats of lentil. These etdravere a rich
mixture of tannins (procyanidins and prodciphin)ditavanone
(luteolin), flavonols (e.g. quercetin, kaempferad phenolic
acids (ferulic acid, protocatechuic acid, caffecid® with the
ability to quench organic free radicals, to scaeenrgperoxide,
to inhibit the oxidation of both water- and fatdigae nutrients,
and to limit damage caused by oxidants. King anab@i [25]
patented a relatively inexpensive extraction mettmdbtain
anthocyanins, other flavonoids and related polyphen
compounds from fruits and vegetables. Nair [26]emed a
method for isolating a mixture of anthocyanins,flaxonoids,

and phenolics from an edible berry using adsorlregenerable
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resins for reuse. The extract could be used as etargi
supplement or nutraceutical product.

Resveratrol (trans-3,5,4'-trihydroxystilbene) isatural product
found in grapes, mulberries and peanuts. It is @nthe main
non-alcoholic components in red wines. Its struetus

characterised by two phenolic rings, linked by ailde bond
(Fig. 11.4). The occurrence of multiple OH groupgtahed to an
aromatic ring is directly linked to a good radisahvenging
activity [10].

Resveratrol has proved to be an effective antioxidadifferent

in vitro assays including: total antioxidant adyyireducing
power, DPPH ABTS™, DMPD™ and Q" radical scavenging,
hydrogen peroxide scavenging, and metal chelatoiyiges,

when compared to standard antioxidant compounds sisc

BHA, BHT, a-tocopherol, and trolox [27].

H@y@r

oH

Figurell.4. Chemical structure of resveratrol.
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The anthocyanins, anthocyanidins with sugar grqupése
mostly 3-glucosides of the anthocyanidins [28] (Fid). These
contribute greatly to the antioxidant properties adrtain
colourful foods, such as grapes and cranberriespigsents,
they are almost exclusively responsible for the, fglde and
purple colours in fruits. Cyanidin is the most coomm
anthocyanidin, and the 3-glucoside is the mosvacantioxidant

anthocyanin [29].

i+

Figurell.5. Chemical structure of anthocyanins.

A method directed at efficient one or two step psses for
producing phenol enriched compositions from dried &esh

plant material, particularly anthocyanins and ptbaayanins,
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was patented by Bailey et al. [30]. The method r&pparation
includes a novel column purification step usingrantinated

polystyrene resin.

Carotenoids

This group of compounds comprises both carotens and
xanthophylls, which are present in many fruits aedetables.
They are red, orange and yellow pigments, and @wettamin A
precursors. Some examples #rearotene, cryptoxanthin and
lycopene. Lycopene is a bright red carotenoid pigimeaturally
found in red fruits. Because of its unsaturatedimatlycopene
is considered as a potent antioxidant and an oxygemcher
[31]. Of all the carotenes, it is considered thestrefficient at
guenching singlet ©[32]. Rice-Evans et al. [33] found a
correlation between low serufacarotene levels and high rates
of cancer, cardiovascular diseases and a highofiskyocardial
infarction among smokers.

Their conjugated double bonds (Fig. 11.6) provideatenoids

with a double mechanism of action: they are botbnghers of
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singlet oxygen and radical scavengers [9]. It isncwnly
accepted that the presence of additional functignalips, such
as carbon-carbon double bonds, is one of the ntairctsral

characteristics for good radical-scavenging actijdio].

[3—caroten Cryptoxanthin

Lycopene

N \\\\\\\\\\\ R

Figurell.6. Chemical structure of some carotenof@s:

carotene, cryptoxanthin and lycopene

Some recent patents have aimed at improving theacteaistics
of carotenoids. Foss et al. [34] described methdds
synthesizing and administering carotenoid compoundi
improved antioxidant characteristics. Takeda Cherd. LTD

[35] obtained a water-dispersible carotenoid contjprs
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comprising a dissolving/suspending agent for threteaoid and
an emulsifier. This composition is useful as anitadelfor food,
pharmaceuticals, cosmetics and feeds. Fullmer amtiEk [36]
formulated a stable nanodispersion of one or maretenoids
for use in supplementing aqueous systems, suchoeds,f
beverages and dietary supplements. Hara et al.dB#&ined a
microcapsule including a natural high strength tmaroid,
hardly undergoing oxidative deterioration, and ukéf foods

and medicines.

Essential Oils

Essential oils are volatile oils which constitutee taroma and
flavour components of organic material [17]. They ased in a
variety of products such as incense, aromatherapy, o
perfumes, cosmetics, pharmaceuticals, beverages,f@ds.
The market for these oils demands a consistenti kuality
and reliable supplies at competitive prices.

Essential oils from aromatic and medicinal plané&véh been

known to be biologically active, mainly possessamgibacterial,
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antifungal and antioxidant properties [38]. The mai
components can represent up to 85% of the totallewthe
remainder is present as traces. The concentratitrespecific
compound in the total mix of plant oils can be vegriable,
depending on factors such as the origin, speciegpkamt organ,
climatic conditions and growth, extraction and at.

Essential oils consist mainly of volatile terpermidonsisting of
linked isoprene units in structures of 10 carbons
(monoterpenoids) and 15 carbons (sesquiterpenditig).oil is
composed of at least 100 different chemical comgdsun
classified as aldehydes, phenols, oxides, esteetpné&s,
alcohols and terpenes [5]. Table Il.1 shows the omaj
components of different essential oils with reporémtioxidant

activity.
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Tablell.1l. Composition of some essential oils.

Essentials oil Oregano Sage Basi| Cinnamon
Reference Fasseast al., (2007) Fasseastal., (2007) Fasseagal., (2007) Simicet al., (2004)
@ Thymol (60.9) Eucalyptol (49.4) Linalool (28,6) Cinnamaldehyde (63)
5 é . p-cymene (10.5) Camphor (8,5) Estragole (21,7) lriere (8)
T 8_3\°/ y-terpinene (7,6) a-pinene (5,4) (E)-Methyl (14.3) Eugenol (7)
= g Carvacrol (5,8) a-Cadinol (7,1) Cinnamaldehyde propylene (5.5)
Eugenol (5.9) Terpenoid compounds (<1-2)

Essentials ol Laurel Rosemary Thyme

Reference  Jelnaret al., (2010) Zaouali Yet al., (2010) Rotaet al., (2008)

< Eucalyptol (40.91) 1.8-Cineole (40.0) Thymol (57.7)
_ %; a-pinene (5.82) Camphor (17.9) p-cymene (18.7)
% ‘g B-pinene (4.55) a-pinene (10.3) Carvacrol (2,8)
s §_ Sabinene (6.92) Camphene (6.3)

g Limonene (2.10) Carvacrol (0.2)

(&)

Linalool (1.29)
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Essential oils can be extracted using a numberethods, such as
steam distillation, hydrodistillation, organic seht extraction,
microwave assisted distillation, micro-wave hydfadiion and
gravity, high pressure solvent extraction, supgcai CO
extraction, ultrasonic extraction and solvent fregcrowave
extraction. The properties of the essential oilgaeted by these
methods have been found to vary depending on thbadeused
[39]. The essential oil of R. officinalis has udydieen isolated by
traditional hydrodistillation, steam distillatiorr @rganic solvent
extraction. For example, monoterpenes are well kndw be
vulnerable to chemical changes under steam distitlaconditions
and even conventional solvent extraction is likelynvolve losses
of more volatile compounds during the removal @f solvent [40].
Different methods of essential oil extraction haeen reported
and patented. Some of them generally relate a rdetbo the
simultaneous extraction of essential oils and aidants from
organic material, more particularly organic materieom the
Lamiaceae family, including rosemary, using solvbl@nds and

which yields a liquid, oily extract containing amtidants and a
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liquid extract containing essential oils. The egtraontaining
antioxidants is readily mixed with edible oil to bdded to animal
feeds and human food. These essential oils aremalcautical
grade. Generally, methanol extraction is usedjthquibduces a dry
powder that is difficult to dissolve into the prefd carriers, such
as edible oils. This patented alternate extradémhnology, based
on tetrafluoroethane (TFE), uses the vapor pressutiee solvent
at room temperature, and permits extraction undkr conditions.
Thus, this process minimizes the oxidative decortipos of
carnosic acid during the extraction. TFE is sulisfiy apolar and
is preferably blended with acetone in the extraxdiof rosemary.
The advantages of TFE show that it is non-flammalées a low
boiling point, is environmentally acceptable (véow toxicity) and
easily handled. This study included the solvenndleomprising
between about 70% and about 85% tetrafluoroethbatveen
about 1 % and about 25% acetone, and between ab&utand
about 25% methanol [17].

Some extraction methods produce water soluble xidaats that

can be used in a wide range of food products. Nahad. [41]
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patented a metal-chelating or sequestering antimidomposition,
derived from edible herbs and spices (mace, thyamegano,
nutmeg, ginger, cinnamon, clove, basil, marjoramstard, savory,
laurel and anise) that are useful for incorporatingp food,
beverages, and nutritional supplements to enhdmeiestability. In
fact, these water soluble antioxidants were digdds be useful in
fruit juices, processed meat products, such as &adnsausages,
processed seafood, butter, margarine, mayonnaiks dressings,

and essential oils (lemon, lime, grapefruit anchges.

Chitosan

Chitosan is a cationic biopolymer that is consideaesecondary
antioxidant, since it has the ability to chelatee tmetal ions
involved in the catalysis of an oxidative react[d]. Chitosan of
differing degrees of N-deacetylation obtained framab shells
showed antioxidant activity, scavenging ability drydroxyl
radicals and chelating ability on ferrous ionswéts more effective

as an antioxidant agent when the deacetylationedegrcreased
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[43]. Similar effects were observed in fungal chké@n obtained
from shiitake stipes [44].

The origin of the scavenging ability of chitosarretated with the
presence of active hydroxyl and amino groups in ploé/mer

chains (Fig. 11.7). The hydroxyl groups in the pgdgcharide units
can react with free radicals and, according to fiadical theory,

the amino groups in chitosan can react with freceds to form

additional stable macroradicals [45]. As regards ¢ffect of the
molecular weight of chitosan on its antioxidantpeudies, Xing et
al., [45] showed that low molecular weight chitosed a stronger
scavenging activity on oxygen and hydroxyl groupsant high

molecular weight chitosan in an in vitro study. Hane effect was
observed by Feng et al. [46] by reducing chitosafeoular weight

by means of irradiation treatments.

NH2 OH

Figurell.7. Chemical structure of chitosan
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Synergistic Effects

Numerous studies have reported the synergistictsffiound in
antioxidant mixtures [47-49]. Indeed, combinatia@isntioxidants
may be more effective at reducing reactive oxygeecgs than
pure compounds, especially if the mixture includegh water-
soluble and lipid-soluble antioxidants. If this ike case, the
mixture will be capable of quenching free radidal®oth aqueous
and lipid phases [50].

The application of antioxidants (pure, mixtures amdracts) to
food products is described in the following sectibhe synergistic
effect in the antioxidant mixtures is a common pimeanon that

takes place in the final products.

PATENTSON THE APPLICATION OF ANTIOXIDANTS

The number of patents on the application of andiamts to food
products has progressively increased over the flast years.
Stuckler [51] formulated a food supplement with athageous

physiological effects containing lecithin, red wiegtract and D-

87



Introduction. Il.

alpha-tocopherolacetate. The support material doh supplement
would be dairy products, fruit or plant juice, yegsectin or olive
oil. Fukumoto et al. [52] invented an antioxidantaterial
containing flavonoid aglycon (derived from lemorisnes or
sudachis) and vitamin C, a combination in whichyaesgistic
effect is observed. This extract would be addefddool products or
beverages. Tan et al. [53] reported the inventiba enethod for
extracting the antioxidant compounds (phenolics #adonoids)
from the palm tree. These compounds are poteradénts to be
applied in foods and edible oils. Ahotupa et adl][8laimed a food
product containing a phenolic compound (hydroxymnesaol),
and found that the administration of this could@ase the level of

enterolactone, thereby causing cancer prevention.

Meat and Fish Products

Meat, poultry and fish products are very proneipad| oxidation
both because of their high content in unsaturaééty facids and
also due to factors intrinsic to processing andagf® conditions. In

these products, oxidative reactions can lead t@sinable changes
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in taste, flavour, and colour. The addition of arilants can
reduce the rate of lipid oxidation and hydrolysis sequestering
and stabilizing free radicals. In this sense, Moatgo [55]
developed a natural antioxidant composition prepafeom
phenolic extracts of monofloral honey that prevehts oxidation
of meat products, especially poultry. The honeyaettcontained
gallic acid, rutin, ferulic acid, salicylic acidaringenin, kaempferol
and a pH of 4.2-5.0. Hadolin Kolar et al. [56] patdl a natural
mixture for the antioxidative protection of fats daioodstuffs
containing fats, such as fish, fresh meat, freshespmeat, fresh
and cooked sausages, salami, dry cured and cooiked products,
and pastrami. The mixture was prepared with anaekwof at least
one plant selected from the Labiatae family ancegreea extract
and comprises carnosic acid, rosmarinic acid, and
epigallocatechingallate. Fellenberg Plaza et af] formulated a
liquid extract from soapbark tree comprising 1.4%. total
phenols. The extract was applied to marinated elmicleg and
chicken breast. Results showed that the greatececdration of

polyphenols in this extract showed a prooxidaneatfhfter 2 days
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of refrigeration. Sandoval et al. [58] succeededgiieventing the
discoloration of fresh beef slices, which were wanuypacked and
refrigerated, by means of the injection of a velgetaprotein
composition containing antioxidants (alkali metahlts of

isoascorbic acid). The vegetable material comprizesoybean
protein material (soy flour, soy protein concerdrat soy protein
isolate), wheat gluten or zein. Gaynor et al. [%®¢orporated
ascorbate or erythrobate as antioxidants in thendtation of
emulsified casings prepared with cellulose andhrésid applied to
meat products (e.g. frankfurter). The casing wasest for two
months at between 4 and 37°C and nisin activitynagd.isteria
monocytogenes was stable during the whole storaged The
results also illustrated the unexpected slow usee of the
antibiotic and reduced the production cost of timeinaicrobial

casing to make it economically feasible. The antiant activity of
chitosan solutions has been tested in a cookedhumtkel system
and results showed a reduction in both the peroxidex and
thiobarbituric reactive substances in line with mTrease in

chitosan concentration and a decrease in its mialeaeight [60].
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Edible Oils

The development of off-flavours in edible oils repents a serious
problem in the food industry. Lipid oxidation, ap&tom producing
rancid odours and flavours, decreases the nutaitignality and the
safety of the product. Antioxidant addition allotiés deteriorative
process to be controlled. Breivik et al. [61] paed a composition
comprising marine oil and ascorbic acid and/or aoogbic acid
derivative (such as ascorbyl palmitate) that waltv down lipid
oxidation in marine oil. This formulation does notlude lecithin,
which has to be declared as a potential allergeddT62] reported
an activated ascorbic acid and compositions thereitfi the aim
of increasing antioxidant activity in fats, oilsdafatty products,
especially in such materials that are exposed idatixe stress.
Synergistic effects were observed by the incorpmmatbf tea
extract.

Antioxidants can also be incorporated in the fryoilg Gertz [63]
obtained a water-in-oil emulsion that can be usedraadditive for
roasting, simmering or frying fat, preventing lipixidation. The
emulsion contained antioxidants (tocopherol andéscorbyl
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palmitate) in combination with water-soluble carplx acids
(citric acid) which are present in the aqueous eh&holli et al.
[64] invented a substitute benzene antioxidant pelyto prevent
rancidity. This antioxidant polymer can be blendéth or mixed
with the packaging material, present as a thin,fdmbe sprayed on

the packaging material to form a coating.

Fruitsand Vegetables

In plant products, enzymatic browning represents tnain

deteriorative process. This is caused by the enzgoigphenol

oxidase which, in the presence of oxygen, convefienolic

compounds into dark coloured pigments. Sardo andiix [65]

patented a process for treating fruits and vegesalith a

composition containing one or more tocopherol saitd a terpene
in an aqueous solution at 40-60°C. This process paascularly

suitable for treating lettuce, apples and pearsr dfiarvesting.
Paliyath and Murr [66] claimed a composition thaynbe applied
to vegetal produce by spray, drench, dip or a vapod at either

the pre-harvest or post-harvest stage of fruitgetables and
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partially-processed products. This composition coses diverse
antioxidant compounds. Selleck [67] used a flavan@r the
preservation of minimally processed fruits and vYebkes. The
products, previously cut and peeled, were sprayedipgped in a
flavonoid solution containing some other compon@misther
component, such as ascorbic acid, erythorbic acidlgha lipoic
acid. They can also be preserved by the additioitagbnoid and
ascorbic acid into juices (if they are not preselnte and Ryu [68]
patented a tocopherol containing milk rice and aho for its
preparation. The method comprised one step whemphzrol was

incorporated into the product.

Beverages

The addition of antioxidants to drink products stefmrom the
necessity of increasing their quality and/or prgiog their shelf-
life. Additionally, the fortification of these prodts with vitamins
may be the desired goal. Parshall et al. [69] adalédcopherol
antioxidant, other thaa- tocopherol, to a citrus fruit beverage such

as orange juice, in order to preserve the senstrputes during
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storage. Cox et al. [70] prepared oil in water dispns off-
caroten and other carotenoids that are stable stgaixidation.
These dispersions are especially useful in diljiece beverages
for providing vitamin A fortification and colour,sawell as other
oil/water, food and beverage products where vitaffortification
and/or colour are desired. Henry et al. [71] predich method for
fortifying dry beverage mixes. The formulation inded a ferric
ion reducing agent (ascorbic acid) and/or citricdaas well as
polyphenols and flavonoids which are typically emsin these
products. Vitamins such as the B vitamins, vitarjnvitamin C
and vitamin E could be added, too. Lahteenmaki pt2sented a
drink composition with active agents and a methmdcbmposing
this drink. Some of the components included areoftaids,
isoflavonoids, vitamin C and carotenoids. Kobayashial. [73]
claimed that chitosan oligosaccharides can be patgrused as an
active ingredient to prevent an oxidative reaction food or

beverage products.
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Animal Feeds

Some recent patents on the use of antioxidant ptedieal with
the incorporation of the active substances intonahifeeds rather
than adding these ingredients directly to meat fistd products.
Stevenson-Barry [74] improved the color stabilifyhorse, ostrich,
emu, cow, sheep or deer meat by a method that ¢eespthe oral
administration of at least one antioxidant (e.gcodsic or its
metabolites 8- carotene) to the living animal and waiting foeth
antioxidant to become present in the meat afteugsigering.
Saunders et al. [75] presented a method for impgpthe animal
tissue quality, which comprised feeding the aninaal diet
supplemented withy-tocopherol in a large enough amount to
achieve such an aim. Thetocopherol may be fed alone or in
combination with other antioxidants, such eastocopherol. This
method may be carried out both on ruminants andrapimnants.
Kaw et al. [76] improved the carotenoid contentha yolk of eggs
by enriching the poultry diets with a carotenoidrnfiolation
comprising a carotenoid, a vegetable oil, a suafaticta chelating

agent, an antioxidant, an alkali and a solvent.
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CURRENT AND FUTURE DEVELOPMENTS

At present, the most commonly used antioxidantofeesynthetic

origin, such as butylated hydroxyanisole (BHA, ROR butylated

hydroxytoluene (BHT, E-321) and propylgallate (EBR1Some of

these synthetic antioxidants have been restricgdddislative rules
due to doubts over their toxic and carcinogenieaff However,

they are still broadly used by the food industrigafis the case, for
instance, of BHA and BHT. Therefore, there is awgng interest

in safer antioxidants for food applications, andrawing trend in

consumer preferences for natural antioxidantspflwhich have

given impetus to the attempts to explore innovatigural sources
of antioxidants [27]. In fact, the number of papéesling with the
characterization of the antioxidant activity of una extracts
(obtained from different sources) is rapidly in@ieg. The most
common sources of these new antioxidants are exoftits and

vegetables as well as aromatic plants. Moreovemnesof these
antioxidants can be obtained from vegetable wastelh as okara
[77], potato peels [78], hazelnut kernels [79], afide oil mill and

wine waste [80, 81]. In this way, important by-puots of the food
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industry have become value-added ingredients, dimsltaneously
reducing the amount of industrial waste.

The necessary dose of antioxidant ingredients cbeldeduced by
incorporating them into edible films and coating82,[ 83].
Controlled- release packaging can offer a signifiqaotential for
extending the shelf-life of foods by slowly releasiantioxidants
over time [84]. Strong flavoured natural antioxittansuch as
essential oils, could be incorporated into packggimaterials to
prevent oxidation and thus find a compromise betwéle
antioxidant role and the pleasant taste and ardifaod. In this
sense, Mastromatteo et al. [85] developed zeinebaseno and
multilayered edible composite films loaded with Isg&an and
thymol to control thymol release. For both mono amdltilayered
films, the thicker the film, the slower the releasée,without the
addition of spelt bran. On the contrary, a sigaificincrease in the
thymol release rate was detected in line with aneiase of the bran
concentration for both mono and multilayered filmppspbably due
to the fact that the addition of spelt bran prorddtee formation of

micro-channels that interconnected the thymol phiaggeassing the
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zein matrix and leading to an increase in the actempound
release rate. Soto-Valdez et al. [86] developeddiive packaging
consisting of a plastic film that promoted the raiggn of the
active compound of tocopherol) toward the packaged product
during the storage.

There is a growing interest in the development réapsulation
techniques [87] whose aim is the reduction of tiheng) aroma and
unpleasant taste of some polyphenols, while presgnand
improving the stability, bioactive and bioavailalyil of these
compounds. Microencapsulation has also been usefrdtect
essential oils against the environmental factoed tontribute to
their deterioration, such as oxygen, light, and snwe. Several
essential oils have been microencapsulated in wsrchemical
structures and by different processes [88]. Theperted studies
have pointed out that microencapsulation can pvesessential oil
activity without causing its degradation.

In conclusion, the use of antioxidants in food g allows their
shelf-life to be extended. The application of thesenpounds to

foodstuffs and supplements could be attained througew
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technologies, such as microencapsulation and agtaeckaging,
which entail additional advantages. Future patevits probably
deal with these new advances, placing special esigplan the

incorporation of natural antioxidants.
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OBJECTIVE

The general objective of this work was to formulate and
characterize biodegradable films based on chitosan or blends
with other biodegradable polymers, as well as the incorporation
of antimicrobial and/or antioxidant components in order to

obtain active packaging materials.

SPECIFIC OBJETIVES

* To evaluate the effect of incorporation basil and thyme
essential oils and homogenization conditions on properties
of chitosan based films.

» To analyze the preservation power of these chitosan films,
containing essential oils, on pork meat products. their
antimicrobial activity and their impact on other meat quality

parameters.
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To characterize the properties of blend films containing
chitosan and wheat starch and their potential antimicrobial
activity.

To evauate the effect of the incorporation antioxidant
components on the properties of wheat starch-chitosan blend
films and their potential antioxidant capacity.

To analyze the polymer compatibility and the physical and
antimicrobia properties of blend films of chitosan and poly
vinyl acohol.

To characterize physicochemical and antimicrobia
properties of extruded polylactic acid films as affected by

addition of chitosan powder with different particle size.
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EFFECT OF BASIL AND THYME ESSENTIAL OILS
AND HOMOGENIZATION CONDITIONS ON

PROPERTIES OF CHITOSAN BASED FILMS.

Bonilla, J., Atarés, L., Vargas, M., Chiralt, A.

Institute of Food Engineering for Development

Universitat Politecnica de Valencia. Camino de Vs 46022.

Valencia. Spain
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Abstract

The influence of essential oil type (basil and tleymts content
and the homogenization treatment on the physicgbgaties of
chitosan-based film-forming dispersions and edildlas was

studied. Two homogenization treatments were applethout

(H1) and with (H2) microfluidization (MF) at 165 MP H2

emulsions showed the smallest particles with thghdst (-

potential and the lowest viscosity. Composite filmsth

essential oils were softer, less rigid and moretaiiable than
pure CH films. MF intensified these changes. H&hsilshowed
micro-cracks due to the weakening of the polymeamirch
interaction forces when oils are present, whiclec#d their
mechanical behaviour. MF increased WVP of pure @isf

while oil incorporation was only effective to regu@/VP when
they were incorporated at the lowest ratio and winagh

pressure was used in the homogenization of the fiilmrming

dispersion. Gloss was reduced by the essentiakldulition,

whereas MF tended to yield glossier films.
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Keywords: chitosan, essential oils, microfluidization, basil,

thyme

1. Introduction

Edible films and coatings are prepared from biopwys and
are able to protect food products extending thieaifdife. The
major constituents of these are polysaccharidesteins and
lipids. Chitosan (CH) is a cationic polysacchandth excellent
film-forming properties. It is obtained from chitirby
deacetylation in the presence of alkali (Sanchenz@lezet al.,
2010). The combination of this hydrophilic constiti and some
lipids could produce films with optimized characécs
(Baldwin et al., 1997). Many lipids have been incorporated to
composite films, mainly aiming to reduce the watepour
permeability of these hydrophilic materials. Essgrdils (EO)
are interesting lipids to be incorporated intofilras since these
plant extracts exhibit additional characteristicsuch as

antimicrobial and antioxidant effects (Bakka#t al., 2008;
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Miguel, 2010). This would be in line with curremsearch into
the reduction of the use of chemical additives e food
industry. As they have a compatible aroma with ssv@nds of
foods, such as meat and fish products or vegetabéessl and
thyme oils could be used in the film or coatingnfatations.
Their main components and antioxidant capacitysti@wn in
table 1ll.1. According to Tajkarimiet al. (2010), previous
studies revealed antimicrobial capacity of basid ahyme
against Bacillus subtilis, Clostridium botulinum, Escherichia
coli, Listeria monocytogenes, Salmonella typhimurium and
Saphylococcus aureus and thyme againstStaphylococcus
aureus, Listeria monocytogenes, Pseudomonas aruginosa,
Salmonella typhymurium and Escherichia coli. Due to the lack
of miscibility of components, the preparation ofe tHilm
forming dispersions requires their emulsificationa solvent
(usually aqueous systems) prior to the casting fitm
formation. Droplet size is a determining factor fmulsion
stability, and affects other important properti€she emulsion,

including its viscosity. Rotor-stator homogenizars often used
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in the food industry, and are able to reach partgites in the
range of 1um. This can be further reduced by applying high
pressure homogenizers to the system. Microfluitbpa(MF)
can provide emulsions with very small particles hwitery
narrow particle size distributions due to the fahat the
emulsion is submitted to high shear stress in titeraction
chamber. According to Vargag al. (2010), there are few
studies dealing with the effect of microfluidizatioon the
properties of the film-forming dispersions and tained films
or coatings.

