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Resumen

Se han desarrollado y caracterizado films biodeiad a base de almidén
de maiz y glicerol como plastificante, evaluandengdmo tiempo el efecto de la
adicibn de componentes lipidicos (acido palmitiestearico y oleico), otros
polimeros (hidroxipropilmetilcelulosa y caseinate dodio) y compuestos
bioactivos é-tocoferol, aceite esencial de naranja y D-limonesobre las
propiedades de los films (propiedades barrera pbrvale agua y al oxigeno,
Opticas, mecanicas, micro y nanoestructuralesmisano se evalué la influencia
del tiempo de almacenamiento en las propiedadesdims.

La adiciébn de &cidos grasos no mejord notableminteermeabilidad al
vapor de agua excepto en el caso de los films cidlosigrasos saturados y solo en
films no almacenados. Los resultados de difracd@mayos X mostraron que la
cristalinidad aument6 con el tiempo de almacenamjemcrementandose la
rigidez, y disminuyendo el brillo de los films. Delismo modo, la cristalinidad
afect6 a la capacidad de sorcion de agua de Ios #&n funcion de la humedad
relativa y la temperatura. La temperatura de tcabsivitrea de los films de
almiddn se vio afectada por la adicion de &cidesag saturados pero no por la
adicion de &cido oleico. La presencia de dichos poorentes promovié la
formacion de estructuras cristalinas tipo V, indaa la formacién de complejos
entre los lipidos y las cadenas de amilosa e iahiln la formacion de otros tipos
de formas cristalinas.

Se analiz6 también el efecto de la incorporaciéotdes biopolimeros en la
posible mejora de la funcionalidad de los fiimsalimidén. En las mezclas con
hidroxipropilmetilcelulosa (HPMC), se inhibio latregradacion del almidén en los
films composite pero se observé un efecto negativo en las pragesibarrera de

los mismos, que fueron mas permeables, principdabranoxigeno. La adicién de



HPMC produjo separacion de fases en los films (wlhs por microscopia
electrénica de barrido). Por el contrario, la ipawacion de caseinato de sodio
(NaCas) permitié formar films homogéneos y menampables al oxigeno. Los
films presentaron una resistencia mecanica algoomegue los films de almidon
puro pero una mayor flexibilidad sin incrementas l@lores de permeabilidad al
vapor de agua. La reorganizacién de las cadenbs glimeros con el tiempo de
almacenamiento provocod la disminucion de la resisde mecanica, la
deformabilidad y el brillo de los filmsomposite Atendiendo a los efectos
observados, se eligié6 como formulacién mas adecahfibn compositeformado
por almidén y NaCas con un ratio de polimeros 65

El film compositede almidén y NaCas (50:50) se estudié como mp#ia la
incorporacion de compuestos bioactivos como soru-tlcoferol y el aceite
esencial de naranja o su principal componente, -géinBneno. El efecto de la
adicion deo-tocoferol se compar6 con la influencia de la axfiale acido oleico y
también con la adicion de ambos compuestos. Laéadae lipidos provoco una
separacion de fases entre el almidon y el NaCaisl@ebla diferente interaccion
entre cada polimero y los lipidos. Asimismo la edticle 4cido oleico increment6
significativamente la permeabilidad al oxigenoca@itrario que ed-tocoferol, que
ademas impartio a los films una elevada capacidadxéidante.

La incorporacion de aceite esencial de naranja §mbDreno se realizo
utilizando nanoliposomas de lecitina de soja ytilegide colza que encapsularon
los compuestos activos. La incorporacion de naostipmas en los films se realizd
directamente en las dispersiones acuosas sin jpogtemogeneizacidn para evitar
su ruptura. La adicion de los compuestos bioactvoBrma de nanoliposomas no
confiri6 capacidad antimicrobiana a los films, salen el caso de los
nanoliposomas de lecitina de soja con aceite esenlgbido probablemente a la

dificultad de los compuestos encapsulados paradiifien el film por la gran



estabilidad de los liposomas y a la baja actividatilisteria del D-limoneno y el

aceite esencial de naranja.






Abstract

Biodegradable starch-glycerol based films were iobth The influence of
lipid compounds (palmitic, stearic and oleic acidpther polymers
(hydroxypropylmethylcellulose and sodium caseinaedl bioactive compounds
(o-tocoferol, D-limonene and orange essential oilffibon properties (oxygen and
water vapour barrier, optical, mechanical, nana aicrostructural). Furthermore
the effect of storage time on films’ properties va#s0 considered.

Fatty acids addition did not improve the water vapability of films except
for non-stored saturated fatty acids containingngil X-ray diffraction results
showed that cristallinity of films increased wittoiage time, thus increasing the
stiffness and decreasing the gloss of films. Funtioee, crystallinity affected the
water sorption capacity of films as function ofatale humidity and temperature.
Glass transition temperature of starch films vaneith saturated fatty acids
addition. However, oleic acid did not affect thizsrgmeter. The presence of fatty
acids promoted the formation of V-type structutbsis indicatin the formation of
amylose-lipid complexes that inhibited the develepnof other crystalline
structures.

The effect of the incorporation of other biopolyseto improve the
functionality of starch films was also studied. Hyxlypropylmethylcellulose
(HPMC) addition inhibited starch retrogradation. wéwer, obtained films were
more permeable, specially in case of oxygen. HPM@itmn produced phase
separation as it was observed by scanning eleatioroscopy. On the contrary,
sodium caseinate incorporation (NaCas) allowedotaio homogeneous films and
less permeable to oxygen. Obtained films showes eschanical resistance in
comparison with pure starch films but a greatexilfidity without increasing the
water vapour permeability. Rearrangement of polgmeiains during storage

reduced the mechanical resistance, the extengilgiiid the gloss of composite



films. Regarding the obtained results, the filmliing a starch:protein ratio of
50:50 was choosen as the film with the most adequatperties.

Composite film (starch:Nacas ratio = 50:50) wagligth as a matrix for the
incorporation o active compounds-tocopherol, D-limonene and orange essential
oil). The effect ofa-tocopherol addition was compared with the incoation of
oleic acid and their mixture. Lipids addition promd phase separation between
starch and NaCas due to the different interactlmtgveen each polymer and the
lipids. Furthermore, oleic acid addition increassinificantly the oxygen
permeability whereas-tocopherol greatly improved the antioxidant capacif
films without affecting the oxygen permeability.

D-limonene and orange essential oil incorporati@s warried out by forming
rapeseed and soy nanoliposomes, which acted asrsasf bioactive components.
Nanoliposomes incorporation was performed direictlgtarch-NaCas dispersions
without any homogenization, to avoid nanoliposom#@mages. Bioactive
compounds addition did not confer antimicrobial aafy to the films (except for
soy-orange oil nanoliposomes containing film) ptadpalue to the high stability of
nanoliposomes and the low antibacterial activity @fimonene and orange

essential oil.



Resum

S'han desenvolupat i caracteritzat films biodedrldaa base d'almid6 de
dacsa i glicerol com plastificant, avaluant al matemps l'efecte de I'addici6é de
components lipidics (acid palmitic, estearic i ©lealtres polimers (hidroxi-propil-
metilcelulosa (HPMC) i caseinat sodic (NaCas)) mpostos bioactius af
tocoferol, oli essencial de taronja i D-limonenaopie les propietats dels films
(propietats barrera al vapor d'aigua i a l'oxigéptiques, mecaniques, micro i
nanoestructurals). Aixi mateix es va avaluar lalugnicia del temps
d'emmagatzematge en les propietats dels films.

L'addici6é d'acids grassos no va millorar notablenfepermeabilitat al vapor
d'aigua excepte en el cas dels films amb acidsgsesaturats i solament en films
no emmagatzemats. Els resultats de difraccié des rX van mostrar que la
cristalinitat va augmentar amb el temps d'emmagaige, incrementant-se la
rigidesa, i disminuint la brillantor dels films. D& mateixa manera, la cristalinitat
va afectar a la capacitat de sorcié d'aigua dets fien funcio de la humitat relativa
i la temperatura. La temperatura de transicidavidiels films d’almid6 es va veure
afectada per l'addici6é d'acids grassos saturatsmeper I'addicié d'acid oleic. La
preséncia d'aquests components va promoure la ¢asrdaestructures cristal-lines
tipus V, indicant la formacié de complexos entilgdids i les cadenes d’amilosa i
inhibint la formaci6 d'altres tipus de formes aidines.

Es va analitzar també I'efecte de la incorporaddtrds biopolimers en la
possible millora de la funcionalitat dels films kied6. En les barreges amb
HPMC, es va inhibir la retrogradacié de I'almidéeads filmscompositepero es va
observar un efecte negatiu en les propietats lzadels mateixos, que van ser més
permeables, principalment a l'oxigen. L'addiciOHRMC va produir separacio de
fases en els films (observada per SEM). Per colatrmcorporacio de NaCas va

permetre formar films homogenis i menys permeabld'®sxigen. Els films van



presentar una resisténcia mecanica menor que les €@'almidé pur perd una
major flexibilitat sense incrementar els valorspgemeabilitat al vapor d'aigua. La
reorganitzacié de les cadenes dels polimers antbngds d'emmagatzematge va
provocar la disminucié de la resistencia mecaraaeformabilitat i la brillantor
dels filmscomposite Atenent als efectes observats, es va triar cdornaulacio
més adequada el filmompositeformat per almidé i NaCas amb un ratio de
polimers del 50:50.

El film composited’almidé i NaCas (50:50) es va estudiar com a inn@iker a
la incorporaciéo de compostos bioactius com soam-telcoferol i I'oli essencial de
taronja o el seu principal component, el D-limonebefecte de l'addicio de-
tocoferol es va comparar amb la influéncia de laddd'acid oleic i també amb
I'addicio dels dos compostos. L'addicio de lipidgprwovocar una separacié de fases
entre I'almid6 i el NaCas a causa de la diferetdgraccié entre cada polimer i els
lipids. Aixi mateix l'addicié d'acid oleic va inenentar significativament la
permeabilitat a l'oxigen, al contrari quecetocoferol, que a més va impartir als
films una elevada capacitat antioxidant.

La incorporacio d'oli essencial de taronja i D-lmao es va realitzar
utilitzant nanoliposomes de lecitina de soia itlaai de colza que van encapsular
els compostos actius. La incorporacié de nanolip@soen els films es va realitzar
directament en les dispersions aguoses sense ippdtemogeneitzacio, per a
evitar la seua ruptura. L'addici6 dels compostosadiius en forma de
nanoliposomes no va conferir capacitat antimicnadials films, excepte en el cas
dels nanoliposomes de lecitina de soia amb olinessle probablement per la
dificultat dels compostos encapsulats per a difewmdrel film per la gran estabilitat
dels liposomes i a la baixa activitat antilistediel D-limoneno i l'oli essencial de

taronja.
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Justificacion e interés del trabajo

Durante los ultimos afos se ha mostrado un intesente en el desarrollo
de films comestibles y/o biodegradables que puedastituir, al menos
parcialmente, a los polimeros sintéticos derivatiespetréleo. Esto se debe a la
cada vez mayor disminucion de las reservas de graddancremento significativo
de los problemas medioambientales derivados dell@gtésticos sintéticos, con la
consiguiente concienciacion social sobre la pradecdel medio ambiente.

Los films y recubrimientos comestibles y biodegtdéda presentan dos
ventajas competitivas frente a los polimeros souet Por un lado, se trata de
compuestos de origen natural provenientes de fsem@novables, cuya
biodegradabilidad garantiza su inocuidad medioanthie Por otra parte, y en
relacion también a su caracter inocuo y natural ssisceptibles de combinarse con
compuestos bioactivos, también naturales, paranmententar su funcionalidad en
la proteccion de alimentos. Entre los compuestosadiivos destacan los
compuestos antioxidantes como tocoferol, acidorbfmm o0 aceites esenciales y
los compuestos con poder antimicrobiano, muchadldse de origen vegetal como
los constituyentes de los aceites esenciales deaplé&erpenos en su mayoria).

En la formulacion de films comestibles y biodegidda se han utilizado una
gran variedad de polimeros que pueden dividirse dea grandes grupos:
polisacaridos y proteinas, aunque también los dipitian sido ampliamente
utilizados, principalmente en combinacion con losedores para formar films
compositeEntre los polisacaridos podrian destacarse atlahry sus derivados, la
celulosa y sus derivados, el quitosano, los algialos carragenatos, etc. En
cuanto a las proteinas es comun encontrar traba@sionados con las proteinas
de la leche (caseinas, caseinatos y proteinaseie)sproteinas vegetales (soja

principalmente) y gelatinas, ya sean de origenrm\porcino o de pescado.