The aim of this work was to characterize the radeyzhysical
properties of CH edible films containing basil atidyme
essential oils and of the corresponding film forghdispersions,
in order to evaluate the effect of the oil typs,adbntent and the
kind of homogenization treatment on the typical mfil

characteristics.
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2. Materials and methods

2.1. Materials

High molecular weight chitosan (CH) (Batch 129136igma-
Aldrich Quimica, Madrid,

Spain) solution was used to prepare the film-fogrdispersions
(FFD) (0.8 Pa s viscosity, at 2% w/w in 2% w/w gdh@cetic
acid). Glycerol, (Panreac Quimica, S.A., Castetlal Vallés,
Barcelona, Spain) was used as film plasticizer.ilB& and
thyme (T) essential oils were provided by Herbet Meli
(Alicante, Spain) and Mg(N§» by Panreac Quimica, S.A.

(Castellar del Vallés, Barcelona, Spain).

2.2. Preparation of the film-forming dispersionsl arasting of
the films

Chitosan (1.0% w/w) was dispersed in an aqueougisol of
glacial acetic acid (1% v/w) under magnetic stgriat 40°C.
The emulsions were obtained by adding B or T atdd.3.0%

(w/w). Two different homogenization treatments, eiymH1
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and H2, were used. In method H1 FFD were treatedl notor-
stator homogenizer (Ultraturrax DI 25 basic-Yellowl, Janke
& Kunkel, Staufen, Germany) at 21,500 rpm for 4 ués.
Treatment H2 consisted of H1 plus microfluidizativF) at
165 MPa in a single pass by means of a Microfluflia¢110-P
processor. After homogenization, the formulationseraev
degasified at room temperature with a vacuum pump.

The FFD were cast at 5.6 mg solids?and were poured onto a
framed and leveled polytetrafluorethylene (PTFE)atel
(diameter = 15 cm) and dried at room temperatude6n% RH.
The films were peeled off from the casting platesd a
conditioned for one week at 5°C and 58%RH in a dream

containing an oversaturated solution of Mg@tO

2.3. Characterization of the film-forming dispersso

2.3.1. Patrticle size distribution
The particle size analyses of the emulsions wereechout

using a laser diffractometer (Mastersizer 2000, \dal
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Instruments, Worcestershire, UK) with ultrasoungblegation.
The samples were diluted in a sodium acetate bsiéurtion
(175 mM) under the appropriate solvent conditiquts € 4.8) at
2,000 rpm until an obscuration rate of 10% was iobth Mie
theory was applied considering a refractive indéxLd7 and
1.50 for T and B essential oils, respectively, Grabsorption in
both cases. Three replications per formulation weaele. The
volume-surface mean diametedsf) (Atarés, Bonilla and
Chiralt, 2010) as well as the droplet size distiidou were

determined.

2.3.2.¢-potential

(-potential was measured using a Zetasizer nano-Zlvi@m
Instruments, Worcestershire, UK). The electrophonetobility
of the droplets was transformed irfigpotential values using the
Smoluchowsky model. The samples were diluted taopldt

concentration of 0.02% using a sodium acetate bsibéution

(175 mM) at pH 4.8.

130



Results and discussion. lll.

2.3.3. Rheological behaviour
The rheological behaviour of FFD was analysediplitate at
25°C using a rotational rheometer (HAAKE Rheostfiess
Thermo Electric Corporation, Karlsruhe, Germanythve
sensor system of coaxial cylinders, type Z34DINSEmples
were left to rest for 5 minutes before the measerémwere
taken. The shear stress (vas obtained as a function of shear
rate §/) between 0 and 300’staking 3 minutes for each (up and
down) cycle. The power law model (EQ.was applied to
determine the consistency index (K) and the flolawsour

index (n). Apparent viscosities were calculatediGt $*.

o=ky"* (Eq.1)

2.4. Characterization of the films

2.4.1. Thickness
Film thickness was determined with a Palmer digniarometer

(Comecta, Barcelona, Spain) to the nearest 0.001 &im
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samples were considered for WVP tests and four nneamnts

were taken for the tensile tests.

2.4.2. Microstructure

Microstructure was observed by SEM in cross-118iceed

cryofractured film specimens, using a JEOL JSM-54Idpan)
electron microscope. The film samples were equitdxt in ROs

to eliminate water, cryofractured by immersion iguld

nitrogen, and then mounted on copper stubs perpeliady to

their surface. After gold coating, the images weaptured using

an accelerating voltage of 10kV.

2.4.3. Mechanical properties

Mechanical properties were analysed by means ailéetests
(ASTM standard method D882, ASTM, 2001), to obthia true
stress §) vs. Hencky strain §H) curves. The mechanical
parameters: elastic modulus (EM), tensile stremagjthreak (TS)
and elongation percentage at break (%E) were adudaii

universal test Machine (TA.XTplus model, Stable Mic
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Systems, Haslemere, England) was used to perfoertetts.
Rectangular samples (25x100 mm) were cut and star@8°C
and 58% RH in a cabinet containing Mg(N® saturated
solution. The moisture content of the films subedttto the
mechanical test ranged between 0.09 and 0.15 (wibth, a
significant (p<0.05) negative effect of both homwigation
pressure and oil content. Equilibrated film specimevere
mounted in the film-extension grips and stretchédb@ mm
min® until breakage. Six replicates of each formulativere

tested.

2.4.4. Water vapour permeability (WVP)

Water vapour permeability (WVP) was determined
gravimetrically at 5°C and 58-100%, RH gradientjingsa
modification of the ASTM E96-95 gravimetric meth¢tP95)
for hydrophilic films (Mc Hugh et al., 1993). Payne
permeability cups of 3.5 cm in diameter (Elcome&?RL,
Hermelle/s Argenteau, Belgium) were filled with 5| rof

distilled water (100% RH). Films were selected loa basis of a
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lack of defects and three round samples were cut pe
formulation, and thickness was measured. The filwere
secured and the cups were placed in pre-equilthresdinets
fitted with a fan, at 5°C. The RH of the cabinetaswheld
constant at 58% using oversaturated solutions dN@g),. The
shiny side of the films was exposed to the 58% Rhbaphere.
The cups were weighed periodically after the stestdye had
been reached. WVP was calculated with the equatiessribed

by Atarés, Bonilla & Chiralt (2010).

2.4.5. Gloss

The gloss of the films was measured with a gloseem@lulti.
Gloss 268, Minolta, Germany) on their shiny side, aa
incidence angle of 60° (ASTM D523, 1999). Ten exiks were
made in each film. Results were expressed as glogs,
relative to a highly polished surface of black glatandard with

a value near to 100.
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3. Results and discussion

3.1. Characterization of the film-forming dispersso

3.1.1. Particle size distribution

The droplet size distribution of an emulsion hagr@at impact
on its physicochemical and sensory properties, sash
appearance, flavour and texture, and stability (Mo@nts,
2009). Figure Ill.1 shows the particle size disitibn in %
volume of the emulsions whose mass ratio CH:EO WwasA
similar pattern was found for 1:0.5 ratio. Tablellishows the
values of mean sizas, and the mode of size distributions of all
the emulsions. In every case, the size distribstiamere
multimodal, probably due to droplet flocculatiorkitey place
after the homogenization process. Nevertheless atlgregation
was relevant in terms of volume but not in termsnamber,
which indicates that only a small part of oil fornggeat

aggregates, probably due to the enough polymensare the
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complete interfacial coverage of the oil particlediich gives
rise to bridging flocculation.

Homogenization treatment H2 led to a significank(®5)
reduction of the particle sizes, as compared to &flcan be
seen in Figure 111.1 for samples containing 1% ®his can also
be observed in Table Ill.1 through the values o th,,
regardless of the type of essential oil and itsteain This is
expected, as reported by McClements (2009) wheedtdiat
emulsions that have undergone secondary homogemzaize
reduction of the droplets) usually contain smatievplets than
those that have undergone primary homogenizatiemding of
agueous and lipid phase to create the emulsion)thése
emulsions,ds, was reduced from 5-fim in H1 emulsions to
0.4-1.5um in H2 emulsions (Table I111.2). Similar results ree
obtained by Vargast al (2010) working with 0.5% chitosan-
0.5% oleic acid FFD submitted to H2 homogenization
conditions.

Oil content had a significant impact iy, and the peak

maximum (mode) in size distribution (Table 1ll.Z)he higher
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the oil ratio in the emulsions, the bigger the iples. This effect
has been observed previously by Sanchez-Gonea#z(2010)
in emulsions of bergamot essential oil in chitossqueous
systems. This can be explained by the increaskeirdispersed
phase concentration, which promotes the dropletctltation
rate, as well as the reduction of the ratio betwibeninterfacial
stabilizing material and the dispersed phase. [Btter can
induce the bridging flocculation if there is nobeigh stabilizing
material to cover the complete interfacial areathed smaller
droplets (McClements 2005). The type of essentidl o
significantly affectedds, (p< 0.05). Amongst H1 emulsions,
those prepared with thyme oil showed the lowestesiwhile,
although H2 emulsions showed very similar values aat
determined oil concentration, they showed an oppdsndency.
This suggests that thyme oil amphiphilic componentdd have
greater surfactant activity, thus contributing teduce the
droplet size under the softer homogenization camust

Nevertheless, under more drastic conditions, wipcbmote
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conformational changes in the polymer and morensgecontact

among components, this effect was not relevant.

Particle Size Distribution
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Figure IIl.1. Particle size distribution in terms of volume ak
formulations with basil (B) or thyme (T) essentialls, at 1%

concentration in the film-forming dispersion.

3.1.2.¢-potential

According to McClements (2005), if the droplet dmwris
sufficiently high, the emulsion may be stable aghin
aggregation due to electrostatic repulsion. Theueglof (-
potential of CH dispersions and all emulsions viith and 1%

oil content are shown in Table 1ll.1, all of whiee positive
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due to the positive charge of the particles. Thegbkthe FFD
was 3.2, regardless of the essential oil conceotratnd
homogenization treatments. At this pH value, thenangroups
of chitosan are positively charged (ppKHs;'/NH, =~ 6.5), which
agrees with the obtained values.

In addition, thel-potential of the essential oil dispersions in
distilled water (in the absence of chitosan) arzhstted to both
homogenization treatments was obtained. For Hlnresat, the
values were -27.8+1.2 mV and -13.4+0.9 mV for basid
thyme oils, respectively. For H2, tl{epotential values were -
31.1+1.1 mV and -10x4 mV for basil and thyme, respely.
This negative charge is associated with the preseot
dissociable compounds in the oils and with the gutsm of
negative ions on the droplet surface. Accordinghi obtained
values, basil oil droplets showed greater surfdtarge than
thyme oil droplets, without significant differencesie to the
homogenization intensity. This could be attributedifferences
in the dissociation degree of ionisable compoundsthe

different oils. The adsorption of chitosan on theplets of
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essential oils results in positively charged dispdr particles.
This change in the surface charge of disperseitfemrtvas also
found by incorporation of chitosan to oil in watemulsions
with different types of surfactants (Hou et al.,1@0 Mun,
Decker, & McClements, 2006).

The (-potential values of pure CH dispersions were tighdst
(64 mV and 72.3 mV, respectively for H1 and H2
homogenization conditions), and the charge was igtlgrt
neutralized when adsorbed on the negatively chargid
droplets. It could be assumed that, the more pesithe (-
potential, the greater the amount of adsorbed Ctheatroplet
interface. All H1 emulsions could be consideredrelatively
stable due to their relatively high surface netrghaand the
steric stabilization effect of the adsorbed CH &wal, Piel,
Delattre, & Evrard, 2003).

Microfuidization resulted in §-potential increase (p < 0.05) of
chitosan dispersions which indicates that homogeioz
induced conformational changes in the polymer chaihich

increased the number of charged groups in the palym
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hydration surface. This is also reflected whersiadsorbed on
the oil droplets, which also show greater value<-pbtential
than when obtained by the H1 procedure. Therefungher
stabilization of the FFD is attained by H2 treattsersince,
additionally to the droplet size reduction, adsmpif chitosan
on the oil droplet surface is favoured and the asi@fcharge
increases. The effect of the CH:oil ratio and thedlof oil was
similar to that commented on for H1 samples: theatpr the oil
ratio, the greater the surface charge. A sligltlydr charge was

obtained for thyme than for basil oil.

141



Results and discussion. lll.

Table Ill.1. Average diametail; ,, maximum peak in size distributions afiepotential.

Averagevalues and standard deviations, in brackets

Homog. CH CH:Bgs CH:Bqg CH:Tgs CH:Tqo
ds 2 (LM) H1 - 8.7 (0.7%° 9.3(0.7%" 5.3(0.7%° 6.6 (0.6)°
H2 - 0.42 (0.02%° 1.30 (0.04)" 0.47 (0.06¥° 1.48 (0.03)°

Peak (um)  H1 2.9 (0.95*" 4.8(0.3)° 25(0.0§° 3.5(0.0§°

H2 - 0.8 (0.0¥*" 1.1(0.0¥° 0.9(0.05° 0.5 (0.0%"
Z (mV) H1 64 (3)° 58 (4)° 61 (2) 46 (3)*° 55.0 (1.5"
H2  72.3(0.6)° 60.3(0.8Y° 68.0 (0.9% 62 (2)"° 64 (3"

The same superscrigf{to be compared horizontally the same homogenizatimditions and

vertically the  same formulation) in LSD test.
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3.1.3. Rheological behaviour

The experimental flow curves of FFD between 0 ad@ &' are
shown in Fig. 11l.2, together with the curves prtdd by the
Ostwald de Waale model. This equation fitted thpeexnental
data closely. Treatment H2 changed the rheologicgierties of
the FFD, which were shear thinning in H1 treatméntsalues
ranged between 0.62 and 0.87). The behaviour oFHEi2 was
more Newtonian after microfluidization (MF) in H&2atments,
with n values ranging between 0.94 and 0.98. Irctse of pure
CH dispersions, an important viscosity decreas®hserved
(78.5% reduction) when microfluidized, which coddd due to
the molecular weight reduction caused by MF (Kgs@aarlet,
Paquin, & Arul, 2003) and the conformational charugethe
chains. Similar results were obtained by Vargasd.€R011).
Regardless of the homogenization treatment, therpacation
of essential oils had a significant effect on tieceosity. At the
lowest content (0.5%), incorporation of both essénbils
produced a significant viscosity increase with eetpo the pure

CH dispersions, in both H1 and H2 dispersions. Hawreat the
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highest oil content (1%), viscosity was reducechwéspect to
the 0.5% oil emulsions, although it was greatenttieat of the
corresponding pure CH dispersion in the H2 cond#iddl FFD
with 1% oil content were less viscous than puretosiain

dispersions. This behaviour can be explained bynggknto

account two opposite effects: the presence or ribeease in
concentration of the dispersed phase (oil) tendsdrease the
viscosity of the system, while the adsorption @& golymer on
the droplet surface provokes a decrease of itsctefee
thickening concentration in the agueous phaseviSogsity of
the FFD was reduced after MF, coherently with thapbbt size
reduction and due to the increase in the chitosisoration on
the oil droplet surface, in agreement with the growf the

interfacial area in the system.

The oil type had a significant impact gap at 100$ (p < 0.05)
for H1 dispersions, although for microfluidized sdes, no
notable differences among viscosity of basil andmnté

emulsions were detected. For the emulsions sulinitieH1,

those with thyme oil were the least viscous, whtdy be due
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to the fact that they have smaller droplets at &®rdened oll

content.

Analyses of the FFD properties allow us to concltitke CH

adsorbs on the thyme and basil droplet surfacepgtbater the
particle size reduction, the greater the CH adsmiptThis

promoted the emulsion stability, mainly when thenpkes were
submitted to microfluidization. Under these coraiig the oil

particle size was greatly reduced and the viscosigykedly

decreased. No great differences in the behaviodheofFD of

both oils were detected after microfluidizatiorthaugh for H1

treatments thyme oil gave lower z-potential, srmalkerticle size
and less viscous dispersions than basil oil. Defiees could be
due to the different surface affinity among CH dhd droplet
surface of both oils (affected by differences ire thpposite
charge of droplets and CH macromolecules), affgctine

polymer interfacial adsorption, which, in turn, edfs the

effective droplet size.
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Figure l11l.2. Typical flow curves, at 25°C, of the film forming
dispersions homogenised in rotor-stator (H1: daslieds) or
additionally microfluidized (H2: continuous lines).

3.2. Characterization of the films

3.2.1. Microstructure

Characteristic SEM images of cross sections offillnes are
shown in Fig. 1ll.3 (H1ltreatments) and (H2 treatts¢nThe
microstructure was qualitatively analysed, aimingdescribe
the role of both essential oils and homogenizatimtedure in
the structure of the CH matrix. The films had agii@

appearance, and showed some disruption dependinghen
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sample preparation process. Pure chitosan fiime wedatively
homogeneous, especially those submitted to H2nesats.

In composite films, the homogenization treatmentegése to
relevant differences in the structure. In films mitted to H1,
the polymer matrix showed the presence of oil drtsplwhich
appeared, in some cases, as voids due to theh@icttoplets
remain in the non-observed part of the film duramgofracture
(Fig. 111.3). The size of these droplets is in ttege of that
measured in the H1 emulsions (141@), for both basil and
thyme emulsions. Apparently, H1 emulsions werelstabhough
not to develop destabilization phenomena (floconhat
coalescence, creaming) during the drying step ef film.

Comparing films containing basil and thyme oilstla@ same
concentration, thyme films show a more heterogesstucture
than basil films, especially when 1% oil is presé@sg.lll. 3).

This could be due to a lower stability of the enansduring

film drying.

Films submitted to H2 showed micro-fractured masiavhen

essential oils are present (Fig. 111.3). In thedmd, oil droplets
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were hardly appreciable, since they were smalldrthnos more
intimately incorporated into the polymer matrix. €llparticle
size reduction taking place during MF led to incexh
interactions between the polymer matrix and ths, eilhich led
to a less cohesive chitosan matrix and scarcelgtifigble oil
droplets. Microfluidization blurs the differencegtiveen both
phases and lipid particles become integrated in pblgmer
network. Similar results were obtained by Vargaal e{2010).
When the oil content increases, the greater maeatdntact
between CH and oil compounds may weaken the polyimain
aggregation forces, making the matrix more opemadn, for the
same surface solid density, the films were sigaiftty thicker

when they contained 1% oil (75 Hn) than in the other cases

(52 = 4pum).
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CH:Bos H2

Figure 111.3. Scanning electron microscopy micrographs of tlussr

section of films submitted to H1 and H2 homogenaraprocess.
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3.2.2. Mechanical properties

The typical mechanical behaviour of the films i®wh in Fig.

lll.4 in terms of true stress - Hencky strain cuwvErom these
curves, mechanical parameters: elastic modulus (Bl

tensile strength (TS) deformation (%E) at breakenatained
(Fig. 111.5). It is remarkable that composite fil)mBowed a more
plastic deformation than pure CH films which makdenh more
stretchable. This can be attributed to the intdronpof the

polymer chain aggregation in the matrix by the miésence,
which favours the sliding of the chains during fiktretching,

showing plastic (non elastic) behaviour.

In pure chitosan films, the MF process producedesoaduction
in rigidity (lower EM, p < 0.05). This was previdysobserved
by Vargas et al. (2010) in pure chitosan films siitad to

different pressure homogenization treatments (&128! and
165 MPa) and has been attributed to the reductiorthe

molecular weight of the polymer during microfluidtion. The

correlation between the molecular weight of chitosed the

mechanical resistance of chitosan films has bee@aviqusly
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reported (Park, Marsh, & Rhim, 2002). Kasaai et (aD03)
investigated the chain scission of chitosan asctdte by
microfluidization pressure and found that, at 16Bavpressure,
the molecular weight of the chitosan is sufficignttduced to
have a significant impact on the elastic moduluee Test of the
mechanical properties of pure polymer films weret no
significantly affected by homogenization presswuakhough a
tendency to increase the film elongation at breelkh similar
values of tensile strength, was observed, whiclkeewith the
lower resistance to deformation of the film.

Regardless of the homogenization technique, thédiadaf EO
led to a significant decrease in EM and TS, and aaked
increase in the stretchability, depending on theantent. The
greater the oil content, the greater the effectis Tdould be
attributed to the discontinuities induced in thetadan matrix
by oil droplets (as previously observed in the wigaphs, Fig.
[11.3), which provoke a loss of the film cohesiomdamechanical
resistance. However, the interruption of the CH ircha

aggregations makes the chain displacement durirggcking
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easier, which gives the film a greater ability te #eformed
without breaking. This has also been found in presistudies
(Fabra, 2010; Vargas et al., 2009). The effechefdil type was
not significant in the mechanical behaviour.

Microfluidization at high pressure intensified theffects
described for composite films, giving rise to teadt rigid, the
softest and most stretchable films (p < 0.05). Mueg, theo

vs. gy curves (Fig. 111.4) reveal the micro-fracturesitakplace
during the first tensile step (curves with smalhk®, which are
caused by the film fragility associated to the hdggree of
contact of the oil-CH molecules, which makes the €h#in
aggregation forces weaker. In this case, the EMegteported
correspond to an apparent value since microstraictarlures
occurs, as commented in the microstructural amalySo the
homogenization conditions greatly influences thealfi film

structure and thus the mechanical behaviour. InflGks MF

did not improve the mechanical characteristics e films,

which became more fragile than H1 films.
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Figure 11l.4. Typical true stressa) vs. Hencky strain &) curves
obtained in tensile tests carried out on some caitgofiims

submitted to H1 (dotted lines) and H2 (solid line®mogenization

processes.
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Figure II1.5. Mechanical properties of the films: a) Elastic miog b)
tensile strength and c¢) percentage of elongatioB) (& break. Mean

values and 95% LSD intervals.
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3.2.3. Water vapour permeability (WVP)

Values of WVP are shown in Table 111.2. In puretokan films,
H2 produced a significant WVP increase (p < 0.08hich
could be explained by the reduction in the polyetain length
and the subsequent increase in its hydrophilicreats reported
by Gocho, Shimizub, Taniokac, Chouc, and Nakajirt2a00).
These authors studied the effect of molecular weah the
water sorption isotherms of chitosan, and they dotimat the
lower the molecular weight of chitosan, the higtiee water
affinity.

The oil type did not have a significant effect ov/(p > 0.05),
whereas the increase in the oil content seemelhyoagkey role.
Barrier properties of films submitted to H1 were tno
significantly affected by oil addition when CH qihtio was
1:0.5 (p > 0.05), although a WVP increase was fowhdn the
ratio was 1:1 (p < 0.05). This could be due toritbgative effect
of oil incorporation on the cohesion forces of @d matrix, as
commented on above, which enhance transport phereome

trough the film, despite the increase in the hybHoipc
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character of the matrix when oils were dispersesvextheless,
the application of MF led to a significant decreasehe WVP

values of the CH matrix when the CH:oil ratio wa6.3, but

they did not change significantly, with respecttb& micro-

fluidized pure CH, when the ratio was 1:1. This |dobe

explained by the action of two opposite effectsevpusly

commented: the high contact degree between CH #rial the

micro-fluidized samples, which makes the CH chaggragation
forces weaker, contributing to decrease the cohekioces of
the polymer network (as deduced from the analysis
mechanical properties), and the overall increase the

hydrophobic character of the matrix by the oil inmaration. At
the low oil concentration, the effect of the ovenatrease in the
hydrophobic nature of the matrix could predominater the
effect of the loss of matrix cohesion and, thenfewaapour
transport is limited, whereas did not occur at hajhcontent,
where the two effects seem to balanced.

Although some authors (Perez-Gago & Krochta, 208fdrted

that the decrease in particle size of dispersedslimcreases the
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tortuosity factor for water transfer in the contiis matrix, thus
decreasing the mass transfer rate across the diiner factors
such as the polymer-lipid interactions, and thdieat on the
bonding forces of the chains in the network, caaypan

important role.

3.2.4. Gloss

The gloss of the films was studied because it hadirect
influence on the appearance of the coated prodiatile 111.2
shows the values obtained at 60° incidence anglenMSTM
D523 (1999) recommends this geometry when resulés
comprised between 10 and 70, which was the casedst the
obtained results. All values were lower than 30anieg that all
the studied films were only slightly glossy.

The gloss of the films is linked to the morphologl their
surface (Sanchez-Gonzalez et al., 2010) and génerthle
smoother the surface, the glossier the film. Hemoeposite
films are less glossy than pure chitosan films bseaof the

occurrence of discontinuities in the chitosan matThese
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discontinuities increase the roughness of the Bumface and
decrease the specular reflectance. So, gloss wase@ by the
addition of essential oil for both homogenizatioratments,
showing very small differences among samples. Nbegkgss,
H2 process tended to yield glossier films, paradyl for pure
CH and CH:T films, which can be attributed to the particle
size reduction and the subsequent surface roughiezssase.
Similar results were found by Vargas et al. (20ib0ghitosan-

oleic acid films submitted to MF.

Table 111.2. Water vapour permeability (WVPJg(s* m* pa®) x 10"V
at 58-100%RH gradient and 5°C and Gloss (60°) efitms. Average

values and standard deviations, in brackets.