La mayor parte de los polimeros enumerados puedanaf films con
propiedades mas o menos adecuadas, limitantori@epéilidad al vapor de agua, a
gases permeantes y evitando procesos de transferdacmasa no deseados
durante el almacenamiento de los productos y pecapmando a los mismos una
protecciébn mecanica y un aspecto adecuados. Bstpolimeros mencionados hay
uno que tiene especial interés debido a que, camente formulado, puede
procesarse utilizando sus propiedades termopléstieaiante equipos industriales
usualmente empleados con los polimeros sintétiaoditandose asi el escalado de
los procesos desde el laboratorio a las plantgsratesado. Este polimero es el
almidén, que puede pasar de su estado nativo,naafoun film en cuestion de
minutos si se afiaden los aditivos necesarios ffitastes como el glicerol) con
equipos de extrusion o termomoldeado. El almidonademas un producto
ampliamente extendido en la naturaleza y aseqgeibkd mercado a un precio muy
competitivo. No obstante, los films de almidon prean el inconveniente de su
gran higroscopicidad, que constituye un inconvdpieam su interaccion con el
ambiente, limitando sus propiedades barrera, ailtlen@ependientes de su
contenido en agua, asi como su resistencia mec#mavez la ganancia en agua
de los films incrementa fuertemente la movilidadenolar, haciendo que ocurran
en gran extension procesos de retrogradacion qdéicam las propiedades de los
films durante el almacenamiento de los mismos.Hcarporacion de compuestos
que puedan disminuir su capacidad de adsorciongda & los fendmenos de
retrogradacién, sin menguar su resistencia mecanstaextensibilidad es un tema
de interés a la hora de definir formulaciones addas de films de almidén que
permitan optimizar sus propiedades funcionales conaierial de envase o
recubrimiento. A su vez, es importante conocer cemmodifican las propiedades
de estos films cuando se incorporan diferentes nestps bioactivos en su
utilizacion como vehiculos de antioxidantes o aitiobianos para mejorar la

conservacion de los productos.



El presente trabajo se centra en el desarrolldlie fle almidén de maiz y
glicerol y en el andlisis de la aptitud de distintcomponentes (lipidos,
polisacaridos y proteinas) para mejorar las pr@ued de los films limitando la
retrogradacién del almidéon e incrementando en lalidae de lo posible su
hidrofobicidad. También se ha estudiado el efecte antioxidantes y
antimicrobianos en las propiedades de films forohgea base de almidon. A pesar
de que los estudios se han realizado a partir sfeediiones acuosas sometidas a
una gelatinizacién previa, los resultados obtenikiablecen un punto de partida
de gran interés para el desarrollo de materialsados en almidon y obtenidos
siguiendo tanto un procesado en humedo (a partitispersiones acuosas) como

en seco (utilizando equipos convencionales de paattede termoplasticos).
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En la introduccién de la tesis se incluye una iérisobre los diferentes
estudios publicados relativos a las propiedadesaldeiddon como polimero para
formar films comestibles-biodegradables.

En una primera parte se analizan precisamentealasteristicas basicas del
almidon como compuesto capaz de formar films, ashoc la necesidad de
desestructurar los granulos de almidén cuandoadaja con almidon nativo. La
gelatinizacién del almidén ocupa una buena partestke primer apartado debido a
que se trata de un proceso complejo que tiene krgan intervalo de temperatura
determinado en agua, dependiendo de las condicidelesedio y del tipo de
almidon y que comprende una serie de fendmenossisose hidratacion e
hinchamiento de los granulos, lixiviacion de la lasa, fusion de los cristales de
amilopectina.

Los dos principales métodos de obtencion de filmalcthidon se analizan en
un segundo apartado. Por un lado, se analiza eegooen humedo, en el que es
necesaria una cantidad de agua superior al 90@®ppra gelatinizar el almidon y
por otra parte el proceso en seco, en el que essawgc utilizar una cantidad
adecuada de plastificantes (ademas de un porcgregjeefio de agua) y ademas
disponer de una adecuada fuerza de cizalla queitpelandestruccion de los
granulos de almidén. Para ambos métodos se rewsstintas condiciones
utilizadas por los investigadores, concluyéndosee glependiendo de los
componentes incluidos en la formulacion, el tipcatteidon (nativo, modificado,
etc.), la fuente (maiz, trigo, yuca, etc.) y otfastores, las condiciones de
procesado tienen que ser optimizadas de formacpkatipara cada caso.

A continuacion se analizan distintas propiedadeksldiims de almidén asi
como la influencia que la cristalinidad del polimdiene sobre éstas. Con el
objetivo de ilustrar esta informacion se incluydstidtas tablas en las que se
recogen valores de propiedades mecanicas, peridedbél vapor de agua y a

gases y temperaturas de transicion vitrea de los.fiAsimismo, se recoge lo
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publicado por diferentes autores en relacién addificacion de las propiedades
de los films de almidén por la adicién de lipidootyos polimeros, asi como
diferentes materiales de refuerfilidrs) como arcillas o celulosa microcristalina.
Este efecto de refuerzo consiste basicamente eradleion de micro y
nanoparticulas que pueden mejorar la resistenciaamea y disminuir la
permeabilidad de los films, principalmente al vageragua.

La revisidn finaliza ofreciendo una panoramica eoba adicion de

compuestos bioactivos (antimicrobianos y antioxidanen matrices de almidén.
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ABSTRACT

Mainly due to enviromental aims, petroleum-basedtids are being replaced
by natural polymers. In the last decades, starchb®en evaluated in its film
forming ability for applications in the food packag area. Characteristics of the
starch film matrices, the film formation methodslahysicochemical properties of
the starch films are reviewed in this paper. Thkiémces of different components
added in casting methods and thermoplastic prosdsaee been also analysed.
Comparison of mechanical properties of newly pregastarch films and stored
films reveals that the re-crystallization phenomentade the films more rigid and
less stretchable. These effects can be inhibitedduning other polymers to the
starch matrix. Other approaches to improve theclstdtms’ properties are the
reinforcement by adding organic or inorganic filéo the starch matrix as well as
the addition of functional compounds. In this wagreh films have improved
mechanical and barrier properties and can act abioactive packaging.
Physicochemical properties of the starch fiims stdbwa great variability
depending on the compounds added to the matrixth@dprocessing method.
Nevertheless, dry methods are more recommendablefilfo manufacturing
because of the greater feasibility of the indukfi@cess. In this sense, a better
understanding of the nano and microstructural charggcurring in the matrices

and their impact on the film properties is required

Keywords: biopolymer, crystallinity, film formation, casting
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1. INTRODUCTION

Edible starch films and coatings are used for fpoatection to increase the
shelf-life of the foodstuffs. Nowadays, a great hemof research studies focus on
solving the problems produced by plastic waster@eoto obtain environmentally
friendly material. To this end, several works sttitly possibility of substituting the
petro-based plastics with biodegradable, low caatenals with similar properties
(Psomiadotet al, 1996; Maliet al, 2002; Maliet al, 2006; Famét al, 2007;
Jiménezet al, 2012). These biodegradable polymeric films offier alternative
packaging option which does not contribute to enmvmental pollution and is
obtained from renewable sources @tal, 2005; Tharanathan, 2003; Yu & Chen,
2009).

This review analyses the film forming ability of asth and the
physicochemical properties of these types of filfosusing on the way to obtain
biodegradable starch films and the relationshipvbeh the structure and physico-
chemical properties. Other aspects related to biention of starch based films or
packages, such as the effect of the addition oferotbomponents (lipid,
hydrocolloids, fillers or active compounds) and laggiions of starch based

materials have been also reviewed.