Homog. CH CH:Bgs CH:Bg CH:Tgs CH:T g
H1 61 (6)° 61 (7)° 73 (6" 58.9 (0.9)° 73 (3)*F
WVP
H2 83 (7)° 42.6(0.6y° 80(9f° 33 (9Y" 89.6 (0.7¥°
H1 14 (4)¢ 7 (2)° 9 (3)° 9 (2)* 5.2 (1.5%°
Gloss

H2 20 (5)° 11 (3)° 9(2)° 7.7@.38™ 10 (3)°

The same superscripf®§ to be compared horizontally the same
homogenization conditions and)(vertically the same formulation) in
LSD test.
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4. Conclusions

Microfluidization at 165 MPa greatly affected theoperties of
the emulsions and films of chitosan- basil/thymseesial oils.
This technique produced a reduction in oil drogete and
viscosity, while promoted the adsorption of chitogem the oil-
water interface. The induced close contact polyailer-
compounds gives rise to more fragile fiims of irased
stretchability due the weaking effect on the CH nratvhere
chain interaction forces are reduced. This effects valso
observed for the films obtained from mild homogeniz
dispersions, but with less intensity. Water barpesperties of
the films were dependent on the oil ratio and the
homogenization technique. High-pressure homogeaizat
increased WVP of pure CH films while oil incorpocat was
only effective to reduce WVP when they were incogbed at
the lowest ratio and when high pressure was usedhén
homogenization of the film-forming dispersion. Glosvas
reduced by the essential oil addition, whereas FEifdéd to
yield glossier films.
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Abstract

Edible films based on chitosan were prepared, aiith without
basil or thyme essential oils, with the aim of ass®y their
protective ability against lipid oxidation and thantimicrobial
activity. Chitosan films had good oxygen barrieogerties,
which were worsened by essential oil addition, estly when
the film equilibrium moisture content increased.eDto the
oxygen barrier effect, all the films effectivelygpected pork fat
from oxidation, in comparison to unprotected sampla spite
of the worsening of the oxygen barrier propertigs, films with
essential oils were more effective than those ok phitosan,
which points to the chemical action of specific iaxidant
compounds of the oils. Films were proved to be otiffe at
controlling microbial spoilage of minced pork ma#though the
incorporation of essential oils did not improve ithe
antimicrobial activity. Films provoked colour chasgin minced
pork meat during storage, associated with the asiwe of
myoglobin into metmyoglobin due to the reduction tbie

oxygen availability.
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1. Introduction

Microbial growth is generally responsible for theosage in
meats and meat products together with biochemicad a
enzymatic deteriorations (Devlieghere et al., 2004) fact,
bacterial contamination is one of the main facitesermining
the loss in fresh meat quality, since these pradace very
prone to be contaminated with microorganisms ifythee not
properly preserved and handled.

Oxygen has a negative effect on the quality of dewiariety of
food products. In the case of the oxidative detation of fats
and oils, it is responsible for rancid odours amastdurs, with a
decrease in nutritional quality and safety caused the
formation of secondary, potentially toxic, composr{ifloure et
al., 2001). An antioxidant is defined as any sutxsahat, being

present at low concentrations compared to thanadadizable
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substrate, significantly delays or inhibits its dation (Park et
al., 2004).

Many synthetic antioxidants-butylated hydroxyanes¢BHA),
butylated hydroxytoluene (BHT), tertiary-butylhydrgnone
(TBHQ), propyl gallate (PG)-may be used to retanuidl|
oxidation (Wanita & Lorenz, 1996), but their utdizon is under
strict regulation due to their potential health dvals. Therefore,
the search for natural antioxidants as alternatteesynthetic
ones is of great interest in food preservationKRaal., 2004).
The most commonly-used strategy with which to edtéesh
meat shelf-life is the use of antimicrobial and i@itant
additives of synthetic origin, which are being digsed more
and more due to an increasing consumer demand aftoira,
healthy and safe preservatives. Another approacto isise
bioactive ingredients from a natural origin, suchk plant
essential oils, which have antibacterial propertigainst food
borne pathogens likeListeria monocytogenes, Salmonella
typhimurium, Escherichia coli andStaphyl ococcus aureus (Burt,

2004). It is reported that essential oils (EO) bkhitheir
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antimicrobial activity by interfering and destabifig the

phospholipid bilayer of the cell membrane, the ene\ysystems,
and the genetic material of bacteria (Kim et 8399).

Thyme essential oil contains more than 60 ingradjemost of
which have important antioxidant and antimicrolpabperties
(Baranauskiene et al., 2003). The most importanivec
compounds of thyme EO are the phenols thymol, rasina
acid and carvacrol (Di Pasqua et al., 2006; Shaa.e®005).

Several in vitro studies demonstrated that thesapooinds
exhibit antimicrobial activity against a broad sppem of gram

negative or gram positive bacteria (Burt & Reinde2803;

Gaysinsky et al., 2005; Singh et al., 2001). Moezpwtudies
carried out on minced pork meat (Aureli et al., 298nd feta
cheese (Govaris et al., 2011) showed the stronidpaaterial

activity of thyme EO againgtisteria monocytogenes.

Basil is a common and popular culinary herb whiels lheen
used widely to flavor meat products. There is aoreous

variation in the composition of basil essentiaspdepending on

a great number of factors, such as the geograpbrggh, and
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the major constituents are rosmarinic acid, lingloaethyl
chavicol, eugenol and methyl cinnamate (Suppakal.e2003;
Shan et al.,, 2005). Basil essential oils have besven to
exhibit an antibacterial effect against differentcteria,
including common meat spoilage microorganisms sash
Escherichia coli, Enerobacter aerogenes, E. aglomerans,
Listeria innocua, Listeria monocytogenes and Salmonella
typhimurium (Wan et al., 1998).

In order to achieve effective antimicrobial actyithigh
concentrations of essential oils are generally eéedvhich
might confer inappropriate flavours and odours be food
product (Seydim & Sarikus, 2006). The incorporation
essential oils as natural bactericides in the féatran of edible
films appears to be an interesting alternative re¢ammproving
coating functionality and performance and redudimg cost of
applying essential oils, minimizing at the same etinthe
problems related with their intense aroma (Sancheazalez et
al., 2011). Apart from the possibilities of encdpting essential

oils and other active compounds, the use of edibles and
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coatings has proven to be a useful technique witiichw to

protect food products, thus extending their sh&f{Vargas et
al., 2006; Vargas et al., 2009; Atarés et al., 20¥hen the
added ingredients exhibit antioxidant propertiég &action of
such films involves two different mechanisms: theygen

barrier effect-reducing the oxygen availability time product
and the specific activity of the incorporated axitiant agents
(Bonilla et al., 2010).

Chitosan is an antimicrobial non-toxic biopolymieatt has been
proven to serve as a matrix to obtain edible filoamtaining

essential oils (Sanchez-Gonzalez et al., 2010; IBoet al.,

2012). Chitosan is a partially deacetylated polywfeN-acetyl

glucosamine, which is obtained after the alkalieaatylation
of the chitin derived from the exoskeletons of tmusans and
arthropods (Park et al., 2004). Chitosan-basedsfdmd coatings
have been applied to different fish and meat prtsduEor

instance, the antibacterial effect of chitosan-aregessential oil
composite films was tested in bologna slices inatea with L.

monocytogenes or E. coli O157:H7 (Zivanovic et 2005).
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Nevertheless, to the best of our knowledge, neitpere
chitosan-based films nor those prepared in comioimatvith
thyme or basil essential oils have as yet beenieppd fresh
minced pork meat.

The aim of this work was to study the antibactergadd
antioxidant properties of edible chitosan films taoming basil
or thyme essential oils. The films were prepardtbdang two
different homogenization treatments and with tweeesial oil
concentrations and were assessed as to their oxygen
permeability under different conditions. Their mctive ability
against oxidation and bacterial growth in meat potsl was
evaluated in two cases which can be considerecseptative

of these kinds of products, i.e. pork fat and méhperk meat.

2. Materials and methods

2.1. Reagents
High molecular weight chitosan (Batch 12913CJ/ Batc
MKBBO0595, Sigma-Aldrich Quimica, Madrid, Spain) wased
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to prepare the film-forming dispersions (FFD) (OR&a*s
viscosity, at 1% w/w in 1% w/w glacial acetic aci@asil and
thyme essential oils were provided by Herbes delliMo
(Alicante, Spain). Acetic acid, Mg(N{, KCI and KCO; were
purchased from Panreac Quimica, S.A. (Castellar\iddles,
Barcelona, Spain). ABTS (2,2’-azinobis(3-ethylbahizzoline-
6-sulfonic acid) diammonium salt), Trolox (6-hydyeR,5,7,8-
tetramethylchroman-2-carboxylic acid) and potasspersulfate

were provided by Sigma—Aldrich (Madrid, Spain).

2.2. Preparation of chitosan-based films

High molecular weight chitosan (CH) was dispersetl @t% in
an acetic acid solution at 1 % (v/w). To prepare tbmposite
films, basil (B) or thyme (T) essential oils werddad to the
chitosan solution at 0.5 or 1 wt%. The mixtures aver
homogenized by means of a rotor-stator (DI25, ¥Yellone,
IKA®, Germany) at 21,500 rpm for 4 minutes (H1 treathen
H2 homogenization consisted of H1 followed by hmylessure

homogenization at 165 MPa in a single pass by me&rs
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Microfludizer® M110-P processor (Microfludics, Nea,
USA). Films were obtained by casting and dryingredm
temperature and 60% RH. The surface density ofisah the
dry films was 56 mg/ch Films were peeled off from the
casting plates and conditioned at 58% RH and 1@iCohe
week. A Palmer digital micrometer (Comecta, BanoaldSpain)
was used to measure film thickness to the near@8tlthm at

six random positions.

2.3. Trolox equivalent antioxidant capacity of ed&d oils

The Trolox Equivalent Antioxidant Capacity (TEACj basil
and thyme essential oils was determined using afioaiion of
the original TEAC method (Re et al.,, 1999). Theawiin E
analogue Trolox (6-hydroxy-2,5,7,8-tetramethylchemi®-
carboxylic acid) was used as a standard of antz®idapacity.
ABTS (2,2’-azinobis(3- ethylbenzothiazoline- 6-sulfc acid)
diammonium salt) was dissolved in water at 7 mM alhowed
to react with a 2.45 mM potassium persulfate sofutffinal

concentrations) in the dark, for 16 h. During th&siod, ABTS
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radical cation (ABTS), a blue chromophore, was produced.
The tests were performed with ethanolic dilutiohthe ABTS"
solution, whose absorbance at 734 nm was 0.70 (2)0.
Essential oils were diluted in ethanol prior to tretermination.
Dilutions were made so that the addition of apl@liquot to
990 pl of ABTSe+ dilution would produce a 20-80%
absorbance decrease within 6 min. Absorbance at 84
(A734) was registered every minute during the tdsbr
calibration, Trolox standards of between 60 and B@@ were
prepared and the same procedure was followed. HACTof
the essential oils was determined by comparing the
corresponding percentage of absorbance reductitmetdrolox
concentration—-response curve and expressed asntbena of
the essential oil which produces the same absogbastuiction
as 1mM Trolox solution. All the determinations wegeried out
three times using a Beckman Coulter DU 730 spebbtmgmeter

and ethanol as the blank.
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2.4. Thickness and oxygen permeability of chitobased films

Thickness was measured with a Palmer digital mietem
(Comecta, Barcelona, Spain) to the nearest 0.001 immsix

samples per formulation.

The oxygen permeability (OP) tests were conductdidwing

the ASTM D3985 Standard Method (1995). The oxygariér
performance of the chitosan films was evaluatedngasuring
the oxygen transference rate with an Ox-Tran 1/gStesn
(Mocon, Minneapolis, USA). The films were exposedpure
nitrogen and oxygen flows on either side. The testye
performed in continuous mode at 10°C-58% RH, 408%-4&RH

and 40°C-83% RH. OP was calculated by dividing dkggen
transmission rate (OTR) by the difference in oxygsartial
pressure between the two sides of the film, andiptying by

the film thickness. Two replicates per formulativare made.

2.5. Protective ability of the films against oxidat of pork fat
Pure pork fat was purchased in a local market agpt kn

refrigeration until the experiment was startedrticeps (60 mm
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diameter, 48.5 mm depth) were totally filled witt,fwhich was
compressed to ensure the absence of air bubblesee Th
formulations of edible films, namely CH, CH;Band CH: T
were tested (sub-index 1.0 stands for the percentag
concentration of essential oils in the emulsiomgia to that of
chitosan). All of them were prepared using the H1
homogenization procedure. Film disks were cut awlised to
the cups as a lid. The side of the film in contaith the plate
during drying was in direct contact with the fahelcups were
stored at 40°C and at two different levels of reathumidity,
namely 43% and 83%. These ambient RH were accomeplis
with oversaturated solutions of,80; and KCI, respectively.
After 15, 40 and 60 days of storage, samples ofwate
extracted and the extent of their oxidation wasluwatad by
determining the peroxide value (PV) according tormdJNE
55-023. PV was expressed as mEqg of oxygen per riiogof

pork fat. All analyses were performed in duplicate.
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2.6. Protective ability of the films in minced parieat

Pork meat was obtained from a local supermarket.mbat was
ground by using a mincer (Severin Elektrogerdte 8mb
Sundern, Germany) and was moulded in Petri dishesbtain
the test samples. The surface of both sides ofaneples was
coated with the films. Non-coated and coated sasnplere
placed in PET trays (Cubil, Barcelona, Spain) aedevstored at
10°C. Colour measurements of minced pork meat ssnwére
taken at different storage times by using a spectooimeter
CM-3600d (Minolta Co, Tokyo, Japan) with a 30 mrardeter
window. Immediately before the measurements, tmesfivere
peeled off the coated minced pork samples. Cl&b
coordinates and chromatic parameters, hugp tend chrome
(C*ap), were obtained from the reflection spectra ofgsamples,
using D65 illuminant /10° observer (CIE, 1986). Tdwour of
each sample was measured in quintuplicate.

To evaluate the antimicrobial effect of the filnsspck cultures
of E. coli (CECT101) andL. inoccua (CECT 910) were supplied

by the Spanish Type Culture Collection (CECT, Bss,
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Spain) and kept frozen (-25°C) in Tryptone Soy Br¢tSB,

Scharlab, Barcelona, Spain) supplemented with 30¢¢erpl

(Panreac, Barcelona, Spain). The cultures werenszgted by
transferring a loopful of each bacterium into 10 wiLTSB or
BHI broth and incubated at 37°C overnight. A g0aliquot

from each overnight culture was again transfernéd 10 mL of
TSB or BHI broth and grown at 37°C up to the endttu#

exponential phase of growth. Subsequently, thepeoppately
diluted cultures were then used for the inoculatbthe minced
pork meat samples in order to obtain a target ihmowf 10

UFC/mL.

To perform the microbiological analyses, 10g of heaoated
and non-coated minced meat sample were aseptichibined
and homogenized in a Stomacher with 90 mL of stdrilffered
peptone water for 2 min. Aliquots were seriallyut@d in

buffered peptone water and plated out followingndtad
methodologies. In non-inoculated meat samplestdta viable
counts were determined in Plate Count Agar platesbated at

37°C for 24h. Coliform counts were determined usifiglet
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Red Bile Agar plates incubated at 37°C for 48hinlmculated
samples, dilutions and counts were performed bygushe
specific broth and agar for each bacterium. Eveigrabial
analysis was performed in triplicate and all thééuwre media

were supplied by Sharlau (Sharlab S.L, Barcelopajr.

2.7. Statistical analyses

The results were analysed by means of a multifeanatysis of
variance with a 95% significance level using Stpiics®Plus
5.1. (Manugistics Corp., Rockville, Md., USA). Miple

comparisons were performed through 95% Least Sogmf

Difference intervals (LSD).

3. Results and discussion

3.1. Trolox equivalent antioxidant capacity of e oils
Although the TEAC values obtained for basil and ntley
essential oils were quite similar, 1.48 £ 0.04 argl + 0.03 mg,

respectively, thyme oil shows a slightly higher iexitant
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capacity (a lower amount is required to reach tmaesactivity
as 1 mM Trolox solution). Lee et al. (2005) invgated the
composition of basil and thyme essential oils ideorto explain
their antioxidant activity, and found that some tfeir
components (eugenol, thymol, carvacrol and 4-agimol)
exhibited potent antioxidant activity, comparable other
antioxidants, such as BHT amdtocopherol. In a recent study,
Teixeira et al. (2013) evaluated the antioxidanivéag of a
broad spectrum of essential oils and also reposdeligher
antioxidant activity for thyme essential oil as qmared with
basil essential oil, although differences in conijpms
associated to origin and variety can lead to diffiérantioxidant
capacity.

When essential oils were incorporated into theosiaih films,
they were expected to confer antioxidant capachy.the other
hand, chitosan powder is considered a secondargxatdant
since it has the ability to chelate the metal ion®lved in the
catalysis of an oxidative reaction (Tharanathan i&ug, 2003).

In fact, chitosan of different N-deacetylation d=gg obtained
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from crab shells has exhibited not only antioxidactivity, but
also scavenging ability on hydroxyl radicals andelating
ability on ferrous ions, being a more effectivei@aitiant agent

the higher the degree of deacetylation (Yen e2aD8).

3.2. Thickness and oxygen permeability of the films

Table IV.1 shows the thickness of the films as@éd by both
the presence of essential oils and the homogeoizatatment.
The formulation had a significant effect (p<0.05) the final
thickness of the films. Pure chitosan films were thickest,
followed by those with a low proportion of essehtid and,
finally, those with the highest content of essdntd were
significantly thinner (p<0.05). This is explainey the fact that
a constant dry mass of FFD were cast in order taimkhe
films. Due to the high volatility of the essent@l compounds,
these evaporated to some extent during the drytiey, svhich
resulted in a lower final surface solid density andthinner

films. Similar results were found by Sanchez-Goezakt al.
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(2011) in chitosan films with a variety of volatigant essential
oils.

The homogenization procedure also had an effectthan
thickness of the films when they contained esskatis. Those
obtained by means of the H2 procedure (rotor-stahas high

pressure homogenization), were significantly thinttean H1
films (p<0.05). This difference could be causedthry effect of
high pressure homogenization on the integration both

hydrophilic and oily phases. Bonilla et al. (201d)served the
microstructure of chitosan-essential oil ediblensl elaborated
with different homogenization procedures and fothat, in H2

films, the oil droplets were hardly appreciablecs they were
intimately incorporated into the chitosan matrix.

Due to the reported differences in thickness, boxygen

transference rate (OTR) and oxygen permeability) (@®ues
are shown in Table IV.1. OP values, being independé the

film thickness, are useful in order to compare thiferent

materials. On the other hand, OTR (volume of oxygeat

permeates the film per surface unit and time usitjependent
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on the film thickness and should be checked inrai@eompare
the efficiency of the different films when appli¢d the meat
products. The oxygen barrier properties of the dilvere tested
under different conditions. These were selecteth wie aim of
simulating the behaviour of the films under differeonditions
when applied to refrigerated meat products or whdrmitted to
extreme conditions which can promote oxidation psses. In
this sense, all the films were tested at 10°C-58%rEbrrelate
OTR with the colour changes in refrigerated minpeck meat.
On the other hand, pure CH films and those comtgirthe
highest ratio of EO, obtained by applying the Héatment,
were additionally tested at 40°C-43%RH and 40°C-RBPto
correlate OTR values with the oxidation level oflptat. Table
IV.1 shows the OP values of all the formulatiorsted at 10°C-
58%RH, where it can be seen that all the films rater low
oxygen permeability values, in the range of thomgorted by
other authors (Di Piero et al., 2011; Casariegalet 2009;
Caner et al.,, 1998). The good oxygen barrier progserof

chitosan films have been previously observed amdact, their
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oxygen permeability has been described as beingpamble
with those of existing commercial synthetic filmsyuch as
polyvinylidene chloride (PVDC) or ethylene vinyl cahol
copolymer films (Casariego et al., 2009). In pungasan films,
the homogenization procedure had a significant chpa OP
(p<0.05). The films prepared with H2 procedure were
significantly less permeable to oxygen than thaspared with
simple homogenization (H1). This is probably due dn
improvement in the chitosan chain packaging. Banét al.
(2012) studied the microstructure of chitosan-esskeoil edible
films elaborated with different homogenization prdares and
found that pure chitosan H2 films had a more homegas
structure than those obtained with H1 procedure.

The incorporation of both basil and thyme esseuiial slightly
affected OP values at 10°C and 58% RH. When FFD was
submitted to H1 treatment, essential oil additiesufted in a
small improvement of the oxygen barrier propertiethe films,
although this did not occur when FFDs were subunhitte the

more intense H2 treatment, except for thyme oihat highest
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ratio, where a significant reduction of OP was obse with
regards to the respective chitosan film.

Table 1V.2 shows the oxygen transference rate (Odi) the
oxygen permeability (OP) values for H1 treated @HH:Bs
and CH:Th, films, equilibrated at 40°C-43%RH and 40°C-
83%RH. At 40°C-43% RH, it was observed that allftimes had
good oxygen barrier properties, the OP being rdtherand in
the range of those values obtained at 10°C-58% th&ll film
materials behaved similarly and no significant eliéinces were
found between the OP values of the different fil{ps0.05).
However, at 40°C-83%RH, both OTR and OP greatlyeiased,
mainly due to the fact that the film moisture caoriteras higher
when equilibrated under much higher relative hutyidi
conditions (80%). The increase in both temperaamd film
moisture content implied greater molecular mobility the
system, which favours mass transfer propertiess #iftecting
the oxygen barrier properties of the films, makihgm more
permeable (Gennadios et al., 1993; Maté & Kroch®®6; Han

& Gennadios, 2005; Bonilla et al., 2010). As morel anore
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water molecules become available to interact with ¢hitosan
matrix, the structure is plasticized and mass fearis favoured
in the film. In the films equilibrated at 83% RHhet
incorporation of essential oils provoked a sigmifitincrease in
the OP values, whereas this was observed onlytesdancy for
films equilibrated at 43% RH. This can be explaiigd the
greater oxygen solubility in the non-polar oil phawhich
contributes to increase the transfer rate of theyem molecules
into the plasticized polymer matrix. This effecttbé dispersed
liquid oil phases on the OP has been previoushemes in
different film matrices, such as hydroxy-propyl-mgdtellulose
(Atarés et al., 2011) and sodium caseinate (Fated,e2012),
and it is more appreciable when the continuous imédrours

mass transfer due to its high plasticization level.
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Table 1V.1: Thickness (mm), oxygen transference rate®(erfiday’) and Oxygen permeability (OP, &mm m
2 atm'® day'), at refrigerated conditions and intermediate tieda humidity (10°C-58%RH) of all film
formulations and both homogenization procedure®irstator: H1; or additionally microfluidized: H2Average
values and standard deviations in brackets.

Formulation
CH CH:Bos CH:B 10 CH:Tos CH:T 10
H1 Thickness 0.081 (0.004)" 0.066 (0.002)°  0.054 (0.00%%*  0.073 (0.002)° 0.052 (0.003)*
OP 0.15 (0.043™  0.094 (0.009)*  0.142 (0.012)* 0.117 (0.010)° 0.118 (0.008)
OTR 411 (1.20*  3.15 (0.24y* 5.85 (0.44)° 3.54 (0.179  5.02 (0.025*
H2 Thickness 0.079 (0.009)" 0.051 (0.002)°  0.047 (0.002*  0.059 (0.006)° 0.043 (0.002)?
oP 0.091 (0.009) 0.115(0.0029* 0.0938 (0.000&f° 0.149 (0.011)° 0.053 (0.002*
OTR 2.53 (0.055*  4.93 (0.04y™ 4.46 (0.03y° 5.54 (0.195  2.67 (0.16)*

Different letters indicate significant differersc(p<0.05) due to film formulation (a, b, c, d)oe

to homogenization treatment (X, y).
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Table 1V.2. Oxygen transference rate (tm? day") and oxygen permeability (¢hmm m? atmi* day?) of
films formulated with pure chitosan (CH), chitosaith basil essential oil 1:1 w/w (CH;B) and chitosan
with thyme essential oil 1:1 w/w (CH;{). Average values and standard deviations in btacke

40°C-43%RH 40°C-83%RH
OTR OoP OTR OoP
Formulation  (cm® m2day?) (cm®mm m?atm™ day?) (cm®m?day?) (cm®mm m?atm? day?)
CH 3.39 (0.04) 0.136 (0.009) 119 (4} 4.24 (0.04)
CH:B 1o 5.90 (0.04) 0.151 (0.012) 312 (5§ 7.8 (0.39
CH:T 10 5.19 (0.03) 0.145 (0.016) 280 (13Y 7.2 (0.5%

The same superscript means homogeneous or&ugb test (compare vertically)
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3.3. Protective ability of the films against oxidat of pork fat
Figure 1V.1a shows the progression of the peroxiees (PV)
of pork fat, both uncoated and coated with thegahtid treated
films (CH, CH:B, o, CH:Tyg), throughout storage time at 40°C-
43%RH. The results of a parallel experiment, penfedt at 83%
RH, are shown in Figure IV.1b. As expected, the gam
oxidation levels, as well as the oxidation rateréased in line
with storage time. Likewise, the oxidation progezssmore
intensely in samples stored at 80% relative humidispecially
in uncoated samples. At 60 storage days, stafisticalysis
revealed that RH did have a very relevant effecthenfinal PV
of uncoated samples (p<0.05), given the positifecebf water
availability on fat oxidation (Labuza, 1980). Oretbontrary, in
the case of samples coated with chitosan filmsdrHot have
a significant effect (p>0.05) on the PV valueshaligh slightly
higher PV values were found at high RH, which maylibked
to the increase in the oxygen permeability of Akhdi

In comparison with the uncoated samples, all theledilms

had a protective effect against lipid oxidation,ietthis more
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appreciable at long storage times when the greateance of
the process has occurred. It is remarkable thaangtcontrol
time, PV values were lower in samples coated withsf
containing essential oils (except at the longesetand 43%
relative humidity) which reveals the antioxidanenfical effect
of the active compounds of the essential oils,esi@dR values
of these films were higher, especially at the hggheslative
humidity. In the case of pure chitosan films, the IPV values
may be mainly attributed to their lower OTR valu&sa, the
protective effect of films with essential oils cdube attributed
to both the oxygen barrier effect and the speaintioxidant
action of oil compounds, commented on above. Is $einse, it
is remarkable that no significant differences ie @mtioxidant
protection of films containing basil or thyme edsdmnoil were
observed. Nevertheless, the antioxidant actionhef éssential
oils seemed to disappear at 60 storage days wimeplesawere
stored at 43%RH, which could be due to the progress
evaporation of the active compounds in this drierasphere or

to the progressive oxidation of the antioxidant poomds,
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causing the films to lose their antioxidant capadn this case,
pure chitosan films were more effective at preventifat
oxidation. A similar effect was detected by Atastsal. (2011)
when working on HPMC films enriched with ginger esal
oil.

Hence, it could be stated that both the oxygen idrarr
mechanism and the specific chemical action of amant
compounds control lipid oxidation, positively affieg the pork
fat quality. This chemical action becomes morevaté when
the oxygen barrier decreases, because the incneasdative
humidity promotes both the plasticization of thelypter

network and oxygen transfer.
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40 n PV
(meq O,/ kg) mCH c
35 @mCH:B1.0
a) BCH:T1.0 +
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(meq O,/ kg) mCH c
120 - ECH:B1.0
o0 b) BCH:TL.0
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80 -
60 -
A
40
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Figure 1V.1. Progression of the peroxide value (PV) of fat sasp
covered with the edible films (CH = chitosan, CH:Bchitosan and
basil essential oil 1:1 w/w, CH:T = chitosan angintie essential oil
1:1 w/w), and those unprotected, over storage)atq2C and 43%HR
and (b) 40°C and 83%RH. The dotted line repredbmtinitial PV of
the fat. Mean values and standard deviation. Giffetetters (a, b, ¢)
indicate significant differences (p<0.05).
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3.3. Effect of the films on colour development amétrobial
spoilage of minced pork meat.