2. STARCH: A BIODEGRADABLE POLYMER MATRIX

Starch is one of the most abundant natural polyeaate raw materials. It is
a renewable resource, inexpensive and widely édaildourdinet al, 1995). This
polymer constitutes more than 60% of cereal keragld is relatively easy to
separate from the other chemical components (Arvgainis & Kassaveti, 2009).
Native and modified starches play an important ol¢he food industry because

they can be used to change the physical propatie®d products, such as sauces,
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soups or meat products (Thomas & Atwell, 1997),ntyamodifying the texture,
viscosity, adhesion, moisture retention, gel foioraind film formation (Thomas
& Atwell, 1997).

Starch granules can vary in shape, size, struetnidechemical composition,
depending on the origin of the starch (Smith, 20@hemically, native starch is
composed of two main macromolecular components:l@ayand amylopectin.
Amylose is a nearly linear polymer @f1,4 anhydroglucose units that has excellent
film-forming ability, rendering strong, isotropiodorless, tasteless, and colorless
film (Camposet al, 2011). Meanwhile, amylopectin is a highly braedhpolymer
of shorta-1,4 chains linked by-1,6 glucosidic branching points occurring every
25-30 glucose units (Durrani & Donald, 1995; Liu)03). Physically, native
starches take the form of granules where both asmyland amylopectin are
structured by hydrogen-bonding, containing crystaland non-crystalline regions
in alternating layers (Jenkiret al, 1993). In fact, most native starches are semi-
crystalline, having a crystallinity of about 20-45%histleret al, 1984). Amylose
and the branching points of amylopectin form theogrhous regions while the
short-branched chains in the amylopectin are thm mgstalline components in
granular starch. So, the higher content of amyltpeo native starch means
greater crystallinity (Cheetham & Tao, 1998). Th#ia of amylose/amylopectin
depends on the source and age of the starch. Sfanmgrally contains 20 to 25 %
amylose and 75 to 80 % amylopectin (Brown & Podl3). For instance, wheat,
corn and potato starch contain 20-30% amylose ewtslcontent in waxy starches
is lower than 5% and in high-amylose starches Hgts as 50-80 % (Liu, 2005).

Starch granules are not soluble in cold water du¢he fact that strong
hydrogen bonds hold the starch chains together.edery when starch is heated in
water, the crystalline structure is disrupted aratew molecules interact with the
hydroxyl groups of amylose and amylopectin, prodgdhe partial solubilisation

of starch (Hoover, 2001). Heating starch suspessioran excess of water or of
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another solvent able to form hydrogen bonding (Eggid ammonia, formamide,
formic acid, chloroacetic acid and dimethyl sulpide) and at high temperatures
(between 65-100 °C approximately depending on ythe bf starch) provokes an
irreversible gelatinization (destructuration) pregeThis process is highly affected
by the kind of solvent and the starch/solvent rafibis is needed to obtain a
homogeneous solution with which to form films. Thigocess introduces
irreversible changes in starch granules, such aslabs of crystallinity, water
absorption and the swelling of the granules (Zhengl., 2009, Carvalho, 2008).
Gelatinization involves two steps: the hydration afiffusion of the solvent into
the starch granules and the melting of starch alygDonovan, 1979, Liet al,
1991; Jenkins & Donald, 1998). The gelatinizatioogess and its relevance in the

production of starch-based films are thoroughlyewed in the next section.

3. FILM FORMATION: STARCH AS A MATRIX OF EDIBLE FIL MS

Edible or biodegradable starch films can be obthinem the native starch or
its components, amylose and amylopectin, by twonmaichniques: solution
casting and subsequent drying (wet method) andnitygastic processing (dry
method) (Pae®t al, 2008). Modified (Lopezt al, 2008) and soluble or pre-
gelatinized starch have also been used (Pagetl 2002) to obtain starch films.

As mentioned previously, starch films can be fornfiean a film forming
dispersion, or an emulsion, which contains a higrcgntage of water. Using this
method, many authors have formulated films fronfiedént sources, such as whey
protein (Oséet al, 2009a), caseinates (Faletaal, 2009), gelatin (Limpisophost
al.,, 2010), hydroxypropylmethylcellulose (Jiménet al, 2010) or chitosan
(Vasconezet al, 2009). Otherwise, starch films may be obtaingdusing a dry
process (thermoplastic or thermal processing) ifchvthe water content is lower

when compared to the wet process. A dry processbeansed with those raw
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materials which present thermoplastic propertigis; means that they become soft
(melted or rubbery) at a temperature lower tharihgosition temperature and so,
they can be molded into a determined shape whenmitedd to a
thermal/mechanical process. Although starch doépmsent this characteristic in
its native state, it is capable of becoming a tluglasstic material if it is treated
correctly. According to Carvalho (2008), thermofgitastarch (TPS) is generally
produced by processing a starch-plasticizer(s) uréxtin an extruder at
temperatures of between 140°C and 160°C at higlsspre and high shear.
Additionally, batch mixers can also be used, ofegain conditions similar to
those of the extrusion process. The result of tleegss, in which starch granules
are disrupted and mixed with one or a mixture afsptizers is the TPS. The
presence of plasticizers (not only water) is nesxgss order to obtain a rubbery
material, without brittleness, when equilibratedtlad ambient relative humidity
(Forsellet al, 1997).

In order to obtain starch based films, an esserg@irement which must be
considered is that, if native starch is used, thengles have to be disrupted
previously through a gelatization process in aresg®f water media (> 90 % wi/w,
Carvalho, 2008), where they undergo an irreversiloteer—disorder transition, or
destructuration, as has been commented on abarehSJelatinization is a process
in which granules swell, depending on the availatd¢er, provoking the breakage
of the amylopectin matrix and releasing the amyldeeother words, it can be
considered as a first step, in which the solvefitisiés through the starch granules
and a second, in which the melting of the stargistatlites takes place (Carvalho,
2008). Although the gelatinization process seeniseteimple, it is a very complex
process. According to Ratnayake & Jackson (200%), delatinization process
initiates at low temperatures and continues urtd granules are completely
disrupted. These authors studied seven types othstay scanning electron

microscopy and observed differences in the gramstriecture when treated at
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different temperatures. Furthermore, they summadrike gelatinization as a three
stage process during which different structurahév¢éake place:
1. The absorption of water by starch granules promatesicrease in starch
polymer mobility in the amorphous regions.
2. Starch polymers in the amorphous regions rearrarfiggn forming new
intermolecular interactions.
3. With increasing hydrothermal effects, the polymeesome more mobile

and lose their intermolecular interactions and algranular structure.

Wet process

As mentioned above, the wet process consists ofifigr a film by means of
dispersion or as an emulsion. This is the most contynused method for
obtaining edible films, regardless of the matriedisThe polymer dispersion is
generally poured on a levelled surface like a ks (Bertuzziet al, 2007a) or a
Teflon® plate (Jiméneet al, 2012) in order to obtain films by casting.