The surface colour of non-coated and coated mipoekl meat
samples was monitored in terms of CIEL*a*b* colour
coordinates obtained from the sample reflectionctspe The
samples showed initial values of 49, 65 and 16:3uiminosity,
hue and chrome, respectively. The changes in tHeurco
parameters of non-coated and coated samples dwhdy
storage are reported in Table IV.3. According to G\KA,
storage time was the factor that had the highdgieince on
colour changes (higher F-ratio values in the LS&)teAlthough
non-coated samples hardly underwent any colour ggsan
during storage, after 7 storage days they did appgh a more
vivid (higher chrome values), red (lower hue vajueslour.
After 2 storage days, the sample coating scarciéctad the
colour but led to a slight decrease in hue (red@denples) and
chrome (more vivid colour) values. Neverthelesteraf storage
days, coated samples suffered a significant inereas

luminosity and hue (less red colour) and a sigaiftcdecrease
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in chrome values (brownish colour development).sTéan be
related with the conversion of myoglobin into metgipbin
due to the low oxygen pressure induced by coatengini and
Hunt, 2005). Neither the film composition nor the
homogenization conditions of the film-forming saduis were
found due to bring about any significant difference the

colour of the coated samples.

195



Results and discussion. IV.

Table IV.3. Luminosity (L*), hue (h.) and chroma (G of refrigerated minced pork meat samples coatédl all film
formulations and homogenization procedures. Avekadiges and standard deviations in brackets. Imitiaditions are in

the text.
Parameter L h a Ca
Treatments _Storage time (days) 2 ! 2 ! 2 !

Non-coated 479 (0.4) 48.4(1.312.6 (1.3) 57 (3) 16.3(0.6) 17.86 (1.00)
CH 449 (0.2) 51.0(0.857.1(0.3) 66.5(1.4) 19.9(0.8) 16.1(0.4)
CH:Bos 45.00 (0.3) 49.9 (0.4) 55.9 (0.5) 65.0(0.7) 19.7(0.3) 16.5(0.2)

H1  CH:Bo 46 (0.5) 50.0 (0.6)57.0 (0.2) 62.5(0.6) 20.27 (0.14)15.67 (0.11)
CH:Tos 44.8 (0.4) 49.2 (1.1)55.59 (1.02) 63.98 (1.07)20.4 (0.3)  17.4 (0.3)
CH:Tyo 44.9 (0.3) 49.7 (0.5)56.0 (0.2) 64 (2) 20.3(0.5) 16.74 (0.18)
CH 45(0.8) 50.2 (1.3)59.6 (0.8) 66.14 (2.09)17.6 (0.4) 16.8 (0.5)
CH:Bos 445(0.7) 49.3(0.8)59.2(1.8) 63.3(0.9) 18.96(0.71)16.8 (0.2)

H2  CH:Byo 45.9 (0.9) 50.8(0.8)57.8(1.9) 63.6(0.4) 19.45(0.80)15.7 (1.2)
CH:Tos 46.6 (0.4) 50.8(0.2)59.5(1.8) 66.4(1.9) 19.62(0.78)16.1(0.6)
CH:Tyo 47.6(0.5) 51.5(0.7)61.3(3.2) 65.8(1.9) 17.8(0.4) 16.1(0.2)

F-ratio values for L (homogenization: 24.30, formulation: 8.51, dayk14.46); h,,(homogenization: 34.64, formulation: 4.74,
days: 415.23) and’G,(homogenization: 47.62, formulation: 5.61, days2.68). Rotor-stator: H1. Rotor-stator homogenizafius
microfluidization: H2. Chitosan: CH, Basil: B, ThgmT. Subindex in film formulation stands for clsiém:essential oil ratio.
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The effect of different chitosan-based films on grewth and
survival of total aerobic mesophiles and coliform
microorganisms at 10°C is shown in Figure IV.2.t@%an films
with essential oils were the most effective at iy microbial
counts and a growth inhibition was observed in bo#sophilic
and coliform microorganisms through practically thdole
storage period. H2 treated films appear to be tjigmore
effective, which can be attributed to a certainrdegf chitosan
depolymerization provoked by high pressure (Vargasal.,
2011a) and the subsequent increase in the antiotreffect of
this polymer, as has been reported by other auttiuset al.,
2002). The incorporation of essential oils into fi@s implied
a reduction in the antimicrobial effectiveness, sfhsuggests
that the essential oils used are less effectivarasnicrobials
against the natural microbial load of minced mbantchitosan.
The effective reduction in the chitosan ratio im8 containing
essential oils can explain the decrease in themanrbbial
effectiveness caused by a dilution effect, as tegorby

Sanchez-Gonzalez et al. (2011b).
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Figure 1V.2. Microbial counts of minced pork meat samples abate
with chitosan-based edible films. Evolution durisprage at 10°C.
Mean values and 95% LSD intervals. Control = noated samples.

The effect of chitosan-based films on the growtt aarvival of
Escherichia coli and Listeria inoccua on inoculated and non-
inoculated (control) minced pork meat samples st@tel10° C
is shown in Figure IV.3. In the case of these nmicganisms,
there were no observed differences between thenantbial

effect of chitosan films with and without essentidl, which

198



Results and discussion. V.

suggests that both polymers and oils exhibitedhalai degree
of effectiveness. At the end of storage, the filled to a
significant reduction in microbial load as compared non-
coated samples (about 2 and 4 log CFU/gLfannocua andE.
coli, respectively) which was more marked in samples
inoculated withE. coli. This coincides with the results found
when pure chitosan films were applied to pork nieathburgers
(Vargas et al., 2011b) or to intermediate moistueat products
(Rao et al., 2005).

The results obtained reflect the fact that essentia did not
lead to an increase in the antimicrobial effectttgd films in
minced pork meat, although they can improve thelityua
preservation through their antioxidant activity. @me other
hand, although the total counts of mesophilic aotifarm
microorganisms are greater when the films contagesmtial oils,
there was no observed negative effect on the maraontrol
of two potential foodborne microorganisms, such.asoccua

andE. coli.
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Figure 1V.3. Microbial counts of minced pork meat samples
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edible films. Evolution during storage at 10°C. Mealues and 95%
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4. Conclusions

The addition of essential oils to chitosan filmsreased their
potential antioxidant effects, although it did notprove their
antibacterial efficiency in meat products. The ioy@ment in
the antioxidant properties of chitosan-based fibresught about

by adding essential oils occurs in spite of thessamg of their
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oxygen barrier properties, which points to the gmechemical
action of the oil's antioxidant compounds. The m&dn in the
oxygen availability in minced meat provoked by sémmating
leads to the expected changes in colour associaitd the
conversion of myoglobin into metmyoglobin, but atloiality
aspects related to food safety are improved. Thexethitosan-
essential oil films may be formulated in order t® dpplied to

meat products, increasing the product’s shelfdiid safety.
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Abstract

In order to evaluate the impact of chitosan on pigsical

properties of wheat starch—glycerol films, part tbé wheat
starch was replaced by chitosan, and the effecbofposition
on the properties of both the films and the filnmAfiing

dispersions was studied. The latter became motdest@nd
viscous as the chitosan proportion was increaseldeimixture.
Both polymers appeared to integrate homogeneondlye film

matrix. The combined effect of the glycerol and taban
proportions affected the mechanical and barriepgnties of the
films. The tensile strength and elastic modulugheffilms were
improved as chitosan ratio increased. The oxygesh \&ater
vapor permeability slightly increased in line witke amount of
chitosan in the blend although the induced diffeesnwere very
small. Chitosan ratio directly affected the antiroal

properties of the films, which showed a significéaictericide
activity when the chitosan-starch ratio in the filmas 50%.

Nevertheless, at a starch:chitosan ratio of 80@&fynts of
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coliforms did not exceed the initial value in thesah after 7

storage days.

Keywords: edible films, wheat starch, chitosan, tensile

properties.

1. Introduction

The continuously increasing interest of consumetdé quality,
convenience and safety of food has encouraged robs@ato

edible films and coatings. The application of edildilms

permits very diverse objectives, such as the cbofranoisture
loss, gas permeability and microbial growth, thesprvation of
the structural integrity of the product or the graldrelease of
encapsulated flavours, antimicrobials and antiaxislanto the
food (Arvanitoyannis et al., 1996). Biodegradablelymers

based on natural polysaccharides, particularlycktacan be
produced at low cost and on a large scale (Pared.,e2004).
According to the research of Narayan (2001), stdrelked

materials reduce the utilization of non-renewaldsources, as
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well as the environmental impact of synthetic ptastNative
starch is one of the most naturally abundant biopels. The
starch granule is essentially composed of two main
polysaccharides, amylose and amylopectin, and sonmer
components such as lipids and proteins. Starchaktsacted
considerable attention as a biodegradable therrstplaolymer
and biodegradable particulate filler (Angellieragt 2006). The
application of starch-based films in food packagsgromising
because of their environmental appeal, low coskilfility and
transparency (Mduller et al., 2009; Bilbao-Sainzakt 2010).
However, several authors have pointed out thatpitiesheir
ease of preparation, starch-based films preseng stvawbacks,
such as their poor mechanical properties which mtie
addition of plasticizing compounds necessary (Pare®t al.
2003, Bravin et al. 2006). These can also be ingmoby
blending with other polymers.

Chitosan is a cationic polysaccharide that derifresn the
deacetylation of chitin, a major component of thells of

crustacea such as crab, shrimp, and crawfish (Mb€,62002). It
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has an excellent film-forming ability with no neefibr

plasticizing compounds (Domard & Domard, 2004; ittt al.,
1998), and has proven antimicrobial activity (Georglis,

2007; Roller et al., 2002; Kendra & Hadwiger, 1984idarshan
et al., 1992; Sekiguchi et al., 1994). The exacthmaism for
the antibacterial activity is not yet fully understl, but it has
been suggested that it involves cell lysis, theakdewn of the
cytoplasmic membrane and the chelation of tracealnogitions
that could be necessary for the microorganism’svirqLiu et

al., 2004).

Chitosan has been previously added to films prepavéh

starches from different origins, such as potatotfida et al.,
2006; Shen at a., 2010), tapioca (Vasconez ek@Q9); corn
(Xu et al., 2005) and kudzu (Zhong et al., 2010dwever, to
our knowledge, blends of wheat starch and chitdsare not
been used for the preparation of films. The ainth@af work was
to characterize the most relevant properties of aivtstarch-
chitosan film-forming dispersions and edible filnis,order to

evaluate the role of the chitosan addition on thagperties.
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Likewise, the antimicrobial activity of the filmsas checked in

minced pork meat.

2. Materials and methods

2.1. Reagents and raw materials

High molecular weight chitosan (CH) (practical gradBatch
MKBBO0585, degree of deacetylation 77%), viscosity (1220
cPs), Sigma-Aldrich Quimica, Madrid, Spain) and athstarch
(WS) (food grade, Batch E3748, protein content §%3
maximum), lipids (0.1% maximum), minerals (0.25%
maximum, amylose/amylopectin ratio 25:75), Roquditesa
S.A., Valencia, Spain) and millipore water weredise prepare
the film-forming dispersions (FFD). Glycerol, acetaicid and
Mg(NOs), were provided from Panreac Quimica, S.A. (Castella
del Vallés, Barcelona, Spain).

For the microbiology study, pork meat was purchaseal local
supermarket and processed at the laboratory. Tmgpto

Phosphate Water (peptone buffered water), Violet Bde
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Agar (VRBA agar), Plate Count Agar (PCA), TryptioySBroth
(TSB) and Agar Bacteriological were provided by &t

Microbiology.

2.2. Preparation of the film-forming dispersionsl arasting of
the films.

Chitosan (1% w/w) was dispersed in an aqueous isoludf
glacial acetic acid (1.0% v/w) under magnetic stgrat 40°C
for 12h, to obtain a CH solution. Wheat starch diaigted at 1%
(w/w) in water and then heated in a water battfbminutes at
95°C to promote starch gelatinization, accordingtteer authors
(Jiménez et al., 2012a,b). Glycerol was afterwadi$ed to the
wheat starch solution in a starch:glycerol ratioldd.15. The
film-forming dispersions (FFD) were obtained by mgx CH
and WS solutions at different ratios, where parthefstarch was
gradually replaced by chitosan, up to 50%. Fornmuat were
named as follows, the subscripts indicating the @¥Eratio:
WS WS0CHio, WS0CHzo, WS0:CHzo, WSs0:CHao,
WS50:CHsg and CHge All film-forming dispersions were
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prepared by using a rotor-stator homogenizer (tlitrax DI 25
basic-Yellowline, Janke & Kunkel, Staufen, Germaaty21,500
rpm for 4 min at room temperature. After homogetiizg the
formulations were degassed at 25°C with a vacuumppi@t 50
mbar, for 1 h). The FFD were cast at 5.6 mg salid%/in a
framed and leveled polytetrafluorethylene (PTFESt@I(15 cm
diameter) and dried at room temperature and 60%tivel
humidity (RH). The films were peeled off from theasting
plates and conditioned for at least one week @t%B% RH or
25°C-53% RH in chambers containing saturated smwistiof

Mg(NOsg), prior to all analyses.

2.3 Characterization of the film-forming dispersson
2.3.1.(-Potential

(-potential was measured in triplicate using a degasnano-Z
(Malvern Instruments, Worcestershire, UK). FormiolatW S,
was measured without dilution. All formulations ithitosan
were diluted to reach a final concentration of @$sin of 0.02%

w/w. The electrophoretic mobility of the dropletsasv
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transformed intol-potential values using the Smoluchowsky

model, as described by Kirby & Hasselbrink Jr. @00

2.3.2. Rheological behaviour

The rheological behaviour of FFD was analyzed iplitate at
25°C using a rotational rheometer (HAAKE Rheostrdss
Thermo Electric Corporation, Karlsruhe, Germany)thwia
sensor system of coaxial cylinders, type Z34DIN Samples
were left to rest for 5 min before the measuremesie taken.
The shear stresg) was obtained as a function of shear rgje (
between 0 and 150'staking 5 min for each (up and down)
cycle. Experimental data were fitted to the OstwaddWaale
model (lliuta & Thyrion, 1997) to determine the s@tency

index (K) and the flow behaviour index (n).

2.4. Characterization of the films
2.4.1. Film thickness
The film thickness was measured using a Palmertadligi

micrometer (Comecta, Barcelona, Spain) to the sedie©01
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mm. Six to eight random positions in each film s&mwere

considered.

2.4.2. Microstructure, roughness and gloss

SEM micrographs of the cross-sections of the filmsre
obtained by Scanning Electron Microscopy (SEM),ngsia
JEOL JSM-5410 (Japan) electron microscope. Filntiapens
were cryofractured by immersion in liquid nitrogesnd
mounted on copper stubs perpendicularly to theirfasa.
Samples were gold coated and observed, using alesating
voltage of 10 kV.

The surface of films, previously equilibrated at@RH, was
analysed by Atomic Force Microscopy (AFM) using a
Nanoscope lll.a, Scanning Probe Microscope (Digital
Instruments, Inc. Santa Barbara, California). Toemulations
observed were Wigy, WSs0:CHzo, WS50:CHsp, CHige A three-
dimensional image of a film surface area (50x5@) was
obtained in each test, and three images were @aptper

formulation. Three statistical parameters relateath veample
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roughness (method ASME B46.1, 1995), were calcd]ate
namely the average roughness (Ra: average of Hudud value
of the height deviations from a mean surface), tbet-
meansquare roughness (Rq: root-mean-square avefrhgeght
deviations taken from the mean data plane) and Iiiege
Surface Area Difference (%ISAD: relative differenlbetween
the real and the geometric surface area).

The gloss of the films was measured at 60° incideaicgle,
according to the ASTM standard D523 (ASTM, 1999nhgsa
flat surface gloss meter (Multi. Gloss 268, Minpl@ermany).
Ten replicates were taken per formulation and anglesults
were expressed as gloss units, relative to a higllyshed

surface of black glass standard with a value re&af0.

2.4.3. Tensile properties

According to ASTM standard method D882 (ASTM, 2Q04)
Universal Testing Machine (TA.XTplus model, Staticro

Systems, Haslemere, England) was used to obtaintrtie

stress-Hencky strain curves. From these curvesielasdulus
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(EM), tensile strength (TS) and elongation (%Epak of the
films. Rectangular samples (25 x 100 mm) were ot stored
at 25°C, 58% RH, in cabinets containing Mg(@iOsaturated
solution (Panreac quimica, S.A., Castellar del &l
Barcelona). Equilibrated film specimens were modnie the
film-extension grips and stretched at 50 mm hinntil
breakage. The relative humidity and temperaturé@2sf the
testing environment were registered with a therngobiyeter
(testo 60-H2, Testo GmbH & Co., Lenzkirch, Germany)
Measurements were carried out (eight replicates eath
formulation) after the film drying and equilibratiq7 days) and
after 90 days of storage at 25°C-58% RH. Testsuire [gtarch

films were also carried out immediately after 48riing.

2.4.4. Equilibrium moisture content and water vapou
permeability

The moisture content (MC) of films equilibrated @abinets
containing Mg(NQ), saturated solution, at two temperatures (5

and 25°C), was obtained gravimetrically. Films wemighed
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before and after drying in a vacuum oven at 609%C4#&h (in
duplicate). MC (%) was calculated as the percentdgeass of
water with respect to the mass of the dry film (DB)

Water vapour permeability (WVP) was determined &b t
different temperatures (5°C and 25°C) and at 58%1(RH
gradient using a modification of the ASTM E96-9%\gmetric
method (1995) for flexible films (Mc Hugh et al.993). Films
were selected based on their lack of bubbles drgbés, round
samples were cut (three per formulation) and sirRdoan
thickness measurements were taken per sample. Payne
permeability cups of 3.5cm in diameter (Elcometd?RSE,
Hermelle/s Argenteau, Belgium) were filled with 3 distilled
water (RH = 100%). Once the films were securedh eap was
placed in a pre-equilibrated cabinet fitted witfaa to provide a
strong driving force across the film for water vapdliffusion.
The RH of the cabinet was held constant at 53 d¥,58
depending on the temperature, using Mgé{N@ver-saturated
solution. The shiny side of the films was exposed the

atmosphere at the lowest RH, and the cabinets stered at the
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aforementioned temperatures. The cups were weighed
periodically (£0.00001g) after steady state waschied. The
slope of the weight loss vs. time plot was divitlgdhe exposed
film area to calculate the water vapour transmissiate
(WVTR) as shown in equation 1. The vapour pressurdghe
film’'s inner surface was obtained by means of thethod
proposed by Mc Hugh et al. (1993) to correct thieatfof
concentration gradients established in the stagmiagap inside

the cup. WVP was calculated in equation 1.

PD un[(P' pz)/(p— pl))} (Eq.1)

RO [Az

WVTR =

Where P: total pressure (atm); D: diffusivity ofterathrough air
at 25 °C (mis), R: gas law constant (82.05731%° atm kmol*
K1: T: absolute temperature (KAz: mean height of stagnant
air gap (m), considering the initial and final Zue pl: water
vapour pressure on the solution surface (atm); qu2rected

water vapour pressure on the film’s inner surfatethie cup
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(atm). The WVP was calculated as a function of pda the
water vapour pressure on the outer (p3) side offitire (Eq.
(2)).

WVP = WVIR [thickness (Eq.2)

(pz - ps)

2.4.5 Oxygen permeability (OP)

The oxygen permeability test was conducted accgrdmnthe
ASTM Standard Method D3985-05, 2010. The oxygerridar
performance of the films was evaluated by measuting
oxygen transference rate with an Ox-Tran 1/50 syqtdocon,
Minneapolis, USA) at 10°C or 25°C. One side of filra was
exposed to pure nitrogen and the other to pure exyipw. The
tests were performed in continuous mode at 53% 886FH,
depending on the temperature. OP was calculatediiging
the oxygen transmission rate by the differencexygen partial
pressure between the two sides of the film, andiptyhg by
the average film thickness. Two replicates per fdation were

made.

227



Results and discussion. V.

2.4.6. Antimicrobial properties

Four of the film formulations (Wigs, WSso:CH2o, WSs50:CHso

and CHog were tested in their antimicrobial propertiesngsi
minced pork meat. The meat was ground by using receni
(Severin Elektrogerate GmbH, Sundern, Germany) Idhd of

minced meat were moulded (5 cm diameter). The carfa

both sides of the minced meat samples was coatdd the

stand-alone films that were previously preparedcasting, as
described in section 2.2. This implies a ratio ®fgRof polymer
per kg of meat (0, 4.4, 11 and 22 g CH/Kg meateddmg on
the formulation). Non-coated (control) and coatachgles were
placed in uncovered petri dishes and were storetljpicate at
10°C. To perform microbiological analyses, 10 gath sample
were aseptically obtained and homogenized in a &ber with
90 mL of sterile buffered peptone water for 2 mailiquots

were serially diluted in buffered peptone water atated out
following standard methodologies. Total viable acaliform

microorganism counts were determined at 0, 2, 7 Jahdays.

For the viable counts, Plate Count Agar plates wesebated at
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37°C for 24h. Coliform counts were determined usifiglet

Red Bile Agar plates incubated at 37°C for 48h.

2.5. Statistical analysis

The statistical analysis of the data was perforniedugh an
analysis of variance (ANOVA) using Statgraphics sPlu
(Manugistics Corp., Rockville, MD) Fisher’s leasgrsficant

difference (LSD) procedure was used.

3. Results and discussion

3.1. Characterization of the film-forming dispersso

3.1.1. pH and-Potential

Table V.1 shows the average results{gdotential of all FFD
and the corresponding monomodapotential distributions are
shown in Figure V.1. Thé-potential of wheat starch FFD was

slightly negative, which is due to the adsorptiomegative ions

from the aqueous medium, since polymer chains dohawve
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ionizable groups. Contrarily, Gbb (pKa [ 6.5, Rinaudo et al.,
1999), showed a large positive net charge, becaysd 3.2, the
amino group of chitosan is positively charged. Agezted,
mixing of CH solution with starch solution impli@eddecrease in
the pH value because of the content of acetic akids
remarkable that the increasing incorporation of &Hution to
the starch did not decrease pH when CH solution alas/e
20%, and values fluctuate around the pH value oé @H. This
is expected given the weak acid nature of aceict @bose pH
is barely dependent on concentration.

Chitosan incorporation implied a progressive inseet the net
charge of the polymer chains of the FFD. Neverdglérom a
WS:CH ratio of 80:20 onwards{-potential increased very
slowly when CH ratio increased, even, WSHso FFD did not
show a significantly differenf-potential value compared to that
of CH100. These results suggest that a partialrakzdtion of
the CH chain charge occurs in the system as thehstatio
increases, probably due to a certain degree otlstahain

adsorption on the CH chains.
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Zeta Potential Distribution
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Figure V.1. Typical {-potential distributions of pure polymers and
CH-WS film-forming dispersions. CH: chitosan. WSheat starch.
The percentage of each polymer in the film-forming éigpon is

indicated as a subscript.

3.1.2. Rheological behaviour

The rheological data were fitted to the Ostwald\kale model,
and the corresponding rheological parameters (Kcar) be
found in Table V.1 as well as the apparent visgogiap) at
1001, No thixotropic effects were observed from the
comparison of the up and down curves. In all cabesOstwald
de Waale model properly fitted the experimentaadstween 0

and 1508 (r>>0.99). Pure chitosan FFD showed shear-thinning
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behaviour, as previously reported by other autfihepherd et
al. 1997; Vargas et al., 2009; Sanchez-Gonzaled.e2010).
Moreover, this was the most viscous dispersionchieg an
apparent viscosity of 0.2 Pa-s at I803he electroviscous
effects in the case of CH contribute to its greatscosity since
chitosan molecules are surrounded by a layer ented water
molecules, which leads to an increased hydrodynamicme
and so viscosity. On the other hand, WS100 was l¢hst
viscous formulation and the apparent viscosity @alwere in
the same range as those found by Che et al. (200®) studied
the rheological properties of Cassava starch dilgeeous
solutions. However, these authors found that 1%asas starch
solutions showed a shear thinning behaviour, urthieealmost
newtonian (n very close to 1), shear-thickeningavebur that
we observed. According to the research of Dintzial.e(1996),
such differences can be due to structural diffeeenamong
amylopectins from different botanical sources ahvei differing

processing history.
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The viscosity of WS-CH FFD was gradually increasedthe
CH content rose. All WS-CH FFD presented shearmihop
behaviour, and the n index decreased to 0.86 ashhesan
content was increased. Chillo et al (2008), pregphanectures of
tapioca starch (4% w/w) and variable concentratminshitosan
and glycerol, and also found shear thinning behavia all
cases. Moreover, these authors observed a posffeet of
chitosan concentration on the apparent viscosityhef blend
dispersions, which is coherent with the trend foundthe
studied WS-CH FFD. The increase in CH proportisoadéd to
a significant increase in the consistency index, (Khich is
coherent with the observed increase in the shessssshear rate

relationship.
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Table V.1. Z-potential and rheological parameters (K, n andasgmt viscosity at 1003 of all FFD.

FFD pH Z-potential* K (mPa ") N Nap (Pa s) at 100°$
WS100 5.33(0.019 -1.8(1.4y 0.00117 (0.00018) 1.12 (0.02§  0.00195 (0.00007)
WSei:CHyo 4.02 (0.03) 58.3(1.5) 0.0179 (0.0015) 0.940 (0.008)  0.0131 (0.007)
WSs:CHzo 3.95(0.03) 73 (3f 0.0511 (0.0006) 0.8906 (0.0018) 0.0299 (0.0002)
WS;;:CHso 3.87 (0.02) 74.2(1.9)° 0.0901 (0.0006) 0.8619 (0.0004) 0.0461 (0.003)
WSs0:CHso 3.95 (0.02) 75 (3)° 0.1221 (0.0013) 0.8508 (0.0008) 0.0594 (0.004)
WSs6:CHsg 3.79 (0.01) 77 (3¢ 0.1277 (0.0017) 0.8593 (0.0016) 0.0647 (0.004)
CHioo 3.84 (0.02) 79 (3f 0.626 (0.011)  0.7594 (0.0017) 0.1994 (0.002%)

The same superscriff” means homogeneous group in LSD test. *In the o&gepotential mean values, standard

deviation values were obtained from three diffedistributions.
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3.2. Characterization of the films

3.2.1. Thickness

The results of the thickness of the films condiéidrat 25°C and
53% RH are shown in Table V.2. Even though all $ilmere
casted at a constant mass/surface ratio (5.6 ndsawif), the
final thickness of these differed significantly (p€5) as a
function of the composition (chitosan ratio and shaie
content). The films of Wig, were the thinnest, with a thickness
of about 5@um, whereas Cho films are the thickest (about
80um) and film thickness tends to increase when ther&id
increases in the film. In the same sense, moistonéent of the
films increased as the CH proportion increasehlerfitm (0.084
g/g film for WS;oo and 0.1417 g/g film for CHg). The films
formulated with both polysaccharides showed inteliate
thickness and moisture content values.