Many researchers have studied starch films obtaayedasting (Bertuzzet
al., 2007ab; Bourtoom & Chinnan, 2008; Dias al, 2010; Taljaet al, 2007,
2008). The complete process (from native, modibedore-gelatinized starch to
final film) could be divided into several steps:lajmization and dispersion,
homogenization of the mixture (in the case of emalks or mixes), casting and
drying.

The initial stage is always the gelatinization leé starch, or dispersion if the
pre-gelatinized kind is used. The main method byctwigranules are disrupted is
gelatinization in an excess of water. Researchatimize the process according to
the origin of the starch, since the granule stmeciepends on the starch source
(Srichuwong et al, 2005). Starch gelatinization takes place at edft
temperatures, depending on the type of starch égake & Jackson, 2007; Ronda
& Roos, 2008) and the plasticizer content (Baml, 2004). This is why different
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authors consider different conditions. Likewiseerth is a wide variation of
gelatinization times. As an example, some authgpented times of 1 min at 70 °C
(Bergoet al, 2008) and 2 hours at 90 °C (Pagetlial, 2002).

Pagellaet al (2002) used various types of maize starch in rotdeobtain
films. A heating step was necessary in the casenative starches, whereas
pregelatinized starch only needed 3 hours stiriingool water. According to
Hodge & Osman (1976), pregelatinized starches hoset which have been
precooked and drum dried to yield products thatlirealisperse in cool water to
form moderately stable suspensions.

An important aspect to consider is that, in mosesaheating is used to mix
the starch with other materials prior to gelatiticia In this sense, it is mainly
plasticizers (Hart al, 2006; Rodrigueet al, 2006; Bergeet al, 2008; Abdorreza
et al, 2011) lipids (Haret al, 2006) or clays (Wilhelnet al, 2003) which are
added. These materials may affect the gelatinizgirocess, which has to be taken
into account when the dispersions are preparedefah (2004) reported that the
gelatinization temperature varied as the glyceooltent increased. However, when
triglycerides (Chiotelli & Le Meste, 2003) or fatgcids (Nakazawa & Wang,
2004; Zhouet al, 2007) were added to various types of starch ifferdnt
conditions, the gelatinization temperature wasafifgtcted.

Nevertheless, additives may be prepared indepegdarmd mixed with starch
after gelatinization. Petersson & Stading (2005)dendiims with native potato
starch and commercial monoglyceride by preparinty baw materials separately
and subsequently mixing them. Firstly, they gelaéid the starch in a Brabender
viscograph while the monoglyceride was emulsifieithwvater by means of a
rotor-stator homogenizer. Finally, processed stamhs mixed with the
monoglyceride emulsion in a Brabender viscograph, order to obtain a

homogeneous mixture.
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Although most researchers usually disrupt the Btgranules by means of a
heating step, it is also possible to achieve alaimesult using an alkaline medium.
This method of granule disruption is called coldageization. In this way, Garcia
et al (2000a) obtained corn starch films in which tlagnization process was
carried out using an alkaline solution of 10 g/LONh They also used 7M H3PO4
to neutralize the suspensions. The use of an glkadiuces starch hydrolysis, a fact
that can be taken into account in order to usenabawed method with which to
disrupt granules. Araujo-Farret al (2010) obtained films from quinoa
(Chenopodium quingastarch. They processed the starch from a quitaahs
powder and treated it with NaOH in order to promtite disruption of starch
granules during the gelatinization process, whi@s warried out at 97 °C for 30
min. Before, Bertuzzet al (2007b) carried out a gelatinization step predebole
different periods of alkaline treatment and studtscdeffect on the final properties
of high-amylose corn starch films. They concludeat the use of combined starch
disruption allows the use of low gelatinization frature instead of the
traditional high temperature process. Although ogddatinization seems to be a
friendly treatment for the raw materials, there &m® aspects which must be
considered: a) an additional step related withtgmiuneutralization is necessary
and b) the resulting films may show undesirablepprties in comparison with
those films obtained by thermal gelatinization, ksus those derived from the
possible hydrolysis and reduction of the polymer lenolar weight: low
mechanical resistance and poor barrier properResnero-Bastidaet al (2005)
carried out an interesting study in which they cared different properties
between films obtained by both cold and thermahtjgikzation. They used non-
conventional starch sources, such as banana, namtj@®kenia, to compare the
structural, mechanical and water vapour barrierperies of fiims. SEM
observations showed a homogeneous matrix when diatimjzation was carried

out, whereas cold gelatinization led to a crackiedcture. This fact was linked
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with the poorer water barrier and mechanical rasist shown by cold
gelatinization obtained films.

Once the starch has been gelatinized and other mamds have been added
to the mixture, the following step is homogenizatidhis step can be avoided
depending on the components in the film formingpdision. Many researchers
have obtained films from different starch souregesdmbination with plasticizers.
In these cases, a homogenization step was notsaeges\s an example, potato,
banana (Hernandezt al, 2008), high-amylose corn (Bertuzti al, 2007ab) and
sago starch (Abdorrezet al, 2011) have been used to obtain films without a
homogenization step. In these cases, the solutiene cooled after gelatinization
and cast directly.

In formulations in which lipids or other non-miskglcomponents are added,
the homogenization step is compulsory in ordert@io a stable emulsion and an
adequate integration of all components. In genérel step is carried out by means
of a rotor-stator homogenizer (Jiméneizal, 2012) or a Brabender viscograph
(Petersson & Stading, 2005).

In films containing lipids, the rotor-stator homogeer is the main piece of
equipment used to obtain emulsions. Gastial (2000a) and Haet al (2006)
used this system (Ultra Turrax and Fischer Scientiigh-speed homogenizer,
respectively) to achieve stable emulsions of swlooil-corn starch and beeswax-
pea starch, respectively. Recently, Jiméeteal (2012) also used an Ultra Turrax
for homogenizing fatty acid-glycerol-corn starchxtares.

In cases in which different hydrocolloids are addedch as chitosan,
decolorized hsian-tsao leaf gum or egg albumeneproa mixing step is also
required to obtain film forming dispersions. Worgiwith tapioca starch-chitosan
blends, Vasconeet al (2009) aimed to obtain films with antimicrobiabperties
by preparing both polysaccharides separately axéhgrthem with a rotor-stator

homogenizer. Laet al (2011) also used this type of equipment to obfém
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forming dispersions based on starch, hsian-tsdalea and cinnamon oil or grape
seed extract. Meanwhile, Wongsasuékal. (2006) obtained emulsions with egg
albumen suspension (16 % protein) and sunflowelbgpimeans of a two-stage
high-pressure homogenizer, in which cassava stavels dispersed. As a
consequence of the homogenization step, bubblesfrageently observed to
become incorporated in the film forming dispersioifsthis occurs, vacuum
devices are used (Farsf al, 2006; Rodriqueet al, 2006; Taljaet al, 2008) to
remove these bubbles, which can provoke microhnldte final films.