These results are probably linked to the differenae the
polymer packing as the drying of the films takeacpl with

different water holding capacity. Being positivelyarged, pure
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chitosan chains have wide hydration layers withhlyigetained
water molecules which take part in the film struetthus
inhibiting the chain approximation and giving rise thicker
films. The hydration layers in WS are thinner dadhe neutral
character of the chains, which implies lower watentent and
thickness of the films. The greater the CH ratiee more open

the matrix due to the greater hydration level &f films.

3.2.2. Microstructure, surface roughness and gloss

Figure V.2 shows the SEM microstructural imagescaiss
sections of the. Figure V.3 shows AFM images of sheface
topography of some film formulations (Mg WSso:CHao,
WSs0:CHsp, CHigg). The corresponding roughness parameters
can be found in Table V.2. From the cross-sectioagies, it can

be observed that the inner structure of the filn@s wniform,
which suggests that wheat starch and chitosan fa@m

homogeneous blend and do not tend to separate.
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To0m Toprm

WS70:CH3o

Toum T0am

Gapm

Figure V.2. Scanning electron microscopy (SEM) images of eross
sections of the films. CH: chitosan. WS: wheatdtaiThe percentage
of each polymer in the film-forming dispersion isdicated as a

subscript.
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This good compatibility of chitosan, starch and piasticizer
was also observed by Mathew & Abraham (2008), when
working with mixtures of chitosan and potato starsfith
glycerol. Xu et al. (2005) also found a good molacu
miscibility between these two polymers. On the othend, the
presence of small fragments of material was probedlised by
the film cryofracture prior to the SEM analysis.

Tapping mode AFM images Yyielded information abobé t
surface features of the films (Figure V.3). It waand that the
inherent roughness of the WS films was diminishedttze
chitosan proportion was increased as can be se€éalle V.2.
Pure chitosan films were the smoothest (Figure ¥ti2) showed
the lowest values of all roughness parameters tegan Table
V.2. All the films showed good structural integripd no pores

or cracks were observed.
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WSgn:CHon

Figure V.3. AFM images of surface topography of films from @ur

polymers and selected CH-WS blends. CH: chitosas: Wheat
starch. The percentage of each polymer in the fidmiing dispersion

is indicated as a subscript.

The results of gloss at 60° are reported in TabRe Vhis angle
was chosen, as indicated in the norm, because dbelts
obtained were neither too high nor too low. Pure WhSs,
being the roughest, were also the least glossy.aAsgher
proportion of chitosan was incorporated into thenfalations,

the roughness was decreased and the films becgmécsintly
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glossier. This also points to the compatibilityvieen the two
polymers, since phase separation could cause greattace

irregularities and roughness.

Table V.2. Thickness, gloss at 60° and roughness paramégr&{
and ISAD) of the films.

Thickness Gloss Ra Rq ISAD
(um) (nm) (nm) (%)
WSi00 53 (3f 11(4f 321 (105} 446 (163} 1.6 (0.6}

WSy:CHy, 63 (3F°  10.9(1.4) _ B

WSe:CHy,y 61 (4F°  13.0(1.6) 113(38) 147 (41} 0.8 (0.3}
WS;gCHy 59 (4F 26 (7) - - -

WSsCHye 64 (2F° 39 (11F -

WSs:CHsy 65 (4f 62 (15§ 54 (9f 69 (10§ 0.3 (0.1}°

CHuoo 79(3f  38(12f 5723 72(30f 0.1(0.1§

The same superscrigt§ means homogeneous groups in LSD test.

3.2.3. Tensile properties

Biodegradable or edible films must withstand thenmad stress
encountered during their application and subseqsbigping
and handling of the food in order to maintain ngegrity and
barrier properties. High tensile strength -the mmaxn tensile
stress sustained by the sample during the tensistr is

generally required, (Bourtoom & Chinnan, 2008).
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Typical true stress-Henky strain curves obtainedfthe tensile
tests are shown in Figure V.4. Blend films exhipiastic

deformation which contributes to their stretchapjliwhereas
this does not occur for pure wheat starch films.

The tensile properties (Elastic Modulus EM, tensiieength at
fracture, TS and percentage of elongation at fracE) of the
films after 7 days of storage at 58% RH are shawhable V.3.

It was found that, as the chitosan ratio increaseie film, with

the subsequent reduction of the overall glyceroiteot, the TS
showed a significant increase (p<0.05), i.e. filbecame more
resistant. Chillo et al. (2008) studied the mectanproperties
of tapioca starch-chitosan films with different centrations of
glycerol, and they found that the plasticizer pmipo had a
negligible effect on the tensile strength, wherttas variable
increased coherently with the chitosan proportibhe same
trend was observed by other authors working wigm@lIfilms of

chitosan and starches of different origin, suchi@s (Bourtoom
& Chinnan, 2008), corn (Xu et al., 2005) and swesato (Shen

et al., 2010), where the plasticizer proportion waisstant.
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Figure V.4. Typical true stressaj vs. Hencky straine) curves
obtained in tensile tests carried out on pure bioper and WS-CH
blend films a) after days of storage, b) after @89sdof storage. CH:
chitosan. WS: wheat starch. The percentage of pabyhmer in the

film-forming dispersion is indicated as a subscript
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From the values of mechanical parameters of CH\&R&dit is
evident that cohesion forces in the CH matrix am@earintense
than in the WS matrix as a result of the higheermiolecular
forces. Being CH a charged chain, van der Waalsefr
including hydrogen bonds, are enhanced involvingtewa
molecules in a cooperative network. These effertsoé lower
magnitude in neutral polymer chains where bondsginowater
molecules are weaker giving rise to a less cohewtwork. The
incorporation of CH to the blend films seems to tdbnte to
increase the cooperative van der Waals forceseintatrix as a
consequence of its greater capacity to form hydrdgends. In
this sense, the charged amino groups plays an targorole
since their net charge contribute to polarize ottein bonds,
thus promoting the attractive forces between chaamsl
constitutional water molecules.

Elongation at break (%E) is an indication of the&' flexibility
and stretchability, which is determined at the paumere the
film breaks under tensile testing. It is expressasl the

percentage of change of the original length of $pecimen
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between the grips of a film to stretch. Chillo ¢t €008)
observed that, as the glycerol proportion was bmed, the
elongation at break of their starch-chitosan blefildns
increased. We observed that the starch chitosamd biiéms,
even their reduced glycerol content, tended togate slightly
more than starch films, which are typically verytthe (Xu et
al., 2005). The addition of chitosan plays a pta&tig role in
the blend films, favoring the film extension andagilc
deformation. This is the result of an increaseha teasibility
for the chain slippage during the film stretchimgpich could be
associated with a greater amount of water molechéaeen
chains, acting as a “lubricant”, with great capatit break and
form successive hydrogen bonds (flow of water mdlkes) as
the chains move as a result of tensile forces. Whenest
hydration layers in the neutral starch chains dradr tgreater
capacity to form intra-molecular bonds, make theairlslippage
more difficult and film breaks at lower deformatjafespite the
presence of greater amount of glycerol, which ss leffective

than water in the promotion of molecular flow.
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Mechanical parameters of the films after 90 dagsasfe under
the same RH conditions are also shown in Table WM.3nost
cases, the mechanical parameters of blend filmsdicexhibit
significant differences between 7 and 90 days afragfe
(p>0.05) which indicates that starch retrogradatimhnot occur
in these cases. Nevertheless, pure starch film eti@wnotable
decrease in the film stretchability (50% reductioof
deformation at break) with the subsequent decrehtensile at
break. This change can be associated with theaserén the
intramolecular bonds of amylose chains forming t@lise
forms (Carvalho, 2008) which are mechanically mbrétle,
thus decreasing the film extension capacity. To tebet
understand the kinetics of starch retrogradatiothis kind of
wheat starch films, its mechanical properties vedse measured
immediately after drying and equilibration at 58%l 2 days
after casting). It was ensured that the film wasnpletely

equilibrated by controlling its  moisture  content.
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Table V.3. Tensile properties (EM, TS and E%) of all film8% RH). Mean values and 95% LSD
intervals in brackets.

EM (MPa) TS (MPa) E (%)
7 days 90 days 7 days 90 days 7 days 90 days
WS,00 1356 (189)" 1299 (174Y 33 (9 12 (5f* 3.5(0.9})" 1.8 (0.7%*
WSy:CHyo 1414 (45% - 38.4 (1.6% - 3.7 (0.6 -
WSs:CHye 1451 (1599 1715 (224)° 45 (3)* 47 (11F* 4.3 (0.87"” 3.6 (0.7)"
WS;:CHs 1465 (2613 1552 (1723 47 (6f* 34 (18¥** 4.2 (0.6§>’ 3.8 (0.5}
WSs:CHs 1586 (104)* 1530 (255 48 (2f* 32 (13} 4.6 (1.3’ 3.6 (0.8)"
WSso:CHso 1593 (117)* 1559 (259 46 (2f* 45 (6f* 5@2F* 5.6 (1.3%"
CHao0 2451 (250) - 74 (11§ s 4.6 (0.8} s

The same superscripf{to be compared vertically and xy to be comparedzbntally) means

homogeneous group in LSD test.
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The changes in the three mechanical parametersSafody/ films
that take place over time are shown in Figure \ibnediately
after drying, the films were less rigid and moreeasible than
after storage. After only 7 days stored at 58% e, films
became significantly more rigid and less extensibldich
seems to indicate that some starch retrogradatash dhready
occurred. The recrystallization or retrogradation starch is
known to occur after gelatinization (Bertuzzi et 2007) and, in
starch films, it was inhibited when blends of skawith other
polymers are used in the films (Wu et al., 200&éhez et al.,
2012a,b). In WS films, the incorporation of CH aimite to
improve mechanical resistance and stretchabilityfhat same
time that inhibit the retrogradation process, plpalue to the
fact that the presence of the neighbor chains ofr€jfiesent an
steric hindrance for aggregation of helical confation of

amylose.
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Figure V.5. Effect of storage time on mechanical propertiepufe
wheat starch films. Mean values and standard dewmiaDifferent

letters indicate 95% significant differences.

3.2.4. Equilibrium moisture content and water vapou
permeability

Table V.4 shows the moisture content of the filmhghe two
temperatures (5 and 25°C) where water vapor pelfitgatas
determined and the values of water vapor permegabili
Permeability values of hydrophilic materials arghty affected
by both moisture content and temperature. Wates ast a
plasticizer and, as stated by Bertuzzi et al. (208 main
functional properties of hydrophilic materials ubypaepend on
their water content, and hence on the surroundungpidiity.

Barrier properties depend heavily on water contAntincrease
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of water content and/or temperature, implies ameiase in the
molecular mobility and therefore, in all diffusiacependent
properties, such as permeability values (Gontardl.e 1993;
Gennadios & Weller, 1994; Mehyar & Han, 2004). Rorfilm

formulations WVP tends to increase with the temjpeea
despite the slight decrease in the film water aunteshereas
differences among films are hardly appreciated feopractical
point of view. Nevertheless, the addition of CHdgmo increase
the WVP values, as the same time that the moistongent of
the films increases. This was also observed byrath#hors for
starch:chitosan blend films. The increase of pebiigacan be
associated with the greater water binding capaoityCH

molecules, as previously commented. The latter dessahe
transfer of water molecules through the more opatrirmof the
film. The overall reduction of glycerol content the films,

when the CH ratio increases, probably mitigates gboeential
permeability increase due to CH addition. Beinglasticiser
agent, glycerol dilutes and softens the structaeasing chain

mobility and consequently promoting mass transfepss the
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films. Bourtoom & Chinnan (2008) formulated bleritins of

starch:chitosan with proportions ranging betweeinghd 0.5:1,
where the proportion of added plasticizer (sorpivtehs 40% of
solids, and found that WVP increased with the daitoratio.
Xu et al. (2005) found the same trend when workirittp corn

starch and chitosan blend films. The increase ofP\AY low
proportions of CH may be due to the differencethenhydration
layers of both polymers, as commented on aboveghwiiake
the CH containing matrices more open to water feandhe

scarce influence of CH in the studied WS-CH filmen cbe
attributed to the progressive reduction of glyceed CH

increase in the film. Glycerol promotes water tfansn starch
films and its reduction, in line with the CH incseain the blend,
mitigates the effect of the incorporation of a mbsarophilic

polymer with greater water capacity such as CH.dxteless,
this represents an advantage since whereas othggrfies, such
as mechanical resistance, were improved, water urap@ss

transfer was not enhanced significantly.
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Table V.4. Moisture content (MCg water/g dry film of films stored at 5°C-58%RH and 25°C-58%RH. Wate
vapour permeability (WVP) of the films at 58-100%l Bnd 5°C and 25°C.

MC WVP (5°C) x 10* MC (db) WVP (25°C) x 10°
5°C-59%RH (g s'm™ Pa?) 25°C-53%RH (g s'm™ Pa?)
WSi00 0.089(0.007)“ 4.0 (0.3§° 0.075 (0.003) 13 (2)°
WSy :CHyy  0.094 (0.008)* 4.7 (0.35* 0.079 (0.003)* 14(4Y?
WSs:CHyy  0.104 (0.009)™ 5.2 (0.5§" 0.083 (0.003Y° 18 (2)*°
WS;;:CHg  0.108 (0.013) 7.4 (0.7%° 0.092 (0.007Y 16 (3)°
WSs:CHy,e  0.111 (0.007% 6.0 (1.3}° 0.092 (0.003)° 16 (5)°
WS;:CHso  0.116 (0.012Y 5.81 (0.17%° 0.102 (0.008Y° 16 (4)°
CHuo0 0.162 (0.009) 4.9 (0.2 0.133 (0.008) 19 (3)°

Different letters indicate 95 % significant diffaes due to temperature and RH conditidr¥ (

or to film formulation {® © .
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3.2.5 Oxygen permeability (OP)

Starch films are able to act as oxygen barrienss tangthening
the shelf life of the food (Shen et al., 2010). Thsults of the
oxygen permeability of the films at 10°C and 25f€ shown in
Table V.5, where the greatest OP of pure CH filiaus be seen.
Nevertheless, the incorporation of CH to WS filmsl dot
provoke a significant increase in their OP valuesb%C. At
25°C, OP values tend to increase as the CH corstemtreased
in the film, although this was only significant whenore than
30% CH is present in the blend and the differerwere very
small. The temperature increase did not promoteyrifisant
(p>0.05) increase of the OP values in the studietf although
a slight tendency to increase was appreciatedx@acted from
the promotion of molecular mobility. This behavi@so
represents an advantage of the blend films, sindé¢
incorporation led to an enhancement of starch filmkibiting
retrogradation and increasing mechanical resistandedid not
improve their barrier properties notably. The lowequirement

of glycerol in blend films plays an important roleecause
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glycerol contributes to promote mass transfer pses due to
the promotion of molecular mobility. With lower i@t of
glycerol, chitosan containing films showed similaarrier

properties to wheat starch-glycerol films.

Table V.5. Oxygen permeability (OP) of the films at 58-100% R

and 10°C and 25°C.

OP 10°C OP 25°C

(cm*mm/(m*atm*day)  (cm>*mm/(m*atm*day)

WS,00 0.045 (0.018Y° 0.061 (0.01%¥
WSo0:CHio 0.0468 (0.0009¥ 0.055 (0.008Y
WSs0: CHao 0.038 (0.013Y 0.067 (0.007¥
WS;0:CHao 0.04 (0.02¥° 0.069 (0.014)*
WSs0: CHao 0.056 (0.003Y 0.0764 (0.0008)"
WSse: CHso 0.055 (0.032¥ 0.08 (0.02)*

CHio0 0.15 (0.04)° 0.10 (0.02Y°

The same superscript®} to be compared vertically the different

formulations andXY) horizontally the same formulation in LSD

test.
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3.2.6. Antimicrobial properties

Figure V.6 shows the progress over storage timedupt days)
of the total aerobial and coliform counts corregpog to the
control (C: minced meat without film) and mincedripaneat
samples coated with the four films being tested {M/S
WSgq:CHao, WS50:CHso, CHin). The two films with the highest
chitosan contents exhibited the most important ¢cgdn in the
microbial load as compared to the control treatmboth for
coliforms and total aerobial counts, showing soraetédricidal
effect after two days of cold storage. The filmshwonly a little
proportion of chitosan, or none at all, did notwhe significant
antibacterial effect. These results suggest thatatitimicrobial
effect of the films is directly related with the ramentration of
CH, which has proven its antibacterial propertiesprevious
studies performed both in vitro (Sanchez-Gonzateal.e2010)

and on pork meat hamburgers (Vargas et al., 2011).
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Figure V.6: Total aerobial and coliform counts of non-coatedaad
pork samples (control) and samples coated with @r<5and WS-CH
blend films. Mean values and 95% LSD intervals. hgaks line
indicates initial counts in minced meat samples.. ChHtosan. WS:
wheat starch. The percentage of each polymer infilimeforming

dispersion is indicated.
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4. Conclusions

The replacement of wheat starch-glycerol with datoaffected
the properties of film forming dispersions and 8InChitosan
addition led to a significant increase of the mdetisurface
charge and apparent viscosity of the FFD and yielglessier
and thicker films. The mechanical properties weagaifcantly
improved as the chitosan ratio increased in timesfilthese being
more resistant and extensible, at the same time ditosan
seems to inhibit starch retrogradation. Both, WWR &OP
values, tend to slightly increase when chitosan wegrporated
to the film, although induced differences are ngievant. A
notable antimicrobial effect was detected in thentl films
when the proportion of chitosan was 50%. The obthiresults
suggest that it would be possible to formulate ledib
antibacterial films with thermoplastic propertieg tombining

wheat starch and chitosan.
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Abstract

Blend edible films were prepared from wheat stgfi&tg) and
chitosan (CH) with glycerol as plasticizer. Four tiae
ingredients (antioxidants) were added, namely lessiéntial oil,
thyme essential oil, citric acid andx-tocopherol. The
starch:antioxidant mass ratio was 1:0.1. Prior the
characterization, the films were conditioned atC53%RH as

to their structural, mechanical, optical and barpeoperties.
The antioxidant capacity of the active ingredientgas
determined by means a spectrophotometric methode Th
incorporation of antioxidants led to a heterogesedim
microstructure, mainly in those containiagtocopherol, which
affected the surface roughness. Yellowness wasadlin films
when a-tocopherol was added and no notable colour changes
were observed in the other cases, although albati®xidants
increased the transparency of the films. Despitfélce that the
mechanical properties were barely affected by mloerporation

of antioxidants, citric acid promoted an increasethe elastic

modulus but a decrease in film stretchability. TWeger vapour
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barrier properties of the films were only slighthyproved when
citric acid anda-tocopherol were added, whereas the oxygen
barrier properties were significantly improved iih gases. The
greatest antioxidant capacity of the films was exge for films
containinga-tocopherol, which exhibited the highest antioxidan
power.

Keywords: edible films, wheat starch, chitosan, basil esaknt

oil, thyme essential oity-tocopherol, citric acid, ABTS.

1. Introduction

Edible films or coatings are defined as thin layefanaterial
suitable for consumption, which act as a barriexiregg different
agents (water vapour, oxygen and moisture) thugasing the
shelf-life of the product (Guilbert et al., 199@)heir use is a
promising alternative in the field of food preseron, allowing
for the reduction of waste plastics. Additionallythe

incorporation of additives to these coatings, suel
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antimicrobials or antioxidant agents, is potenyiadf interest
(Baldwin et al., 1996).

Biodegradable polymers based on natural polysadEsgr
particularly starch, can be produced at low cost an a large
scale. The starch-based materials can reduce thefuson-
renewable resources. Furthermore, starch is ontheofmost
abundant, natural biopolymers. The starch grarsukessentially
composed of two polysaccharides, amylose and aregtop
and some minor components such as lipids and psotéihis
polymer has attracted considerable attention a®@debradable
thermoplastic polymer (Angellier et al., 2006). Tlidms

prepared from starch represent promising applioatim food
packaging due to their biodegradability, low cdisixibility and

transparency. However, several authors have obsetivat,
despite their ease of preparation, starch filmsehaome
drawbacks, such as their poor mechanical properfies this
reason, starch films require the addition of ptasing

compounds (Parra et al., 2004).

Chitosan is a cationic polysaccharide derived frdhe

deacetylation of chitin, a component of the sheflsrustaceans.
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It has been shown to provide antimicrobial actiyDutta et al.,
2009; Kumar, 2000), but its application is currgrimited by
its relatively high price and the fact that it igtly permeable to
water vapour (Butler et al., 1996). Bonilla et #R013)
characterized films with varying proportions of vahstarch and
chitosan, and observed that the films a chitosampgation of
20% (w/w) exhibited good antimicrobial properties.

The addition of essential oils (basil and thymeX asther
components with antioxidant activity, such astocopherol
(liposoluble antioxidant) or citric acid, can impe the
functional properties of edible films and incrediseir potential
uses in the preservation of foods with a high fanhtent.
Although the incorporation of bioactive compounas enodify
the barrier properties (water vapour and oxygenjhef films,
doing so provides additional advantages, such asegron
against microbial growth and lipid oxidation (Gutez et al.,
2008; Ahn et al., 2008). In this sense, there ésdhallenge of

finding appropriate formulations to delay the oxida of lipids
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that are easily oxidized in high-fat products (sashmeat, fish
or derivatives).

The aim of this work was to study the effect of iadddifferent
ingredients - essential oils (basil and thymeYjcidcid anda-

tocopherol - on the microstructure, mechanical e, water
vapour and oxygen permeabilities and optical priogerof
wheat starch-chitosan films. Additionally, the amtdant
properties of the active compounds were quantifiganeans of

a spectrophotometric method.

2. Materials and methods

2.1. Raw materials

The raw materials used were: native wheat starcB)(With
21% amylose (Roquette Laisa SA Benifaid, Valen8pain),
high molecular weight chitosan (CH) (Batch MKBBO0585
Sigma - Aldrich, Madrid, Spain), basil (B) and thgn{Th)
essential oils (Herbes of Moli, Alcoy, Alicante, &p), a-

tocopherol (Tp) and citric acid (CA), (Sigma-AldricMadrid,
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Spain), glycerol, acetic acid and Mg(B)@ (Panreac Quimica
SA, Castellar del Vallés, Barcelona, Spain).

The reactants for the antioxidant capacity assapleX (6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylicddcK,S,0s
and ABTS (2'2-azino-bis-[3 etilbenzotiazol-6-sulimnracid])-

were supplied by Sigma-Aldrich (Madrid, Spain).

2.2. Experimental design and preparation of thedil

WS was diluted at 1% (w/w) in distilled water, agigicerol was
added in a starch:glycerol ratio of 1:0.15. Thispérsion was
heated in a water bath at 95°C for 40 minutes ¢tonpite starch
gelatinization. CH (1% w/w) was dispersed in an eays
solution of acetic acid (1% v/w) under magneticristg at 40°C
and 450 rpm for 24h. The two solutions were mixea imass
ratio WS:CH of 4:1. The active ingredients were ediét 0.1
g/g of starch. Hence, five film-forming dispersiofd-D) were
obtained, namely WS:CH (control formulation), WS:GH
WS:CH:Th, WS:CH:CA and WS:CH:Tp. All of these were
homogenized using rotor-stator equipment (YelloweLDL 25

Basic, IKA, Janke y Kunkel, Germany) at 13,500 rfon 4
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minutes and degassed at room temperature by meam@s o
vacuum pump. In order to obtain the films, the RkF&e cast in
framed and leveled polytetrafluorethylene (PTFEgtgd (150
mm of diameter), at constant total solid mass (&g mate).
After drying for 48 hours at 25°C and 50%RH, tHené were
removed from the plates and conditioned at 5°C-5B%dR
25°C-53%RH in cabinets containing saturated sahstiamf

Mg(NO3)2

2.3. Characterization of the films

2.3.1. Film thickness

The film thickness was measured using a Palmertadligi
micrometer (Comecta, Barcelona, Spain) to the sedde©01
mm. Four to six random positions were taken frorohefim
sample and considered for the mechanical and baraperty

assays.
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2.3.2. Microstructure of the films

The microstructural arrangement of the film compusewas
studied by combining two techniques: scanning tedec
microscopy (SEM) and atomic force microscogy+M). SEM
micrographs of the surfaces and cross-sectionseofilms were
obtained using a JEOL JSM-5410 electron micros¢dppan).
To observe the sections of the films, the specimemse
cryofractured by immersion in liquid nitrogen. Tlamples
were mounted on copper stubs, gold coated and\wabersing
an accelerating voltage of 10 kV.

The surface of the films was analyzed by AFM usiag
Nanoscope lll.a, Scanning Probe Microscope (Digital
Instruments, Inc. Santa Barbara, California). Foache
formulation, three samples were cut (1x1 °cmA three-
dimensional image of a film surface area (50 xB0) was
obtained in each test, and three images were @aptper
formulation. Following the ASME B46.1 (1995) methadithe
following statistical parameters describing thefate roughness

were calculated:
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- Average roughness (R the arithmetic average of the absolute

values of the height deviations with respect to @amsurface

().

Ra:ii‘zi‘ (1)
N =

- Root-mean-square roughness)(Root-mean—square average

of height deviations taken from the mean data p(2he

(2)

- Image Surface Area Difference (ISAD, %): relatiiffedtence

between the real and the geometric surface area.

2.3.3. Optical properties: translucency, colour glugs

The surface reflectance spectra of the films wéxtaioed using
a MINOLTA spectrocolorimeter, model CM-3600d (Miteol
CO., Tokyo, Japan), illuminant ¢ and observer 10° The

measurements were taken at three random pointseosurface
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exposed to the atmosfhere during the drying stée. [€vel of
transparency/opacity of the samples was determtheough
internal transmittance (Jlcalculated according to equations 3 to
5 (Hutchings, 1999), where R is the reflectancehef sample
layer backed by a known reflectancgd®d R is the reflectance
of the film on an ideal black background.

1 Ry -R+R,
a=_|R+— —— 3)
2 R, [R,

b=-/a>-1 (4)

T :\/(a_Ro)z_b2 )

The reflectance of an infinitely thick layer of theaterial was
determined by means of equation 6, prior to obtgnhe colour
coordinates: Lightness (L*), Chroma (&) (eq. 7) and hue
(h*ay) (eq. 8). Moreover, the Whiteness index (WI) was
calculated using eq. 9.

R,=a-b (6)

C*, =-/[a*? +b*?) 7)
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h,, = arct{b*J (8)
a

WI =100- ((100-L*) 2 +a*? +h *%)*2 9)

Following ASTM D523 (1999), a glossmeter (MultigSk 268,
Konica Minolta, Langenhagen, Germany) was employed
measure the gloss at 20°, 60° and 85° on two fih&ach
formulation, previously conditioned at 25°C- 53% RHBix

measurements were taken on the face exposed antfusphere

during the drying process.

2.3.4. Tensile properties

The mechanical properties of the films were deteeuiusing a
Universal Testing Machine (Stable Micro Systems,XRplus,
Haslemere, England) following the ASTM D882 (2001)
standard method. After conditioning at 25°C-53%R8I,
rectangular samples (25mm x 100mm) were cut pendtation,
and the thickness of each specimen was determined a

different positions. The films were mounted on féxtension
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grips and stretched at 50 mm miantil breakage. The curves of
force versus distance obtained in the test curvesew
transformed into stress)(versus Hencky strairg{) curves. The
parameters, EM (elastic modulus, MPa), TS (terstilength at
break, MPa), and %E (deformation at the fracturentpo
expressed in percentage with respect to the irgage length),

were obtained following ASTM standard method D882.

2.3.5. Moisture content, water vapour permeabditgl oxygen
permeability

Once equilibrated, three film samples were takerr pe
formulation to determine the moisture content byanseof a
gravimetric method. Firstly, the specimens weraadased in a
vacuum oven at 60 °C for 24h, and secondly, they wiored in
cabinets containing,Ps until they reached constant weight. The
moisture content (MC) was expressed as the g aérweer 100

g of the dried film.

The water vapour permeability of the films was deieed at
25°C and 53-100 RH gradient. The WVP was determined

through a modification of the ASTM E96-95 gravimetr
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method for flexible films (McHugh et al., 1993). fBe circular
samples were cut (3.5 cm in diameter) per formomhgtselecting
films without visible defects such as cracks orgsorThe
thickness of each sample was determined at 6 ramqasitions.
Payne permeability cups of 3.5 cm in diameter (Eleter
SPRL, Hermelle/s Argenteau, Belgium) were filledhwd ml
distilled water (RH = 100%). Saturated solutionsragnesium
nitrate were used to generate 53% RH inside thanetb The
shiny side of the films was exposed to the atmaspla¢ the
lowest RH (53% RH at 25°C). The cups were weighsdguan
analytical balance (ME36S, Sartorius, Germany)J&001 g) at
intervals of 1.5 hours for 24hours. The slope &f Weight loss
vs. time plot was divided by the exposed film areaalculate
the water vapour transmission rate (WVTR). The wapo
pressure on the film’s inner surface was obtaimechfequation
10, which corrects the effect of the concentratgmadients

established in the head space of the cup.
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PD El_n[(P_ pz)(

WVTR = P- pl))jl (10)

R OO [Az

Where: P= total pressure (atm); D= diffusivity o&ter through
air at 25°C (fis); R= gas law constant (82.057>1fn° atm
kmol* K™); T= absolute temperature (K)z= mean height of
stagnant air gap (m), considering the initial aimélfvalue; pl=
water vapour pressure on the solution surface (ap)k
corrected water vapour pressure on the film’s inswface in

the cup (atm).

Finally, WVP was obtained using equation 11, wheyes the

water vapour pressure on the outer side of the film

WVP = WVITR [thickness (11)

(pz - p3)

The oxygen permeability (OP) test was conducteldviohg the
ASTM Standard Method D3985-05, (2010). The filmsrave
exposed to oxygen and nitrogen flows using the @aT

equipment (Model 1/50, Mocon, Minneapolis, USA)2&°C-
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53% RH. The tests were performed in continuous mode OP
was calculated by dividing the oxygen transmissiaie
(cm® mm m? day*-atm?) by the difference in oxygen partial
pressure between the two sides of the film, andiphyihg this
by the average film thickness. Two replicates weade per

formulation.

2.4. Antioxidant activity

The antioxidant capacity of the active ingredientsas
determined by means of a spectrophotometric medlesdribed
by Re et al. (1998). This method is based on comgahe
antioxidant activity of the sample with that of #arslard
antioxidant, Trolox (6-hydroxy-2,5,7,8-tetramethyloman-2-
carboxylic acid), a vitamin E analogue.

ABTS (2,2’-azinobis(3- ethylbenzothiazoline- 6-sulfc acid)
diammonium salt) was dissolved in water at 7 mM alhowed
to react with a 2.45 mM potassium persulfate sofutffinal
concentrations) in the dark, for 16 h. During the&siod, ABTS
radical cation (ABTS), a blue chromophore, was produced.

The tests were performed with ethanolic dilutiohthe ABTS”

284



Results and discussion. VI.

solution, whose absorbance at 734 nm was 0.7002).0The
antioxidants were diluted in ethanol prior to thetemination.
Dilutions were made so that the addition of apd@liquot to
990 pl of ABTS™ dilution would produce a decrease in
absorbance of 20— 80% within 6 min. Absorbance 3 im
(A739) was registered every minute during the test. ther
calibration, Trolox standard solutions of up to 2mvere
prepared and the same procedure was followed. HACTof
the compounds was determined by comparing the sjporeling
percentage of absorbance reduction to the Troloxematration—
response curve and expressed as the mass of theogodh
which produces the same percentage of absorbadueti@n as
1mM Trolox solution. All the determinations wereread out
three times using a Beckman Coulter DU 730 (England

spectrophotometer, with ethanol as the blank.

2.5. Statistical analysis
The statistical analysis of the data was perforniedugh an

analysis of variance (ANOVA) using Statgraphics sPlu
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(Manugistics Corp., Rockville, MD). Fisher’s leasignificant

difference (LSD) procedure was used.

3. Results and discussion

3.1. Microstructure

The microstructure of the films was qualitativelydied, with
the aim of observing the effect active ingredienése on the
arrangement of the film components. Figure VI.1lveh&GEM
micrographs of the film surfaces in contact withi during
drying and Figure V1.2 shows the cross section isagf the
cryofractured films. The film without antioxidani®S:CH)
exhibited a compact and ordered structure, witipoues, which
suggests that wheat starch and chitosan are cdigati
polymers, able to form a homogeneous structure. fabethat
the two polymers are highly compatible was previpus
observed by Bonilla et al., 2013. The addition aftivae
ingredients, which represent almost 7% of the tbhal solids,
brought about some structural changes, as a fumafothe

nature of the added compound(s). Essential oile weegrated
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into the polymer matrix to differing degrees. Thenfwith
thyme essential oil (WS:CH:Th) did not show a mdrihase
separation, and it was only on the film surface ttwated lipid
droplets were exhibited, resulting from the coadese and
creaming of some droplets during the film dryingpstin the
cross of the film, it was barely possible to olsevery small
lipid droplets. However, the film with basil essahtoll
(WS:CH:B) exhibited phase separation and the cnegrof the
oil was evident on the film surface, while oil gtets could be
observed in the cross section of the polymer matiike
incorporation of citric acid did not lead to a High
heterogeneous starch-chitosan films (WS:CH:CA) csime,
although the film surface and cross section appearser than
for antioxidant-free films. The greatest irregitlas were
observed in the films with- tocopherol (WS:CH:Tp), due to its
low miscibility with the polymers and its differemteractions
with each one. In fact, cross section micrograpghthese films
showed a two-layer separation: a smooth bottonr Jasgeming

to contain a smaller amount of lipids, and a lipah top layer.
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Likewise, big droplets of one polymer phase corntgna
greater or smaller lipid fraction can be observedhe other.
This is especially clear at surface level and contticate that
polymers become more incompatible in the preserfce-o
tocopherol due to the different interactions ostlipid with the
polymer chains. A similar structural effect was etved for
corn starch-sodium caseinate blend films wieetocopherol

was added (Jiménez et al. 2013).

g0um a0um

WS:CH:CA - N wsccHTp

80pm 100pm

Figure VI.1. Scanning electron microscopy micrographs of timasf
surface.
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o o

40pm A0pm

Figure VI.2. Scanning electron microscopy micrographs of tlosse
sections of the films.

AFM images were obtained with the aim of quantifyithe
impact of active ingredients on the surface topplgyaof the
films (figure VI.3). The corresponding roughnessapaeters are
shown in table VI.1. The incorporation of the aetsompounds
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did not have a relevant effect on the topographyhef film
surface-and, coherently, the roughness parameterg wot
affected with the only exception af-tocopherol. WS:CH:Tp
films exhibited a rough surface, with an importanarease in all
roughness parameters (p<0.05), which coincides thighphase

previously described phase separation phenomena.

Figure VI.3. Typical AFM images of the surface topography of the
films.
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Table VI.1. Roughness parameters,(R, and ISAD) and gloss at 60°
of the films. Mean values and standard deviatiobrackets.

Samples R (nm) Ra(nm)  ISAD (%) Gloss (60°)

WS:CH 147 (41§ 113 (38} 0.8 (0.3§ 51 (16}

WS:CH:B 109 (35§ 85(27f 1.4(0.2f" 19 (145

WS:CH:Th 212 (42§ 172 (37§ 1.22 (0.07" 13 (2f

WS:CH:CA 109 (23] 86 (18] 0.89(0.03) 31 (18Y

WS:CH:Tp 486 (125) 371 (1249 4 (3Y 13 (3f

The same superscrigfy means homogeneous groups in LSD test.

3.2. Optical properties

The film gloss is related to the surface morphol¢g§gnchez-
Gonzalez et al. 2010) and generally, the smootir surface,
the glossier the films are. The gloss values ata8°shown in
table VI.1. This angle was selected following nok&TM D523

(1999). A significant reduction in gloss (p<0.05asvobserved
to take place after the addition of every activgrédient, but
mainly after those which were lipid in nature. Edg&d oils and
o-tocopherol provoked a reduction in the gloss & WS:CH

films of over 50%, which is coherent with the lassscible

nature of these compounds with the polymers and the
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subsequent effect of the dispersed particles oriilthesurface.

Although AFM did not detect a significantly highdegree of
roughness in films with essential oils, this cobkl due to the
low mechanical resistance of the lipid dropletshet surface,
which made it impossible to detect during the stgfacanning
of the probe.

Table VI.2 shows the lightness, chroma and hueheffiims.

The incorporation of the antioxidants did not affdbese
variables very markedly. However, the most integsdow

colour and the highest chroma were observed irsfitontaining
a-tocopherol. As a consequence, the whiteness index the

lowest in these films.
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Table VI.2. Lightness (L*), hue (h¥), chroma (C%,) and whiteness
index (WI) values of the film. Average values amahslard deviations
in brackets.

Samples L* h*,, C*. WI

WS:CH 82 (2f 96.6 (0.6 10.3(0.9F 79 (2fF

WS:CH:B 88 (3 98.2(0.9) 11 (57 84 (6Y

WS:CH:Th 84.4 (0.4} 95.2 (0.2 12.8 (0.6} 79.8 (0.6}

WS:CH:CA 86.9 (0.6 97.8 (0.6 10.0 (0.4 83.5(0.5)

WS:CH:Tp 83.0 (0.4] 89.5(0.6) 15.7 (0.9 76.8 (0.9

The same superscrigfy means homogeneous groups in LSD test.

Typical spectra of the internal transmittance oe tfilms
between 400 and 700 nm are shown in figure Vl.Zrélwere
similarities not only between the shape of films thwi
antioxidants, but also between these and that ef\W&:CH
film, which is coherent with the slight colour difences
observed for every film. However, it was found thte
antioxidants brought about some increase in thernat
transmittance values. This could be explained leyftimation
of a less compact structure, with a lower refractralex, which,

in turn, became less opaque. This is coherent thélmeasured
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film thickness (table VI1.3) which reveals that #ec films were

obtained when antioxidants were present in thamédation,

despite the constant amount of solid per surfade This effect

that the compact nature of the matrix had on tHen fi

transparency was partially mitigated in the casethef film

containing a-tocopherol, due to the greater light dispersion

provoked by the more heterogeneous film structure.

0.90 ~

WS:CH:CA
075 | WS:CH:Th

0.70

WS:CH:B WS:CH:Tp

WS:CH

400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700

A (nm)

Figure VI.4. Typical spectra of internal transmittance) @f the

films.
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3.3. Mechanical properties

Mechanical parameters, elastic modulus (EM), andile (TS)
and deformation (E,%) at break are shown in taHll& for
every film obtained. The mechanical behaviour of:@Gi%$ films
is similar to that reported by Bonilla et al. (2018r films of
similar composition. The incorporation of activgiadients had
variable effects on the mechanical parameters, nikpg on
their specific nature and effects on the film mstracture.
Thyme essential oil did not significantly affecetimechanical
response of the films, apart from a slight decrease
stretchability. The films containing basil essentid or a-
tocopherol showed some increase in EM and TS, mpaced to
WS:CH films, with no effect on the elongation ae&k. On the
other hand, the addition of citric acid led to acrease in the
elastic modulus and some reduction in film resistaand break
and extensibility. This may be due to a cross-hgkeffect with
the starch molecules, as previously described lmdiR& Yang,

(2010).
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Table VI.3. Tensile properties (Elastic modulus: EM, tensiterggth:
TS and deformation: E %, at break) and thicknessalbffilms
equilibrated at 58% RH. Mean values and standardatiens in
brackets.

Samples EM (MPa) TS (MPa) E (%) Thickness am)

WS:CH 1458 (1513 44 (3 4.3(0.8) 52.7 (1.6

WS:CH:B 1712 (46} 54.6 (1.2) 4.3 (0.6) 57 (5f

WS:CH:Th 1450 (2013 43 (7 3.6 (0.6§ 55 (11

WS:CH:CA 1418 (605) 34 (12] 3.0 (1.0 52 (8}

WS:CH:Tp 1598 (106} 47 (10Y 4.4 (1.4 58 (5

The same superscrigf{ means homogeneous groups in LSD test.

3.4. Moisture content and barrier properties.

The equilibrium moisture content of the films sthiad 53%RH-
25°C is shown in table V1.4, together with the watapour
permeability (WVP) and oxygen permeability (OP)ued. Film
composition was observed to have no notable effectthe
equilibrium moisture content, probably due to takatively low
level (6.7 % of total solids) of hydrophobic compdu

incorporated.
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WVP was barely affected by the incorporation of ivact
compounds. Although the incorporationcetocopherol or citric
acid led to some WVP reduction, essential oils haml
significant impact. In the case of citric acid, tlaove-
mentioned cross-linking effect may explain what che
observed, since a more closed matrix is formeds thhibiting
the transfer of water molecules. The polymer phseggaration
induced in the film containing-tocopherol, which enhances the
tortuosity index for mass transport in the matfefez-Gago &
Krochta, 2001) may also explain the observed dseréa the
WVP values.

Oxygen permeability values at 25°C-53%RH are alsws in
table VI.4. The incorporation of antioxidants calis&
significant reduction (of nearly 50%) of OP in eyerase, as
compared to WS:CH films. A chemical oxygen blockeffect
produced by these compounds could be responsilbléhfe
improvement in the oxygen barrier properties, as baen
previously observed for corn-starch-sodium caseinfiims

containinga-tocopherol (Jimenez et al. 2013).
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Table VI.4. Moisture content (%MC, g water/100g dry film) dffs
equilibrated at 25°C-53% RH. Water vapor permeghiivVP, g mm
kPa'n'm?®) of the films at 58-100% RH and 25°C and Oxygen
permeability (OP, cimmi?atni*day?) at 25°C-53% RH. Mean values
and standard deviation in brackets.

Samples  WVPx16° OPx10 %MC

WS:CH 18 (2f 6.7 (0.7) 8.4 (0.5

WS:CH:B  19.1 (1.4 3.7 (1.0y 8.67(0.13)

WS:CH:Th 18.2 (0.5) 3.2 (0.2f 8.62(0.16)

WS:CH:CA 15.6 (1.0} 3.8 (0.7 8.8 (1.3§

WS:CH:Tp 15.6 (1.3} 3.8(0.7f 8.2(0.3j

The same superscrigty means homogeneous groups
in LSD test.

3.5. Antioxidant activity

Table VI.5 shows the TEAC of the essential oilgiciacid and
o-tocopherol, defined as the amount (mg) of theadgmnt that
produces the same absorbance reduction as 1mM XTrolo
solution. Of all the antioxidants, the lowest axiitant capacity
was found for basil essential oil and citric acgince the
greatest amounts of these are necessary to prddeceame
percentage of absorbance reduction agul@f 1mM Trolox

solution. Thyme essential oil exhibited a slighthigher
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antioxidant power, andi-tocopherol was the most effective
antioxidant, as revealed by the test. The expeatawxidant
capacity of the films will be related with that alsted for the
incorporated compounds, although their possibledaion
during the film formation and the interactions withe film

matrix may also contribute to this capacity.

Table VI.5. Trolox equivalent antioxidant capacity (TEAC) thfe

incorporated antioxidant compounds, expressedeaartiount (mg) of
the compound which gives the same absorbance feduas 1mM
Trolox solution.

Ingredient TEAC (mg)

B 1.933
Th 1.575
CA 1.933
Tp 0.538

CONCLUSIONS

The incorporation of the antioxidants (basil angtle essential

oils, citric acid and a-tocopherol) at 6.7 % in wheat
starch:chitosan (4:1) films gave rise to microsiual changes

that were depend on the different affinity of coments. The
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greatest structural change was inducedaktypcopherol which
promoted polymer phase separation in the film. Ale
antioxidants provoked a loss in film gloss, but aingin
transparency, whilea-tocopherol induced yellowness and a
reduction of the whiteness index. Although the nasdtal
properties of the films were barely affected by émtioxidants,
citric acid promoted an increase in the elastic mhasl but a
decrease in the tensile and deformation at braakably due to
cross-linking with starch chains. Although the wat@pour
barrier properties of the films were only slighthyproved when
citric acid anda-tocopherol were added, the oxygen barrier
properties of the films were significantly improvea every
case, probably due to a chemical oxygen blockirgcef The
greatest antioxidant capacity of the films was exge for films
containinga-tocopherol, which showed the highest antioxidant

power of all the tested compounds.
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Abstract

Chitosan (CH) was blended with poly vinyl alcoh®VA) in
different compositions to obtain biodegradable $&lm
(PVA90:CH10, PVA80:CH20, PVA70:CH30). Blends anéanh
polymer films (PVA100, CH100) were characterized fioeir
thermal behavior, structural, mechanical and bapreperties
as well as antimicrobial activity. Both polymersosled good
compatibility, as demonstrated by FESEM images thiedmal
behavior. A reduction in crystallinity of the bleméas observed
as the chitosan content was increased. Moreovatpsen
addition strongly reduced the film stretchabilityile increased
the film rigidity and resistance to fracture, mgirdt 70:30
PVA:CH ratio. Additional advantages of chitosanargoration
to PVA films are the reduction of the UV-transnmite while

providing antimicrobial properties.

Keywords: Bio-nanocomposites; Chitosan; Poly vinyl alcohol,

barrier properties.
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1. Introduction

Several biopolymers have been used to develop remudfy
food packaging materials. Usually, films based @pblymers
are highly sensitive to environmental conditionsl ayenerally
present low mechanical resistance. As a resulgraéstudies
have been carried out to develop films based orturaz of
biopolymers and synthetic polymers (Kanatt et &012).
Environmentally degradable plastics have attracgedwing
attention because of their potential use in thdacgment of
traditional non-degradable plastic items derivirani fossil fuel
feed stocks. Poly vinyl alcohol (PVA) has been wddilized
for the preparation of blends and composites wigvegsl
natural, renewable polymers (Chiellini et al., 2D0BVA is a
semicrystalline polymer, extensively studied beeawd its
interesting physical properties, which arise frdma presence of
OH groups and the hydrogen bond formation (Abdekaat al.,
2010). It is a water-soluble synthetic polymer anflas good
biodegradability, excellent chemical resistance agdod

mechanical properties (Chen et al., 2008).
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Antimicrobial packaging is one of the most promgsiactive
packaging systems. The use of such packaging isneant to
be a substitute for good sanitation practices, ibushould
enhance the safety of food as an additional hdadlthe growth
of pathogenic and/or spoilage microorganisms (Tityipet al.,
2009). Chitosan (CH) is a cationic polysaccharidth wxcellent
film forming properties. It is obtained from chitirby
deacetylation in the presence of alkali (Bonillaagt 2012).
Chitosan films have a great potential to be usedacts/e
packaging material due to its antimicrobial activiton-toxicity
and low permeability to oxygen (Kanatt et al., 201Zhe
positive charge of chitosan affords the polymer erous and
unique physiological and biological properties (Hpnet al.,
2011). Several studies have demonstrated the effecblecular
weight and concentration of chitosan on antibaateand
antifungal activities (Honary et al., 2011; Sanckemzalez et
al. 2011). Since chitosan contains hydroxyl andnangiroups, it
is potentially miscible with PVA due to the formati of
hydrogen bonds (Arvanitoyannis et al., 1997; Chteal.e 2008;

Chiellini et al., 2003). Polymer blending is one tbe most
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effective methods to have new material with despeaperties.
Films formed by blending of polymers usually showdified

physical and mechanical properties as comparednis made
of individual components. Since synthetic polymars easily
obtained and have low production cost, blendingnatural
(such as CH) and synthetic (such as PVA) polymeey m
improve the cost performance ratio of the resultilighs

(Bahrami et al., 2003).

Several studies have been carried out on the pgrepaf PVA-
CH blends, describing their diverse biomedical wjapions
(Zhuang et al., 2012; lonita and lovu, 2012; Suadauthi et
al., 2012; Gholipour-Kanani et al., 2012) and thogicteriostatic
effects (Li et al., 2012). Nevertheless, PVA-CHradilms have
not been characterized as to their mechanical aaalieb
properties under conditions normally used in foatkaging
(such as low and intermediate relative humiditydr m their
antimicrobial properties against foodborn microoigens.

The aim of this work was to study the physical,irardrobial

and barrier properties of PVA films containing osién in

different ratios. The films were characterized lmit thermal
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behavior, structural and mechanical propertiesiarideir water
vapor barrier properties. Their protective abilitggainst
microbial growth was evaluated aiming to a poténtise as

antimicrobial packaging material.

2. Materials and methods

2.1. Reagents and raw materials

Poly vinyl alcohol (PVA) (Mw: 89,000-98,000, degres
hydrolyzing > 99%, viscosity: 11.6-15.4 cPs) andghhi
molecular weight chitosan (CH) (practical grade, tcBa
MKBBO0585, degree of deacetylation > 77%, viscositg20
cPs), were supplied by Sigma-Aldrich Quimica (Mdd&pain).
Glacial acetic acid and Mg(N{B3 were provided from Panreac
Quimica, S.A (Castellar del Vallés, Barcelona, Spaviillipore
water was used to prepare the film-forming dispersi(FFD).

For the microbiology study, pork meat was purchaseal local
supermarket and processed at the laboratory. Tmgpto
Phosphate Water (peptone buffered water), Violet Bde
Agar (VRBA) and Plate Count Agar (PCA) were proddey

Scharlau Microbiology (Barcelona, Spain).
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2.2. Preparation of the film-forming dispersionsl arasting of
the films

PVA was diluted in millipore water at 1.5% (w/w) dar
magnetic stirring at 90°C for 3h. Chitosan (0.15%wvwas
dissolved in water with glacial acetic acid (1% )vimder
magnetic stirring at 40°C for 12h. The film-formixgspersions
(FFD) were obtained by mixing PVA and CH solutioat
different mass ratios, where part of the PVA waadgally
replaced by CH, up to 30%. Formulations were narasd
follows, the numbers indicating the PVA:CH massioat
PVA100, PVA90:CH10, PVA80:CH20, PVA70:CH30 and
CHZ100. All film-forming dispersions were preparey lsing a
ultrasound homogenizer at 40% of amplitude for &,rat room
temperature. The FFD, were cast in framed and devel
polytetrafluorethylene (PTFE) petri dishes (9cmnuter, 159
of FFD per plate) and dried in an oven at 40°C2$#48h. The
films were peeled off from the casting plates aadditioned at
58% RH and room temperature in chambers containing

saturated solutions of Mg(N{2 prior to all analyses.
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2.3. Characterization of the films

2.3.1. Film thickness
The film thickness was measured using a digitalrom®ter to
the nearest 0.001 mm. Six random positions in @ansample

were considered.

2.3.2. Microstructure

Microstructure of the cross-sections of the filmssvobtained by
Field emission scanning electron microscope, FES&dhg a
Supra 25-Zeiss electron microscope. Film specimemse

cryofractured by immersion in liquid nitrogen anadumted on
copper stubs perpendicularly to their surface. Sasnere gold

coated and observed, using an accelerating vottageV.

2.3.3. Fourier transform infrared spectroscopy BT

FTIR spectroscopy, based on the identification la$oaption

bands concerned with the vibrations of functiomalgs present
in PVA and CH macromolecules, was used to analygehain

interactions in blend films. Jasco FT-IR 615 spmueter was
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used to record the FTIR spectra between wave nuawtdsr and
4000cm'. The transmission mode was used, and the resolutio

was 1 cnt. All tests were performed at room temperature.

2.3.4. Ultraviolet-visible spectrophotometry (UV-8)

UV-Vis absorption spectra of the samples (1x1%cmwere
recorded in the wavelength range of 250 to 900 mngua
Perkin  Elmer Instruments (Lambda 35) UV-Vis

spectrophotometer.