As previously mentioned, after gelatinization ornfogenization, film
forming dispersions must be poured or cast on dished allowed to dry in
controlled conditions. Most researchers have obthifilms after casting on
levelled Petri dishes. In this way, starch film# ¢ee peeled off from polystyrene
(Hanet al, 2006; Paest al, 2008) or polyethylene (Garcé al, 2000a; Osést
al., 2009b) Petri dishes. Polytetrafluoroethyleneflof®) has also been used by
different authors (Talj&t al, 2007; Reddy & Yang, 2010; Jiménetal, 2012)
due to this polymer being highly inert. Other sods, such as stainless steel @¢du
al., 2009) or glass (Florest al, 2007), have likewise been considered in order to
achieve a good appearance in starch films. Filmifog dispersions can be poured
immediately after the homogenization step (Jiméeteal, 2012) or cooled to a
fixed temperature (Bertuzat al, 2007a). Regardless of the pouring temperature,
cast films have to be dried in controlled condision order to eliminate the excess
of water and make them easier to handle. The fitpind conditions vary greatly
in the reviewed literature. As an example, Rodrigeteal (2006) used a climate
chamber in which temperature and relative humiditgre 60 °C and 60 %
respectively, but lower temperatures can also leel.uBergoet al. (2008) dried
cassava starch films at 30 °C for 18-24 hours, gdwerliménezt al (2012)
obtained corn starch films by drying at room terapgmre and at 45 % relative

humidity for 60 hours.
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According to Paest al (2008), there is no agreement on a standard mhetho
for the preparation of starch films to obtain onighwhe required functional and
physicochemical characteristics. Therefore, itlsarroncluded that the preparation
of starch films is a process which depends on s¢v¥actors, such as the type of
starch and plasticizer, and must be optimized dteoto obtain films with adequate
properties. Table 1 summarizes the different cgstiethods with which to obtain
starch films and highlights the differences betwdanmethods used by different

authors.

Dry process

One of the major constraints when replacing symthmilymers with natural
ones is that, in most cases, edible films can motpiwduced using industrial
processes. Some of these polymers are manufadbyredsting, which involves
drying times that are too long to permit large saabhnufacturing. As a solution to
this problem, the production of starch compositgstilermoplastic treatment
should be considered. As mentioned above, althougfive starch is not a
thermoplastic material, it can be processed likaveational polymers if it is
treated properly. Carvalho (2008) described TPSaasamorphous or semi-
crystalline material composed of gelatinized ortdesurized starch containing
one or a mixture of plasticizers. TPS can be requbatsoftened and hardened so
that it can be moulded/shaped by the action of &edtshear forces, thus allowing
its processing to be conducted with the techniguesmonly used in the plastics
industry. Liuet al (2009) reviewed the traditional and new technaegiised in
starch treatment. According to these authors, Istean be processed thermally by
sheet/film extrusion, foaming extrusion, injectiomlding, compression molding
and reactive extrusion (a special type of extrusiowhich chemical reaction and

typical extrusion take place).
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Some of these techniques are generally used vathhstn combination with both
natural and petroleum-derived polymers (Fishratal., 2000; Kim & Lee, 2002;
Frostet al, 2011).

Without physical forces, the gelatinization procesainly depends on water
content and temperature conditions. However, imusidn or thermal processes,
gelatinization is typically achieved at low moisgtutontent due to the high-shear
and high-pressure conditions used which tear ddwnstarch granules, allowing
faster water transfer into the starch moleculegr@et al, 1987). So, the loss of
crystallinity is caused by the mechanical disruptad molecular bonds due to the
intense shear conditions applied in the extruder.

The thermal processing of starch biopolymers aisolves several chemical
and physical changes (water diffusion, granule pgp@, gelatinization,
decomposition, melting and crystallization) in tiséarch granules in which
gelatinization plays an important role in the casi@n of starch to a thermoplastic
(Liu et al, 2009). Although the complete gelatinization treh in an extrusion
process seems to be a simple mechanism in whidr $trees and high pressures
are involved, the whole process is much more coxaple

During the last few decades, researchers havengotatarch-based films by
means of thermal processes. This way of procestamgh usually includes two
main steps. Firstly, the starch is mixed with ptastrs and extruded in order to
disrupt the starch granules, followed by a finapsin which the obtained paste (or
pellets) is thermo-moulded to form films. Once #t@rch is in an amorphous state,
it can be injection-moulded (Averous & BoquillorQ@), extruded with a film-
blowing die (Thunwalket al., 2008) or thermopressed (Chugigal, 2010; Mller
et al, 2011). The main variable that researchers censithen thermally
processing starch is the temperature. They can théyparameter throughout the
screw in the extruder, during thermopressing dhaextruder die. In this way, Li

et al (2011) varied the temperature between 60 and°C8@long the extruder
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screw. Pushpadasgt al (2008) studied the influence of the temperatdrE(or
120 °C) in the sheeting die on the different propgrof the final product and found
significant, temperature-dependent differencesdi8sufocusing on the structural
changes which occur in the polymer when submitbeginperature or mechanical
action, by applying microscopic and spectroscopahmiques, would be necessary

to better understand the dry process in this kindatrices.

4. PHYSICOCHEMICAL PROPERTIES OF STARCH BASED FILMS

Starch is one of the polysaccharides used to obtategradable films due to
its ability to form a continuous matrix, its low npeeability to oxygen (Liu, 2005;
Dole et al, 2004) and, compared to other non-starch filnts, lower cost.
However, like other hydrocolloids, when comparedptastic polymers, starch
films exhibit several drawbacks, such as their bpdilic character and poor
mechanical properties. Films based on starch aresparent (Malet al, 2004,
Jiménezt al, 2012), odourless, tasteless and colourless.

As concerns the structure of the starch biopolymehey are often
semicrystalline, containing both amorphous and tatiyise zones which are
characterized by the glass transition temperatacethe degree of crystallinity,
respectively. Thus, physical and chemical propgrsech as tensile and gas barrier
properties will be influenced by both amorphous angtalline zones (Liu, 2005)
and their cohesive energy density. As commentedbmve, native starch with a
high amylopectin content is more crystalline, whishcontrary to the fact that
starch films containing more amylose have a higlegree of crystallinity (Garcia
et al, 2000b). This can be explained by the phenomesforetrogradation that
occurs in starch after gelatinization, from an i@ty amorphous state to a
crystalline state (Liu & Thompson, 1998). Duringirag starch molecules

reassociate in more ordered structures by formingple juncture points and
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entanglements, helices, and crystal structuresqéz & Alvarez, 2009). When
the starch is dissolved in hot water, the crystallstructure of amylose and
amylopectin are lost and they are hydrated. Howedling film-formation, both
macromolecules are rearranged and linear fractidremylose and amylopectin
form re-associations by hydrogen bonds. Theretbeegrystallinity of starch based
films depends on several factors, such as dryind atorage conditions
(temperature and relative humidity), as well asabtent of plasticizer (Rindlaat
al., 1997). The presence among the film polymer muoéexc of these attractive
forces can lead to the undesirable property otlémiéss and, to overcome this
limitation, plasticizers (usually polyols) are add® the film forming dispersions
to decrease intermolecular forces (Arvanitoyamatisl, 1997; Arvanitoyannis &
Biliaderis, 1998; Sothornvit & Krochta, 2001; Takda al, 2008). Plasticization
occurs in the amorphous region which has highereocuwbér mobility, and the
ability of plasticizers to interrupt hydrogen bomglialong the polymer chains
depends both on the plasticizer type and the amdiwet main advantage of using
plasticizers is that the film becomes more flexibtensile strength (TS) is
decreased and elongation at break (E %) increasesan be seen in the data
shown in Table 2 (Sothornvit & Krochta, 2001). Haee plasticizers increase
film permeability to moisture, oxygen and aroma poomds (some data are shown
in Tables 3 and 4). An effective plasticizer needsbe compatible with the
polymer matrix. In this sense, glycerol is one bE tmost commonly used
plasticizers in film formation. Depending on thentant and type of the plasticizer,
the botanical origin of the starch and the storegeditions, biopolymers can be
obtained with different mechanical properties. Galtg starch-glycerol films
have lower TS and EM (elastic modulus) values agtdr E values than starch-
sorbitol films, as can be seen in Table 2. So,diprepared with glycerol are more
flexible and stretchable than those prepared witbigl, thus indicating the

greater plasticizing effect of glycerol. Similafefts have been reported by other
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authors for different protein or polysaccharide nicas, such as soy protein (Audic
& Chaufer, 2005) or sodium caseinate (Fadtral, 2008). This can be explained
by the more marked hydrophilic nature of glycerompared to sorbitol, which
leads it to absorb more water molecules which actma additional plasticizer.
Glycerol molecules are small and easily gain acbet&een the polysaccharide
chains through hydrogen bonds, reducing intermddecupolysaccharide
interactions, increasing intermolecular spacing lamering the tensile strength of
starch films. Consequently, as the moisture cordadtplasticizer concentration of
starch films increase, so does the water vapousfiea rate (Table 3). Diast al,
(2010) reported an increase in water vapour peritityalvhen the plasticizer
content increased in starch films, with either ghyt or sorbitol as plasticizer.
Starch films plasticized with sorbitol were mordeefive moisture barriers than
those plasticized with glycerol in the same tesidiiions (temperature and relative
humidity gradient). This can be related with thiatieely higher hydration ratio of
glycerol, since sorbitol is less hygroscopic. Samy, as shown in Table 4, starch-
sorbitol films were less permeable to gas tharcktgtycerol films (Garciat al,
2000a).

The glass transition temperature (Tg) is the patamelated to the softening
point from which moment onwards the polymer canilgikla thermoplastic nature.
Likewise, in semi-crystalline polymers, the meltitemperature (Tm) and degree
of crystallinity limit the softening point. When thoTg and Tm are lower than the
polymer decomposition temperature by a sufficiemhoant, thermoplastic
treatment can give rise to thermoformed materialctwhis useful as films or
packages. Likewise, Tg, the ratio of both crystalland amorphous zones and the
degree of recrystallization are intimately relatgith the film physicochemical
properties, mainly the tensile and transport prigr The addition of plasticizers,
such as water or glycerol, tends to decrease limeTiy (Garciaet al, 2000a), as

can be seen by the data shown in Table 5.
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This phenomenon has also been recently observextrimded waxy maize and rice
starches in presence of glycerol and water (Enr&tnal., 2010). If the storage
temperature is higher than the Tg, starch tendedoystallize (Liu, 2005). As is
known, water molecules have a plasticizing effattpolysaccharide films. The
insertion of plasticizer molecules into the polymeatrix facilitates the movement
of chains thus increasing the film flexibility. Hewer, too much plasticizer
weakens the cohesion of the polysaccharide chaidghe number of plasticizer-
plasticizer bonds increases, which can give risphase separation by forming
glycerol enriched zones and polysaccharide-plasticizones. The starch-
plasticizer ratio at which this phase separaticcuce depends on the type of starch
and the relative humidity conditions. Berga al (2008) reported two glass
transition temperatures in cassava starch filmsibated to the starch enriched
phase and to the glycerol phase respectively, gakito account the fact that the
glass transition temperature of glycerol rangesvéen -50 and -80°C, depending
on the water content (Clauay al, 1997).

Considering that recrystallinization phenomenatarch films occur, starch
films are greatly affected by ageing (defined by tsiorage time), inducing
important physical and chemical changes in thesfilproperties (Delvilleet al,
2003; Famaet al, 2007; Jiméneet al, 2012) that could affect their functionality
as a consequence of the reassociation into cligstalegments and, thus, in
amorphous and crystalline zones. Generally, stheded films become stronger
and stiffer but less flexible after several weekstorage (Jiméneet al, 2012).
However, Maliet al (2006) did not report significant differencesTi® and EM
values of cassava, corn and yam starch based €itm&ining 20% of glycerol,
though these films were less deformable as stdrageincreased. They concluded
that the crystallinity of starch films increaseck ttonger they were stored and
glycerol-free films were more seriously affectelde tplasticizer seemed to limit

crystal growth and recrystallization due to theerattion with the polymeric
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chains. However, neither Madit al (2006) nor Jiméneet al (2012) reported
significant differences in water vapour permeapiilues as a consequence of the
storage time.

Liu (2005) affirmed that stored films are expectedexhibit lower carbon
dioxide permeability values due to their increaspgtallinity. In this way, Garcia
et al. (2000b) reported lower values of €@ermeability for corn starch and
amylomaize stored films (20 days at 20°C/63.8 % RH)omparison with newly
prepared ones. The,@nd CQ permeability values of newly prepared films are
compared in Table 4. Carbon dioxide permeatesrfaséam oxygen, probably due
to its greater solubility in the water moleculegto# film. Gontarcet al (1996) and
Alves et al (2010) observed similar behaviour for wheat giutdims and
composite films based on kappa-carrageenan/pedénd® and mica flakes,

respectively.