2.3.5. Tensile properties

According to UNI ISO 527-1 (ISO, 2012), a Univer3aisting
Machine (digital Lloyd instrument) was used to abttne true
stress-Hencky strain curves for the tensile te$tshe films.
From these curves, Young modulus (Eyoung), terstilength
(TS) and elongation at break (%E) of the films wevaluated.
Rectangular samples (1 x 5 Ynwere cut and stored at room
temperature in cabinets containing Mg(jiOsaturated solution
(58% RH). Equilibrated film samples were mountedhe film-

extension grips and stretched at 50 mm “himtil breakage,
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with a crosshead speed of 5mm thiznd a load cell of 500 N.
The measurements were done at room temperaturesiand

samples for each formulation were tested.

2.3.6. Water vapour permeability (WVP)

Water vapour permeability (WVP) was determined GftCLand
53-100% RH gradient using a modification of the ABE96-
95 gravimetric method (1995) for flexible films (Mtugh et al.,
1993). Round samples were cut (three per formuipgmd four
random thickness measurements were taken per saRgjae
permeability cups of 3.5cm in diameter (Elcometd?RSE,
Hermelle/s Argenteau, Belgium) were filled with 3 distilled
water (RH = 100%). Once the films were securedh eap was
placed in a pre-equilibrated cabinet fitted witfaa to provide a
strong driving force across the film for water vapdliffusion.
The RH of the cabinet was held constant at 53% gusin
Mg(NOgs), over-saturated solution. The shiny side of thmdil
was exposed to the atmosphere at the lowest RH, tlaad
cabinets were stored at the mentioned temperaiure. cups

were weighed periodically (x0.00001g) after steatiyte was
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reached. The slope of the weight loss vs. time ke divided
by the exposed film area to calculate the waterouap
transmission rate (WVTR). The vapour pressure an ftim
inner surface was obtained by means of the methaubped by
Mc Hugh et al. (1993) in order to correct the effexf
concentration gradients established in the stagmiagap inside

the cup.

2.3.7. Thermogravimetric analysis (TGA)

A thermogravimetric analyzer (TGA, Seiko Exstar 6B8@vas
utilized to measure the thermal weight loss (TG) derivate
(DTG) of the PVA100, CH100 and PVA:CH blend filmsthe
temperature range between 30°C and 900°C, withatinigerate

of 10°C/min under nitrogen stream. Maximum thermal

degradation temperature (Tmax) was evaluated.

2.3.8. Differential scanning calorimetry (DSC)
Film samples of 2-5 mg were tested by using a wdiffgal
scanning calorimeter (DSC, Mettler Toledo 822/e8).

Measurements were carried out under nitrogen flowthe
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temperature range from -25°C to 220°C. After atfhisating
step, cooling was performed at 10°C/min, and finallsecond
heating step at the same rate. Data were recordiédduring
the cooling and second heating steps. The glasssiticn
temperature (J) was taken as the inflection point of the specific
heat increment at the glass—rubber transition wihiée melting
temperature (f) and the crystallization temperature;)(Tvas
taken as the peak temperature of the endothernexottiermic,
during the cooling and the heating, respectivelyre€ samples
were used to characterize each material. The kingtadegree

was calculated as:

-1 | AH
X= (1_mf){AHjloo (Eq. 1)

WhereAH, is the enthalpy for melting or crystallizatioki, is
enthalpy of melting for a 100% crystalline PVA sdeygaken
as 156 J/g (Tubbs, 1965), and (1-) is the weigidtion of PVA

in the sample.
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2.3.9. Antimicrobial properties

Three of the film formulations (PVA100, PVA80:C2hca
CH100) were tested in their antibacterial propsertigsing
minced pork meat. The meat was ground by using receni
(Severin Elektrogerate GmbH, Sundern, Germany) Higl of
minced meat were molded into hamburgers (5cm diemnekhe
surface of the minced meat samples was coatedthgtistand-
alone films that were previously prepared by castims
described in section 2.2. Duplicates of the nortemdcontrol)
and coated samples were placed in uncovered pshes and
stored at 10°C. To perform microbiological analys&8g of
each sample were aseptically obtained and homaggniiz a
Stomacher with 90mL of sterile buffered peptone ewdbr
2min. Aliquots were serially diluted in bufferedpgtene water
and plated out following standard methodologiestallgiable
and coliform microorganism counts were determine@ and 7
days. For the viable counts, Plate Count Agar platere
incubated at 37°C for 24h. Coliform counts wereeduatned

using Violet Red Bile Agar plates incubated at 3#CA8h.
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2.4. Statistical analysis

The statistical analysis of the data was perforniedugh an
analysis of variance (ANOVA) using Statgraphics sPlu
(Manugistics Corp., Rockville, MD) Fisher's leasgrsficant

difference (LSD) procedure was used.

3. Results and discussion

3.1 Film microstructure

Table VII.1 shows the thickness of the films afguilibration
at 58% RH. CH100 films were the thinnest {89 in average),
which is directly linked to their lowest solid sace density (8
g/m?) and PVA100 films were much thicker, due to thecmu
higher solid surface density (80 g)m

In the blends, the films thickness is controlled thy PVA
fraction. However, the thickness of blend filmsrewse with the
chitosan content due to the wider hydration lapéthe charged
chitosan chains. Bonilla et al., (2013) found aor@éase in the

film thickness when the CH ratio increased in $ta®€dd blend
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films, which was attributed to the enhancement e water
bonding capacity of the films when they contain Gkoreover,
previous studies reported the water sorption ptogseof PVA-
CH blend films and concluded that, as the chitgs@portion
increased in the films, their water bonding capadaitcreased
(Ludwiczak and Mucha, 2010; Srinivasa et al., 2003)

The final microstructure of the films results frorthe
interactions between the polymers in the blend. irThe
microstructure was qualitatively analyzed througe FESEM
images. Characteristic micrographs of the film sresctions of
all formulations are shown in Fig. VII.1, where antinuous,
homogeneous phase in both the pure polymer filnt the
blends can be observed, without any evidence ofsegha
separation. Moreover, no irregularities, such as haibbles,
pores, cracks or droplets were detected. This atelscthe high
compatibility of the two polymers, such as has bpeviously

observed by other authors (Trypathi et al., 2009).
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Table VII.1. Thickness, tensile properties,(fg, TS and E%) and WVP of the films. Average

values and standard deviations, in brackets. Time saperscript means homogeneous group

in LSD test.

Samples  Thickness im) Eyoun (MPa) TS (MPa) E (%) WVP (g/s*m*Pa) x 10"
PVA100 0.25(0.08) 263 (35} 265 (17§ 12 (2}
PVA90:CH10 0.19 (0.04) 172 (15§ 173 (20§ 19 (3Y
PVA80:CH20 0.24 (0.03) 1390 (68) 81 (6 12 (2f
PVA70:CH30 0.31(0.04) 1090 (30) 32 (7f 21.5 (1.3)
CH100 0.039 (0.008) 533 (15§ 6 (2f 6.4 (0.9§

Different letters indicate significant differenggs<0.05) due to film formulation (a, b, c, d).
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PVA100

Date 3 Jun 2012 f— EHT= 500kV Signal A= SE2 Date 13 Jun 2012
= Wo= 8mm Mag= 500KX

A T A Gt et

Signal A= SE2 Date 13 Jun 2012
Wo= 4mm Mag= 100KX

zE1ss| 2 Date 13 4un 2012
= W= 5mm Mag= 100KX

PVA70:CH30

EHT= 500KV Signal A = SE2 Date 113 Jun 2012 —
) Wo= 4mm Mag= 100KX

Figure VII.1. Field emission scanning electron microscopy (FE$EM
images of cross-sections of the films. PVA: PolyVialcohol, CH:
chitosan.
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3.2 Film chemical and transparency properties

Since the molecules of both CH and PVA are capaifle
forming hydrogen bonds, it is expected that somecifip
interactions could be formed between the diffeneraiecular
groups, thus affecting the sample spectra. FTIRtsp@®f pure
PVA, pure CH and PVA:CH films are shown in Fig \2&. For
pure PVA, the band at about 3455tns assigned to —OH
stretching (Abdelrazek et al., 2010; Costa-Junicale 2009a),
and that at 1430cicorresponds to OH bending vibration of
hydroxyl group (Abdelrazek et al., 2010; Kumar &t 2010).
The band corresponding to methylene group ACGt$ymmetric
stretching vibration occurs at about 2933ciiCosta-Junior et
al., 2009a; Abdelrazek et al., 2010; Kumar et &1®. The
vibrational band at about 1650-1700tmorresponds to C=C
stretching of PVA (Abdelrazek et al., 2010; Cogtaidr et al.
2009 a). The band at about 1100tmorresponds to C-O
stretching (Abdelrazek et al., 2010; Kumar et 8lL@, Buraidah
and Arof, 2011), and that at about 1760ctn C=0O stretching
of acetyl groups present on the PVA backbone (Aladek et

al., 2010; Costa-Junior et al. 2009; Buraidah amaf,2011).
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For pure chitosan, the main characteristic bandsaasigned to
saccharide structures at 890, 1020 and 1150amd strong
amino characteristic bands at around 3430, 16601860cn"
assigned to —OH stretching, amide | and amide Ihdba
respectively (Costa-Junior et al., 2009a, Abdekaateal., 2010,
Kumar et al., 2010, Buraidah and Arof, 2011). Adiog to
Kumar et al. (2010), the peak at about 1250cm-iesponds to
amino group.

For the spectra of the PVA:CH blends, as the caitasontent
was increased a clear decrease in the intensitthefband
around 3380ci was observed. This may be attributed to a
hydroxyl group (-OH) stretching vibration of PVA thi a
secondary amine (-NH) of chitosan (Abdelrazek et 2010,
Costa-Junior et al., 2009a). According to Kumasalet(2010),
this absorption peak, concerned with —OH and —N#tating
vibrations, shifted to a lower wave number with therease of
PVA content in the blends. Compared with FT-IR $zeof
pure CH, the absorption peak of PVA:CH at 1258cm

disappeared. The band at around 107¥cindicates the
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presence of a hydroxyl group (-OH) with polymergsaciation

and a secondary amine (-NH) (Abdelrazek et al.0201

-\/\/\vw/\\‘ CH100
T — e """ PVYAT0:CH30

_m\/\/“*\w PVAS0:CH20
_m PVA90:CH10

7 PVA100

Transmittance (a.u)

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure VlIl.2a. FTIR spectra for pure PVA, pure CH and PVA:CH
blend films.

UV-VIS spectra of PVA, and PVA:CH films are showm Fig
VII.2b. The films showed an absorption band at ab®rG-
280nm which comes from unsaturated bonds mainly C-O
(Abdelrazek et al., 2010), which increased in abson
intensity when CH ratio increased. This reflects gromotion

of the interactions between CH and PVA chains ia fitm.
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From the practical point of view, it is remarkaliteat blend

films have better barrier to ultraviolet light. Ooéthe desired

characteristics of packaging material is that ibudtl protect

food from the effects of light, especially UV ratiiien (Kanatt et

al., 2012). Amongst the blend films, PVA70:CH30 ixied the

lowest UV light transmission still maintaining thevell

transparent/white color of the original polymerseTow levels

of transmission in the UV range can make PVA-CHebdadms

an excellent barrier to prevent UV light-inducepidi oxidation

when applied in food systems.
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Figure VII.2b. UV-VIS spectra for pure PVA and PVA:CH blend

films.
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3.4 Tensile properties

Films for food packaging are required to maintdieirt integrity

in order to withstand the stress that occurs dushgpping,

handling and storage (Kanatt et al., 2012). Typioaé stress-
Hencky strain curves obtained from the tensilestese shown
in Figure VIL3. Chitosan films proved to be theage
stretchable, as opposed to those of PVA. Blendsfitinowed a
marked plastic deformation which greatly decreasesdthe

chitosan ratio increased.

< 30 MPVABO:CHZO
50 - € s
5 10 PVA90:CH10
0
0 5 10 15 20
40 PVA80:CH20 €,
1 [\ PVA100
30 4
© N
g 1 . PVA90:CH10
o 204 |—
f PVA70:CH30
10+
0 v T T T T T T T T T T 1
0 50 100 150 200 250 300

€
H

Figure VII.3. Typical true stressa vs. Hencky straing(;) curves
obtained in tensile tests carried out on pure PyYAre CH and
PVA:CH blend films.
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The tensile properties, elastic modulus (E), tensirength at
fracture (TS) and percentage of elongation at dir@c{%E) of
the films are shown in Table VII.1. PVA100 and Cla<howed
similar TS values, comparable to those reportedtbgr authors
for pure chitosan films (Chen and Hwa, 1996) andedavA
films (Costa-Junior et al., 2009b). As the chitoseatio
increased in the film up to 20%, the TS showedgaiicant
increase (p<0.05). The same trend was observed thgr o
authors working with blend films of PVA:CH, who m&aped the
good mechanical properties of the PVA:CH blend @tamt al.,
2012; Bahrami et al., 2003). This behavior suggedsis
establishment of bonds between the chains of bolyners in
the blends that reinforce the network structurestimproving
the mechanical strength of the films. Bahrami et 2003,
suggested that the interaction between -OH grotipd/é with
the -NH2 groups of CH, is able to improve the medate
properties of the blend films.

Elongation at break (%E), which is determined a point
where the film breaks under tensile testing, givéermation

about the film flexibility and stretchability. Thelongation at
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break of CH100 films was similar to that found bgrila et al.
(2012), whereas that found for PVA100 films was panable
to that reported by Costa-Junior (2009)b. Coheyewith the
different behavior of the two pure polymers, thenglation at
break of the PVA:CH blend films greatly decreasduemw the
CH content increased (Table VII.1), which agreeshwhat
reported by Bahrami et al. (2003) for PVA:CH bldridhs. So,
the PVA:CH blend films, specially with ratio 80:2&xe stronger
and more resistant to fracture than the pure palyfilms,
although their extensibility are reduced considgralas
compared with PVA films. This behavior agrees witie
formation of inter-chain bonds that reinforce cobesof the
polymer network but limit the slippage of polymdrams during

the tensile test, thus reducing the film stretchisgbi

3.5 Water vapor permeability (WVP)

WVP results are shown in Table VII.1. Water vaporone of
the main permeants studied in food packaging agipdics,
because it may transfer from the internal or exern

environment through the polymer package wall, tesylin
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product quality and shelf-life changes (Kanattlet2012). The
WVP of pure chitosan films was similar to the repdr by
Bonilla et al. (2012) (6¢16 g s'm™*Pa?), and that of pure PVA
films was comparable to that obtained by Jipa et(2012)
(17+10° g s'm™*Pal). WVP of PVA was significantly (p<0.05)
higher than that of CH, coherently with the highlydrophilic
nature of PVA (Hassimi et al.,, 2008). Neverthelesise
incorporation of CH to the PVA films did not prowkany
reduction of the WVP values, but a significant ease, except
for the ratio 80:20 where no change was induceds dén be to
the formation of a more open matrix where polyniegics are
less densely packed due to the wider hydratiorrsage CH, as
can be also deduced from the values of the filicktiess. In this
situation, transfer of water molecules through tiegwork is
facilitated. The formation of a reasonably high femof OH-
NH2 bonds between the two polymers in the filmshw80D:20
PVA:CH ratio, as can be deduced from their meclanic
behavior, can contribute to limit the transfer rate water

molecules and so the WVP. Nevertheless, the waherieb
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properties of PVA films were not improved in anyseay the

CH addition.

3.6 Thermal behavior

TGA is considered as the most important methodstadying
the thermal stability of polymers (Abdelrazek et aD10). The
weight loss (TG) and derivate (DTG) curves for T®A tests
of PVA100, CH100 and PVA:CH blend films are repdrie
Figure VII.4. Two significant weight loss stageg abserved in
the TG curve of CH100 film. The small weight lo$$8-120°C
(about 10%) is probably due to the loss of adsodyeti bound
water and the residual acetic acid. The secondhwéigs step
(50-55%) at 170-350°C is attributed to the therdejradation
of CH, as previously reported by several authorggdathi et al.,
2009, Chen et al., 2008, Lewandowska et al., 2009).

On the other hand, the thermal behavior of PVA BiWA:CH
films proceeds in three stages. The first weighs I@bout 10%)
at 100-170°C is due to the moisture vaporization
(Lewandowska et al., 2009). The second weight kisp at

200-300°C is due to the thermal degradation of RAWdl CH
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(Trypathi et al., 2009, Chen et al., 2008). Onedthveight loss
step at 380-500°C occurs due to the degradatiothefby-
products generated by PVA during its thermal deafiad
process (Chen et al.,, 2008; Lewandowska et al.,9200
According to Holland and Hay (2001), thermal degtamh
resulted in the formation of aldehyde and alkeng-gnoups in
the molten state. In the range between 200 andC3@dfitosan
showed more thermal stability (lower weight lodsart PVA.
Consequently, as the chitosan ratio increasedenbtbend, the
residual mass increased from 15% to 38%. The teatyrer at
the maximum decomposition rate f) was determined (Table
VI1.2), and it was found that chitosan additionuiésd in a Tax
increase of the blends, which indicates that theA AWims
showed higher thermal stability due to the chitosaldition.
Similar results were observed by Lewandowska (20&)

Peesan et al. (2003).
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80

PVAT0:CH30

H100

Weight loss (%)
DTG (ug/ugmin)

0 100 200 300 400 500 600
T(0) T(T)
—— CH100—— PVA100—— PVAY0:CH10—— PVABO:CH20 —— PVATO:CH30 —— CH100 —— PVA100 —— PVA90:CH10 —— PVA80.CH20 —— PVAT0:CH30

Figure VIl.4. a) TG and b) DTG typical curves of pure PVA, pure
CH and PVA:CH blend films.

The thermal behavior of chitosan, and especialty dgtass
transition temperature g, has been subject of controversy.
Apparently, variables such as the source or theaetn
method strongly influence4T(Neto et al., 2005). Sakurai et al.
(2000) observed thegTof chitosan at 203°C, while Kittur et al
(2002) found no evidence for,Tsuggesting thatyIfor chitosan
could lie at a higher temperature, where degradairevents its
determination. According to Trypathi (2009), DS@riogram
of chitosan exhibited a sharp exothermic peak ab°@9
associated with the decomposition of chitosan.hia present

work, chitosan did not show any significant traiesitin the
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temperature range of the DSC scans. Figure VIl&vshthe

DSC curves obtained for PVA100 and PVA:CH blenah§l

b)

PVA70:CH30
PVAT70:CH30 PVA80:CH20

a)
\/\PVABQCHN
1 PVA90:CH10 PVA90:CH10
PVA100
PVA100

UM SR S B S e aaa —T T T T T 1
20 40 60 80 100 120 140 160 180 200 220 0 50 100 150 200 250
T(T) T(T)

Heat Flow (a.u) — Endothe

Exother <— Heat Flow (a.u.)— Endothe
Exother

Figure VII.5. DSC thermograms a) Cooling scan and b) Second
heating scan for pure PVA and PVA:CH blend films.

The thermal parameters obtained from the secontingescan

(Tg, Tm, andAHp), for both blend films and PVA, are shown in
Table VII.2. Ty values of the blends showed some increase as
the chitosan content increased. This agrees wihpiblymer
interactions through the hydrogen bond formationhictv
implies an effective increase in the mean molecwieight and

so in the T values. The mixture effect of compatible polymers
on Ty implies that its values are intermediate betwelea t
respective values of the pure polymers. In thissegemand in
agreement with those reported values for CH, thtaioeéd
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increase in { values in the blends also points to the good
miscibility of the both macromolecules. On the othand, a
notable depression ofTvalue as the CH content increased
(p<0.05) was found, which points to the good misitybof the
polymers that affect crystallization process of RVAhis
reduction of the crystallization or melting tempera is
considered as a measure of the blend compatibility
(Lewandowska et al., 2009; Kumar et al., 2010).

The calculated percentage of crystallinity is aleown in Table
VII.2, where the decrease in crystallinity of PVAen the CH
ratio increased in the blend can be observed. Esiglt agrees
with the WVP studies for PVA:CH blens and undedine
miscibility of polymers and the increase in theristéindrance

of PVA chains to reorient in crystalline zones.
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Table VII.2. Thermal characteristics of PVA, CH and PVA:CH llen
films.

Thermal characteristics of PVA, CH and PVA-CH bldihths
Second Heating Scan
Samples T, (°C) Tn(°C)  AHL /@) X (%) Tna(°C)

PVA100 69 (4) 221 (2f 55.4(1.2} 36 (1} 255.75

PVA90:CH10 77.0 (1.0§ 213.2 (1.1) 41.3 (0.8} 29 (1f 280.53

PVA8O:CH20 79 (3f 199.5(1.19 24 (2f 19 (2f 320.22

PVA70:CH30 80 (2f 199.5(1.19 24 (11f 15 (1) 313.64

CH100 - - - - 283.07
T, glass transition temperature;,. T melting temperature AH:
enthalpy of fusion; X: crystallinity; [« temperature at maximum
decomposition rate. Different letters indicate #igant differences
(p<0.05) due to film formulatiorf"¢ Y.

3.9 Antibacterial properties

Figure VII.6 shows how the application of the filaected the
growth of total aerobic mesophilic and coliform neigrganisms
over storage at 10°C. The addition of chitosaméformulation
entailed a growth inhibition effect through the wetion of
microbial counts after a 7 day storage period. Adiog to
numerous authors, one of the reasons for the ambial
character of CH is its positively charged aminougrovhich
interacts with negatively charged microbial cell mi@anes,

leading to the leakage of proteinaceous and othteadellular
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constituents of the microorganisms (Kanatt et2012, Moller
et al., 2004, Honary et al., 2011). Coherently witis, PVA:CH
films showed significant (p<0.05) antimicrobial iaty against
total aerobic mesophilic and coliform microorganssnas
compared to non-coated samples. Significant difflegs in
microbial growth inhibition were observed between
PVA80:CH20 and CH100 films, as compared to the robnt
sample (p<0.05). At the end of storage, PVA80:CH#wl
CHZ100 films led to a significant reduction in mibral load for
coliforms with respect to the non-coated samplé®ia 3 and
3.5 log CFU/qg, respectively). Previous studies asowed the
antimicrobial activity of PVA:CH films against Gramegative
(E. Coli) (Zhao et al., 2003; Trypathi et al., 2DpGhd Gram
positive (S. aureus and B. subtilis) microorganigiypathi et
al., 2009).

On the other hand, at the end of storage, PVA1U®82:CH20
and CH100 films led to a significant reduction atal aerobial
counts as compared to non-coated samples (abouf.2.Zand
3.8 log CFU/qg, respectively). Although no antimioia activity

has been previously reported for PVA films, the anied
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reduction in aerobial counts with respect to theticd sample
could be attribute to the strong oxygen barriett R®(A film
suppose (Gaume et al., 2012), which will contribiategrowth

inhibition of aerobial microorganisms.

e

Total aerobial counts (Log UFC/g)
o B N W s OO N o ©

OControl  @PVA100 BPVA80:.CH20 BCH100 oControl  @PVA100 OPVA80:CH20  ECH100

Figure VII.6. Microbial counts of minced pork meat samples abate
with PVA:CH films after 7 days storage at 10°C. Mealues and
95% LSD intervals. Control = non-coated sampledfeent letters
indicate significant differences (p<0.05) due tmfformulation ¢ 9.

4. Conclusions

The blending of chitosan and PVA rendered films of
homogeneous structure, due to the high compayibiiit both
materials, as revealed by thermal behavior of thends.
Chitosan addition greatly reduced the extensibiiftythe PVA

films, while increasing their rigidity and strength reduction of
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the crystallinity degree was also observed togethigh an
increase in the thermal stability. Incorporation@ifl to PVA
provoked a reduction of the UV light transmissidrthe films,
associated to the polymer interactions, which caulopose and
advantage to their use in food packaging at theestaime that
provide to the films antimicrobial activity. The dolding of
chitosan into PVA films seems to be a promisingitsgy to
obtain antimicrobial, biodegradable packaging foood

products.
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Abstract

Films based on polylactic acid (PLA) and differamhounts of
high molecular weight chitosan (CH) were prepareg b
extrusion. The effects of CH particle size and #@&meount of
chitosan incorporated in the PLA matrix were inigeged in
terms of physicochemical characteristics and actohial
activity of the films. The incorporation of CH patées led to
less rigid and less stretchable films. Thermal proes of PLA
were not affected by chitosan addition. Water vapou
permeability of the composite films was higher thpame PLA
films. PLA:CH composite showed significant antinabral
activity against total aerobial and coliform micrganisms,

especially when the particle size of CH was reduced

Keywords: polylactic acid (PLA), chitosan, polymer blends,

antimicrobial, mechanical properties, water vagmermeability.
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1. Introduction

The growth of environmental concerns over non-rexidev and
non-biodegradable petrochemical-based plastic p@tga
materials has raised interest in the use of biadle
alternatives originated from renewable sources rfR2008).
Blending two or more polymers has gradually becoame
important approach to develop new materials thathibex
properties that could not be achieved by using eadividual
polymer (Chen et al.,, 2008). Thermoplastic polymexsibit
properties that make them ideal for developing pgoig
materials such as low process temperature (compareaktal
and glass), tunable barrier properties, printahiliheat seal
ability, and ease of processing into different ferthim, 2008).
One of the most promising biodegradable thermoiglast
materials is polylactic acid (PLA), a polyester ¢woed from L-
lactic acid (LA) which is obtained from the fermatibn of corn
starch and other polysaccharide sources (Fortu2@tiQ). PLA
has a significant potential for the packaging indubecause it

yields stiff films of high transparency and can jcessed
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using readily available production technologies.wdwer, its
thermal properties, toughness, water vapour and bgaser
properties are inferior to those of conventionatgeum-based

polymers (Petersen, 2001).

Extrusion is the most important technique for cmndius melt
processing of PLA. The plasticizing extruder canpbet of the
forming machine systems for injection molding, blavelding,

film blowing and melt spinning (Lim, 2008).

Chitosan (CH) is a cationic polysaccharide obtaifteth chitin
by deacetylation in the presence of alkali. Besides
biodegradability and biocompatibility, chitosanrégported to be
an active polymer with antimicrobial activity (Coeet al.,
1999). Chitosan cannot be processed by meltingn@&aand
Carvalho, 2011) and thus chitosan-based films caly be
obtained by solving in acid media (commonly aceipid) and
casting techniques (Vargas et al., 2009; Vargaal,ef011).
Chitosan films exhibit a high sensitivity to moistuand low

water barrier properties. Therefore, for most fapglications, it
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is required to associate this polysaccharide withmare
moisture-resistant polymer, while maintaining theermall
biodegradability of the product. Many efforts hdeen made to
produce new polymeric systems incorporating chitosa a
bioactive material. Some studies deal with the higment of
CH-PLA biodegradable composites by solution mixamgl film
casting procedure (Chen et al.,, 2005; Grande anvalw,
2011;Li et al., 2003; Sébastien et al. 2006). Otherent
approach to obtain CH incorporated PLA films wagtepare
PLA sheets by extrusion, coat them with a CH sofutand
immerse in crosslinking agents such as gluteraldeh{$oares

et al., 2013).

Some attempts to produce composite systems basdeélLAn
with CH by melt processing have been made (Coretlal.,
2005). However, to the best of our knowledge, thdiss on the
properties of melt processed PLA-CH films are stdarce and
there is no published information on the antimicableffect of

such films.
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The aim of this study was to prepare PLA:CH comjgoBims
by extrusion and to evaluate the effects of theoshn particle
size and chitosan content on the physicochemicall an

antimicrobial properties of PLA:CH composite films.

2. Materials and methods

2.1. Reagents and raw materials

Polylactic acid (PLA 3051D, in pellets, degree gélfolyzing >
99%, density of 1.25 g/cth molecular weight of 1.42xf0
g/mol, melt flow index of 7.75 g/10 min at 210°C1@ kg) was
supplied by Nature WorRs USA. High molecular weight
chitosan (CH) (practical grade, Batch MKBBO0585, réeg of
deacetylation > 77%, viscosity: 1220 cPs), was kegpby
Sigma-Aldrich Quimica (Madrid, Spain). Acetic acidnd
Mg(NOs), were provided from Panreac Quimica, S.A
(Barcelona, Spain). Millipore water was used toppre the
film-forming dispersions (FFD). For the microbiologtudy,

pork meat was purchased in a local supermarketpamcessed
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at the laboratory. Tryptone Phosphate Water (peptarifered
water), Violet Red Bile Agar (VRB agar) and PlateuGt Agar
(PCA) were provided by Scharlau Microbiology (Bdors,

Spain).

2.2. Preparation of film formulations and film pessing

PLA pellets were dried in a vacuum oven at 98°C3dr. CH
powder (particle size of about 7jufn) was grinded to reduce its
particle size to 18@um, by using a cutter grinder. PLA and CH
(5 and 10 % w/w in the composite) were used fopare the
different films by extrusion. Film formulations weenamed as
follows: PLA, G1:PLA5 CHs, G1:PLAy:CHio, G2: PLAsCHs,
G2: PLAgy:CHjo. Where G1 and G2 stand for the particle size of
the CH powder (original or reduced particle sizspectively)
and the subscripts indicate the PLA:CH ratio in &xtruded
films. Pure PLA and PLA:CH composites were manufiged by
using a twin-screw microextruder (DSM Explorer 5&TC
Micro Compounder, Geleen, The Netherlands). Aftevesal

preliminary tests, a screw speed of 150 rpm, heatkfof 2500
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N and mixing time of 3 min were used in order tgiove the
properties of the obtained films. The temperatuadile of the
mixing process (170°C-180°C-185°C) was chosen ofeioto
prevent thermal degradation of PLA. After mixingetfilm-
forming process was carried out by using a spe#dof@600
mm/min, a head force of 3000 N and a maximum teatpez of
200°C. Films were conditioned at room temperature a7%
RH in chambers containing saturated solutions of(NV@®}).
prior to all analyses. Film thickness was measuisthg a
Palmer digital micrometer (Comecta, Barcelona, ®pao the
nearest 0.001 mm. Six random positions in each §ample

were considered.

2.3. Characterization of the films

2.3.1. Ultraviolet-visible spectrophotometry (UV-VIS)

UV-Vis absorption spectra of the samples (1x1%cmwere
recorded in the wavelength range from 250 to 900 with
Perkin  Elmer Instruments (Lambda 35) UV-Vis

spectrophotometer.
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2.3.2. Microstructure

The microstructure of the chitosan flakes and timéase of the
films was obtained by field emission scanning etact
microscope (FESEM) using a Supra 25-Zeiss electron
microscope (Germany). AEOL JSM-5410 (Japan) electron
microscope was used to obtained scanning electioroseope
(SEM) images of the cross-section of the films. Tilres were
equilibrated in BOs to eliminate water, and then mounted on
copper stubs. Samples were gold coated and obsersied) an

accelerating voltage of 5 kV (FESEM) or 15 kV (SEM)

2.3.3. Thermogravimetric analysis (TGA)

A thermogravimetric analyzer (Seiko Exstar 630(paig was
used to measure the thermal weight loss of the pu, and
PLA:CH composite films in a temperature range betw80°C
and 900°C with a heating rate of 10°C/min underogin

stream.
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2.3.4. Differential scanning calorimetry (DSC)

Films samples of 5 mg were tested by different@nsing
calorimeter (DSC, Mettler Toledo 822/e,
Switzerland).Measurements were carried out undémogen
flow in the temperature range from -25°C to 220A@er a first
heating step, cooling at 10°C/min, and finally acs®l heating
step at the same rate were performed. Data weoeded both
during the cooling and second heating steps. Glasgssition
temperature (midpoint, ¢, crystallization temperature (T
crystallization enthalpy AH:;) melting temperature ¢J) and
melting enthalpy &H,) were determined. The crystallinity (X)
degree was calculated by considering the meltinbadpy of a
100% crystalline PLA sample (93 J/g, Rhiga et 2004) and

the weight fraction of PLA in the sampleiby applying eq. 1.

-1 JAH |,
X = (1_mf){AHJ 100 (Eq. 1)
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2.3.5. Tensile properties

True stress-Hencky strain curves of film samplesevabtained
by using a Universal Testing Machine (Digital Lloyd
instrument, Lloyd Instruments Ltd, Bognor Regis,3tV8ussex,
UK), according to UNI ISO 527-1 (ISO, 2012). Frofmese
curves, the elastic modulus (EM), tensile streratithe yield
point (Oy) and break ¢,) and elongation at yield point (%)
and break (B20) of the films were evaluated. Rectangular
samples (1x5 cf) were cut and stored at room temperature in
cabinets containing Mg(N§) saturated solution. Equilibrated
film samples were mounted in the film-extensionpgriand
stretched at 50 mm/min until breakage, with a dread speed
of 5 mm/min with a load cell of 500 N. The measueets were
done at room temperature and six samples for emohufation

were tested.

2.3.6. Water vapour permeability (WWP)
Water vapour permeability (WVP) was determined GftCland

58-100% RH gradient using a modification of the ASE96-
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95 gravimetric method (1995) for flexible films (Mtugh et al.,
1993). Round samples were cut (three per formulatmd six
random thickness measurements were taken per saRgjae
permeability cups of 2.24 cm in diameter (ElcomeB#tRL,
Hermalle/s Argenteau, Belgium) were filled with 3 distilled
water (RH = 100%). Once the films were securedh eap was
placed in a pre-equilibrated cabinet fitted witfaa to provide a
strong driving force across the film for water vapdliffusion.
The RH of the cabinet was held constant at 53%ngusi
Mg(NOgs), over-saturated solution. The shiny side of thmdil
was exposed to the atmosphere at the lowest RH, tlaad
cabinets were stored at the mentioned temperatiifes.cups
were weighed periodically (x0.00001g) after steatiyte was
reached. The slope of the weight loss vs. time ke divided
by the exposed film area to calculate the waterouap
transmission rate (WVTR). The vapour pressure @nfiim’s
inner surface was obtained by means of the methaubped by
Mc Hugh et al. (1993) to correct the effect of cemication

gradients established in the stagnant air gapertsie cup.
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2.3.7. Antimicrobial properties

PLA, Gl:PLAwCH;p and G2:PLAxCHiy composites were
applied to minced pork meat to evaluate their aictiobial
properties. Pork meat was ground by using a mig8ewerin
Elektrogerate GmbH, Sundern, Germany) and sampld® @
of minced meat were molded (5 cm diameter). Théasarof
both sides of the minced pork meat samples wadawsith the
films that were previously prepared by extrusiangascribed in
section 2.2. Non-coated (control) and coated sanplere
placed in uncovered petri dishes and were storetljpicate at
10°C. To perform microbiological analyses, 10 gath sample
were aseptically obtained and homogenized in a &ber with
90 mL of sterile buffered peptone water for 2 mailiquots
were serially diluted in buffered peptone water atated out
following standard methodologies. Total viable acaliform
microorganism counts were determined at 0 and 8.dayr the
viable counts, Plate Count Agar plates were incdat 37°C
for 24h. Coliform counts were determined using ®¥idRed Bile

Agar plates incubated at 37°C for 48h.
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2.4. Statistical analysis

The statistical analysis of the data was perforniedugh an
analysis of variance (ANOVA) using Statgraphics sPlu
(Manugistics Corp., Rockville, MD) Fisher’s leasgrsficant

difference (LSD) procedure was used.

3. Results

3.1. Visual appearance and UV-VIS spectra

The visual appearance of pure PLA fiims and PLA:CH
composites films is shown in Fig. The neat PLA extruded film
was more transparent than the composites in agrasmeéth
observations reported previously by Fortunati et(@010). CH
particles dispersed in PLA matrix films are visyalbserved in
Figure 1, implying a reduction in optical transgasy of the
composite films, as compared to pure PLA samplése. Alend
films were slightly yellow which could be due to partial
miscibility of the CH which affects the color ofetfcontinuous

matrix.

362



Results and discussion. VIII.

(|
G2:PLAg: CH;LP GZ PLAGgs: CH5

o) g
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Figure VIII.1. Images of pure PLA films and PLA:CH composite
films. PLA: Polylactic acid, CH: chitosan. The pemtage of each
polymer is indicated as a subscript.

This was reflected in the UV-VIS spectra of thensl (Figure 2)
where a higher absorbance in the wavelength rah@®®400
nm was detected for PLA:CH blend films. Pure PLANS
showed lower absorbance than PLA:CH films, whichgasts
that blend films are a better barrier to the ulwbeat light, which
in turn can contribute to inhibit lipid oxidation food systems

(Kanatt et al., 2012).
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Figure VIII.2. UV-VIS spectra of pure PLA and PLA:CH composite
films. PLA: Polylactic acid, CH: chitosan. The pentage of each
polymer is indicated as a subscript.

3.2. Microstructure
FESEM micrographs of CH powder samples of diffepgnticle

size are shown in Fig. 3. The shape of CH flakes wagular,
having initial sizes between 600 and 80® before grinding.
No chitosan aggregates were detected. After mechlani

grinding, the size
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of CH particles was reduced to sizes around 188,

maintaining their original shape and absence ofdexui

agglomeration.

Figure VIII.3. Field emission scanning electron microscopy (FE$EM
images of different granulometries of chitosanGa)and b) G2.

Characteristic FESEM images of the pure PLA filmdan
PLA:CH composite surfaces are shown in Fig. 4aeFRIA
films had a homogeneous structure and no irredgigdarivere
detected. On the contrary, PLA:CH films showed éased
roughness in their surface appearance, assoc@tbd presence
of CH particles in the PLA matrix. FESEM micrograpbf the

cross-section of pure PLA and PLA:CH films werezoféd by
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fracturing the film by stretching them on the opp®slirection
of the flow in the screw, since the cryofracturesvmat possible
due to their plastic properties. FESEM images dews in
Figure 4b. Pure PLA films showed a more homogeneous
oriented structure with some aggregates whereaadtigion of
CH patrticles led to the introduction of irregutes and
discontinuities in the oriented PLA matrix, that reeemore
marked as the size of the particles and the prigpodf CH

increased.
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Sl A= 5E2 Date 6.4u 2012 o, Signal A= SE2 Date 8 Ju 2012
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Figure VIllIl.4a. Field emission scanning electron microscopy images
of the surface of PLA and PLA:CH composite filmslyPactic acid,
CH: chitosan. The percentage of each polymer irfilimeis indicated

as a subscript.
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G1:PLAgo:CHig

Figure VIII.4b. Scanning electron microscopy images of the cross-
sections of PLA and PLA:CH composite films. Polyla@acid, CH:
chitosan. The percentage of each polymer in theifilindicated as a
subscript.

3.3. Thermal behavior

The weight loss (TG) and derivative (DTG) curvegpofe PLA
films and PLA:CH composites are reported in Fid\omplete
weight loss in a single step with a maximum at 8583r pure

PLA was detected. This coincides with the reswdsorted by
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Fortunati et al. (2010). The incorporation of CHtjzées did not
promote significant changes in the thermal behawibipure

PLA.

Previous studies showed that the thermal degradatiopure

CH is characterized by two significant weight I@ss®©ne
corresponds to moisture vaporization, the lossdsbebed and
bound water and the residues of acetic acid (Thypet al.,

2009; Chen et al., 2008; Lewandowska, et al., 200%e

second weight loss, which was observed at 300-4@0UM™ be
attributed to the degradation of the saccharidectire of CH

molecule, including the dehydration of saccharidgs and the
polymerization and decomposition of the acetylatadd

deacetylated units of chitin (Paulino et al., 2008ypwever, in
the present study, a single degradation step andrd50°C was
detected for both composite and pure PLA films (Feg5b).

The relatively low ratio of CH in the blends cowddplain the

observed behavior.
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Figure VIII.5. a) TG and b) DTG curves of PLA and different
PLA:CH composite films. PLA: Polylactic acid, CHhitosan. The
percentage of each polymer is indicated as a sphbscr

DSC analysis was used to analyse the glass tramsénd
melting properties of PLA and PLA:CH composite syss. The
DSC curves are shown in Fig. 6. The values of tlakrm
parameters obtained in the first heating scan fofilms are
reported in Table 1. PLA extruded films have anrage glass
transition () value of 61°C. This result is similar to that
reported in other studies (Correlo et al., 2005;tuati et al.,
2010). No significant effects of the CH additiontbe Ty values
was observed, which can be due to the lack of milggi of

both polymers which determines that both polymers a
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distributed in separated phases, although only ®gewas
detected. This can be explained by the relative low
concentration of CH. Moreover, it is known thattokan is a
semicrystalline polymer due to its strong intrancalar
hydrogen bonds on the backbone, and it also haggid r
amorphous phase because of its heterocyclic ukitsa result,
when CH is heated within a certain range of tentpegabelow

its decomposition temperature, the variation inthegpacity
corresponding to the change in specific volume rtearT; is
probably too small to be detected by the DSC teple{Wan et

al. 2006).
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Figure VIII.6. First heating DSC scan for pure PLA and PLA:CH
composite films. PLA: Polylactic acid, CH: chitosalrhe percentage
of each polymer is indicated as a subscript.

Crystallization temperature {J of the films significantly
increased (p<0.05) with the addition of CH parsc(@e<0.05).
According to Correlo et al.,, (2005), this may irate that
chitosan acts as a nucleating agent, promoting serfa
crystallization of PLA. However, the addition of Ctid not
significantly affect the melting temperature andhaipy which

also agrees to the polymer incompatibility. Coh#yewith that,
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the degree of crystallinity of PLA was not affecteg the CH

addition.

Table VIII.1. Thermal properties of pure PLA and PLA:CH
composite films (first heating scan): Glass traositemperature (J;
crystallization temperature {f enthalpy of crystallizatio(AHc);
Melting temperature ({); Enthalpy of melting &H,,); crystallinity
degree (X).

Tg Tc AH, Tm AH, X
Film ) ) (J/9) G (g) (%)

PLA 61.0(0.13 86 (1} 16.15(0.04) 146 (1§ 27 (4F 29 (4}
G1:PLAeCHs 58 (2} 95 (4f 14 (4F 147 (1} 21 (2f 24 (2
GlPLAGCHy, 58 (2} 114(3§  16(2F 148 (1} 22 (3} 27 (4}
G2:PLAeCHs 58 (1} 97 (3f 16 (8f 147 (1} 26 (4F 29 (4
G2:PLAGCHy 59 (1} 105(1) 17 (5} 147 (1} 24 (1} 29 (2}

PLA: Polylactic acid, CH: chitosan. The percentagfeeach polymer is
indicated as a subscript. Different letters ¥ © 9§ indicate significant
differences (p<0.05) due to film formulation.

3.4. Tensile properties

The typical tensile curves of pure PLA and PLA:Gkh$ are
plotted in Fig. 7. It is remarkable that compofdilims showed a
less plastic deformation than pure PLA films, whinhde them
less stretchable. Average tensile strengtf) @nd percentage
elongation at break (), yield stress and straiwy, E;) and

elastic modulus (EM) are shown in Table 2.
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Figure VIII.7. Typical true stressa) vs. Hencky straing()) curves
obtained in tensile tests carried out on PLA and:RH composite
films. PLA: Polylactic acid, CH: chitosan. The pentage of each
polymer is indicated as a subscript.

The values of pure PLA films were in the range bbse
reported by Fortunati et al. (2012). A decreasth@elongation
at break with respect to pure PLA films was dewdia all

PLA:CH systems, which coincides with the resultseslied in
PLA extruded films containing 50% CH (Correlo et &005).
The elongation at break was affected by the volinaetion of

the added CH when particle size of CH was reduG),(but
no effect was observed for the greatest partide. siColom et

al., (2003) observed that particle volume fractiand the
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interactions between the particles and the matfigca film
extensibility. The addition of CH led to a signditt decrease in
tensile strength, yield stress and strain and ielasbdulus.
These results highlight that chitosan did not hase
reinforcement effect when added to PLA matrix sifte\:CH
blend films were more fragile than PLA films. At ghier
chitosan content, the filler inclusions can forngegates. The
decrease in tensile strength with the increase kh ddntent
could be explained by the lack of compatibility veeén PLA
and CH patrticles and the generation of disconiiesiiin the
PLA matrix which decreased the overall cohesiorderin the

matrix and make it more sensible to flow and break.

3.5. Water vapour permeability (VWVP)

WVP values are showed in Table 2. PLA films shou®aer
WVP than composite films, which can be due to theater
water affinity of CH which could favor the transpaf water
molecules through the film. According with Suyatrat al.,

(2004), water barrier properties of PLA:CH filmsciaased as
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PLA content was higher as a result of the well-know
hydrophobicity of PLA. Nevertheless, it is remarlathat the
film sample which contains the greatest amountléfuiGth low
particle size showed a WPV in the order of thapofe PLA

films, which have a no clear explanation.

Table VIII.2. Tensile properties (25°C-58%RH) and water vapour
permeability (WVP) at 10°C and 58-100%RH gradiehpare PLA
and PLA:CH composite films. Average values and ddamh
deviations, in brackets.

WVP
. (o] E (o] E, EM a - .
Film MPa) (%) (MPa) (%)  (MPa) (g'sl'Tg{lpal)

PLA 20 (3f 5 (1P 23 (6f 68 (13f 445 (44} 4 (3F

G1:PLACHs 4.0 (0.25* 7 (1Y 4 (1)} 34 (5/° 66 (@4f  21.1(0.3)
G1:PLACHy 3.1 (0.4 3 (1F 3 (1F® 35(4f° 143 (2 20 (2§°
G2:PLAsCHs 7.6 (0.4 4 (1P 8(1F 44 (4f 294 (10§ 74 (1f
G2:PLAGCHy,y 6 (1F° 4 (1Y 7(@fF® 31(6F 15521  7(0.3f°

PLA: Polylactic acid, CH: chitosan. The percentaafeeach polymer is
indicated as a subscript. Different letters % © 9 indicate significant
differences (p<0.05) due to film formulation.

3.6. Antimicrobial properties
Microbial counts of non-coated (control) and coatadhced
pork meat samples at the beginning and after 7 daysold

storage are shown in Figure 8. All films showed an
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antimicrobial activity against total aerobic mesitiphand
coliform microorganisms as compared to non-coatetpdes
(p<0.05). The slight reduction in bacterial coudetected in
pure PLA films can be related to their low oxygermeability
(Fortunati et al., 2010). PLA:CH films led to great reduction
of microbial counts, which was significant for dohlm
microorganisms (about 2 log CFU/g), associated he t
antibacterial activity of CHThese antimicrobial properties of
CH have been explained by the interaction of thsitpe
charges present in the polymeric chain of chitogath the
negative charges from the residues of macromolscule
(lipopolysaccharides and proteins) in the membramds
microbial cells, which, in turn, can interfere withe nutrient
exchange between the exterior and interior of glle(Martinez-
Camacho, 2010; Moller et al., 2004). Previous ne$ess have
also shown the antimicrobial activity of CH fiimgmied to

meat products (Rao et al., 2005; Vargas et al.1@D1
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Figure VII1.8. Microbial counts of minced pork meat samples abate
with PLA and PLA:CH after 10 days of cold-storagéean values
and 95% LSD intervals. Control = non-coated sampiésal count is
indicated by the dashed line.

4. Conclusions

Chitosan was efficiently incorporated into PLA niads by
extrusion in 5 and 10 % of the matrix. Both polymare no
compatible and due to the lack of the fusion of @tting
processing, particles of this polymer remain in fimal films.
Therefore CH did not affect either thermal behawibthe blend
films or total crystallinity degree of PLA. Neveeless, the
presence of CH particles increased the crystalhiaat
temperature and reduced the mechanical resistamzk a

extensibility of the films as well as the water gapparrier. The
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antimicrobial effect of chitosan was proven in tt@mposite
films, which showed a greater reduction of the wiical counts
when applied on minced meat samples, especiallynvtheir
particle size was lower, since this favors the ugibn of

polymer to the sample surface.
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CONCLUSIONS

Basil and thyme essential oils could be incorparate
chitosan films with different homogenization teajunes of
the film forming emulsions. Microfluidization at 26MPa
greatly affected the properties of the emulsiond Aims.
This technique produced a reduction in oil drogliee and
viscosity, while promoted the adsorption of chitosa the
oil-water interface. The induced close contact pwy-oil
compounds gives rise to more fragile fiims of iraged
stretchability due the weakening effect on the ChHitrir
where chain interaction forces are reduced. THiscefvas
also observed for the films obtained from mild hg@oized
dispersions, but with less intensity. Water barpesperties

of the films were dependent on the ratio of esaéwnii and

the homogenization technique. High-pressure

homogenization increased WVP of pure CH films wiaile

incorporation was only effective to reduce WVP wlibay
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were incorporated at the lowest ratio and when pigissure
was used in the homogenization of the film-forming
emulsions. Gloss was reduced by the essentialddikian,
whereas high pressure homogenization tended tad yiel

glossier films.

The addition of basil and thyme essential oilshiiosan
films increased their potential antioxidant effeeihough it
did not improve their antibacterial efficiency irg meat
samples. The improvement in the antioxidant progerof
chitosan-based films by adding essential oils acourspite
of the worsening of their oxygen barrier propertiefich
points to the specific chemical action of the odistioxidant
compounds. The reduction in the oxygen availability
minced meat provoked by sample coating leads to the
expected changes in colour associated with theezsion of
myoglobin into metmyoglobin, but other quality asise

related to food safety are improved. Therefore toshin-
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essential oil films may be formulated in order ® dpplied
to meat products, increasing the product’'s shédf &nd

safety.

Blend films with wheat starch and chitosan could be
obtained without phase separation since polymeosvet
high compatibility. The replacement of wheat starch
glycerol with chitosan affected the properties olimf
forming dispersions and films. Chitosan additiod ® a
significant increase of the particle surface chaayed
apparent viscosity of the film forming dispersioasd
yielded glossier and thicker films. The mechanmalperties
were significantly improved as the chitosan ratioreased
in the films, these being more resistant and ext:sat the
same time that chitosan seems to inhibit starch
retrogradation. Both, water vapor and oxygen pehitiga
values, tend to slightly increase when chitosan was

incorporated to the film, although induced differes are
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not relevant. A notable antimicrobial effect in @ pork
meat was detected in the blend films when the ptapoof
chitosan was 50%. The obtained results suggesit tvauld
be possible to formulate edible antibacterial filmsth
thermoplastic properties by combining wheat staactd

chitosan.

The incorporation of antioxidants (basil and thyme
essential oils, citric acid arattocopherol) at 6.7 % in wheat
starch:chitosan (4:1) films gave rise to microdincel
changes depending on the different affinity of comgnts.
The greatest structural change was inducedgcopherol
which promoted polymer phase separation in the. filxih
antioxidants provoked a loss of gloss, but a trarepucy
gain in the films, whilea-tocopherol induced yellowness
and a reduction of the film whiteness index. Themaaical
properties of the films were hardly affected by the

antioxidants, but citric acid promoted an increatelastic
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modulus but a decrease in the tensile and defoomatt
break, probably by cross-linking with starch chaivater
vapour barrier properties of the films were onlyglsily
improved when citric acid and-tocopherol were added,
whereas the oxygen barrier properties of the fikwere
significantly improved in all cases, probably due &
chemical oxygen blocking effect. The greatest aidiant
capacity of the films was expected for films contag -
tocopherol which showed the highest antioxidant grow

among the proved compounds.

The blending of chitosan and polyvinyl alcohol reretl
flms of homogeneous structure, due to the high
compatibility of both materials, as revealed by rnma
behavior of the blends. Chitosan addition greahjuced the
extensibility of the polyvinyl alcohol films, whilacreasing
their rigidity and strength. A reduction of the stallinity

degree of polyvinyl alcohol was also observed togetvith
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an increase in the thermal stability. Incorporatiérchitosan

to polyvinyl alcohol provoked a reduction of the Uight
transmission of the films, associated to the polyme
interactions, which could suppose and advantagieeio use

in food packaging at the same time that providéhéofilms
antimicrobial activity. The blending of chitosan tan
polyvinyl alcohol films seems to be a promisingastgy to
obtain antimicrobial, biodegradable packaging faod

products.

Chitosan was efficiently incorporated into polylacicid
matrices by extrusion in 5 and 10 % of the matBwth
polymers are no compatible and, due to fact thatatal
fusion of chitosan occurs during the extrusion pss¢
particles of the polymer remain in the final filnherefore
chitosan did not affect either thermal behavioths blend
films or crystallinity degree of polylactic acidh& presence

of CH particles reduced the mechanical resistanceé a
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extensibility of the films as well as the water gajparrier.
However, the reduction of chitosan particle sizensed to
limit this negative impact. The antimicrobial effeof
chitosan was proven in the blend films, which shbvee
greater reduction of the microbial counts when igopbn
minced meat samples, especially when their parsizke was
lower, since this favors the diffusion of polymer the

sample surface.

In general, chitosan blend films with other polysiean
be obtained due to the polymer compatibility witthey
matrices or it can act as filler with particlesdifferent size.
This allows us to modulate the film properties mler to
adequate the film functionality and to impart antirobial
properties to the obtained film. Other componestgh as
antimicrobial or antioxidant compounds could alse
incorporated to pure or blend chitosan films toaobtctive

packaging materials with good functional properties
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