Effect of lipid addition and hydrocolloid mixture

The incorporation of lipophilic materials can etigely modify starch film
properties, improving the barrier properties ofatdilms to water vapor due to an
overall increase of the film's hydrophobicity (Jinezet al, 2012; Garciat al,
2000a). The optimum lipid concentration dependshenuse of the film and it is a
balance between the hydrophilic-hydrophobic ratid the crystalline-amorphous
ratio (Garciaet al, 2000a). Adding saturated fatty acids to corncstéilms did not
notably improve the water vapour transfer of noeehdilms and saturated fatty
acids only provoked a slight reduction in wateroappermeability as compared to
oleic acid (Jiméneet al, 2012; Fakhouret al, 2009). However, Garciet al,
2000a observed that by increasing the sunflowecaikcentration above a critical
ratio, the water vapour permeability of starch §ilralso increased due to the
migration of the oil and the decrease of the cilgeaamorphous ratio. They

observed that films containing oil showed loweridasenthalpy values, which
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were associated with a lower crystalline-amorph@i®. Jiménezt al, (2012)
observed that corn starch-fatty acid films alsoedigyed crystallinity throughout
the storage time, which implied an increase infilng's stiffness and brittleness
and a loss of stretchability, gloss and transparenc

Since the physicochemical properties of starch dddms are limited by
their degree of crystallinization, recent studieséh analysed the effect of other
carbohydrates, such as agar, chitosan and celjuosmatrices mixed with starch
in order to improve the physico-chemical propertiefs the films. Table 6
summarizes some of these studies. Films made wgdr and starch were
elaborated by Wt al (2009b) and Phan Thet al (2009) and tested for their
potential use as food packaging. They used Fotraasform infrared
spectroscopy (FTIR) to demonstrate that agar aatistwere compatible and the
addition of agar improved the microstructure ofctafilms as well as the tensile
and water vapor properties at high moisture costgrbbably due to the fact that
the addition of agar could restrain the mobilitystdrch chains, thus preventing the
starch retrogradation. Similarly, Ghanbarzadshal (2010) affirmed that the
carboxyl-methyl-cellulose-starch-glycerol compositins show better physico-
mechanical properties than starch films. Howeveriilldd et al (2009a)
demonstrated that films with cellulose fibers warere crystalline and had higher
tensile strength and rigidity, although the additiof these fibers increased the
stability of starch based films submitted to relathumidity variations, solving the
problem encountered with these types of films.

Likewise, several studies analyzed the effect @bshn on starch based films
(Fernandez-Cerveraet al, 2004; Mathew & Abraham, 2008; Bourtoom &
Chinnan, 2008; Sheet al, 2010; Zhonget al, 2011) and underlined the known
antimicrobial property of this carbohydrate. In dbe pieces, although the
mechanical resistance of starch films was imprdwgdhitosan addition, oxygen

permeability, water vapor permeability and watdulsitity all decreased.
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The reinforcement of starch based films

As has been commented on previously, starch filrasveostly water-soluble
and exhibit poor mechanical properties (Carva#itoal, 2001). One way to
mitigate these drawbacks is the reinforcementarcht films by using organic and
inorganic fillers to form biocomposites, as hasrbeeported in different works
over the last few years. The resistance to watekvéder vapour barrier) can be
improved by adding microparticles (Carvalébal.,, 2001) or nanopatrticles (Tang
et al. 2009; Yuet al, 2009). Mechanical resistance of starch basewsflhas also
been improved by using different reinforcement aganich as clays (Carvalled
al., 2001; Avellaet al, 2005) or cellulosic fibers (Curvekt al, 2001; Miilleret
al., 2009b).

Carvalho et al (2001) used kaolin (a hydrate aluminosilicate) as
reinforcement agent in a thermoplastic starch malfiey found that when kaolin
was added, at 50 per cent (dry basis), to thermsbplatarch, the elastic modulus
and tensile strength showed an increase with redpethe clay-free matrix of
around 130 and 50 %, respectively. Furthermoreatidition of 20 phr of kaolin
allowed the moisture uptake to be reduced sigmiflgain comparison with the
pure starch matrix.

The addition of nanoparticles is also an optionntodify positively the
properties of starch films. A nanoparticle is atrafine particle in the nanometer
size order (Hosokawat al, 2008) which is able to form nanobiocompositméil
when it is combined with natural polymers (Falguetal, 2011). According to
Rhim and Ng (2007), the nanometer-size dispersiogn polymer-clay
nanocomposites exhibited a large-scale improvenienthe mechanical and
physical properties in comparison with pure polyraeiconventional composites.
Tang et al (2009) obtained a starch/poly(vinyl alcohol) hégdadable film
reinforced with silicon dioxide nanoparticles. Thddition of the reinforcement

agent improved the mechanical resistance of thgngpel without affecting the
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final biodegradability of the film. The addition ofanoparticles is also able to
reduce the water vapour permeability of starch dditms, as has been mentioned
above. In this way, Yet al (2009) used ZnO nanoparticles in combination with
pea starch and found that water vapour permealiétreased markedly with the
addition of nanoparticles. They related this phesoom to the introduction of a
tortuous path for water molecules to pass througbd tb the presence of the
nanoparticles in the matrix (Kristo & BiliaderiQ@7).

Besides the improvement in water and mechanicasteaxe of reinforced
films, some studies on the influence of reinforcetragents in the glass transition
of the polymer were carried out. Carvaktoal (2001) found that Tg diminished as
the kaolin microparticle content increased, andteel this to the heterogeneity of
the matrix. On the contrary, Curvekt al (2001), working with regular corn
starch, reported an increase in the glass trandiimperature as a consequence of
the addition of cellulosic fibers, in agreementhaitater sorption experiments. The
physicochemical properties of starch-cellulosic posites and starch-cellulosic
fiber blends have been reviewed by ArvanitoyannisKé&ssaveti (2009) and

Véazquez & Alvarez (2009), respectively.

Incorporation of functional compounds and applicatbns of starch based films
Edible and biodegradable films and coatings can fdmenulated with
antimicrobial and antioxidant ingredients to impeothe overall protection they
provide. As regards the antimicrobial effects, @sdtn has shown great potential to
be used in packaging for food preservation agaiastwide variety of
microorganisms due to the fact that it shows amwfiofiial activity (Duttaet al,
2009). Several studies evaluated the effectivemdsshitosan in starch films
(Vasconezt al, 2009; Zhakt al, 2004; Zhonget al, 2011). For instance, Salleh
et al (2009) reported that adding chitosan to plagitigtarch films containing 8%

lauric acid led to material with good antimicrob&aid oxygen barrier properties,
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showing an oxygen transmission rate reduction of 9dith respect to pure

chitosan. Vasconezt al (2009) observed a decrease in water vapour péilitga

values of starch/chitosan films, which was attiouto the fact that chitosan is
more hydrophobic than starch (Bangyeketnal, 2006). In addition, hydrogen
bond interactions between tapioca starch and ehitweduce the availability of
hydrophilic groups, diminishing their interactiowith water molecules. They also
observed that when chitosan coating was appliedalmon fillet pieces, the

antimicrobial effectiveness was greater than whiitosan-tapioca starch blends
were applied.

In more recent work, Pylet al. (2010) obtained a starch based film with both
antioxidant and antimicrobial effects, by using ni@nacid (a water-soluble
polyphenol containing sugar esters and phenol ggficoacids). They studied the
effect of adding tannic acid to the corn starchrinaand found antimicrobial
activity againstEscherichia coliO157:H7 andListeria monocytogeneand an
antioxidant effect on soybean oil.

One of the main problems of precooked meat prodigtthat they are
susceptible to lipid oxidation, which results irraamcid flavor during refrigerated
storage (St. Angeloet al, 1987; Love, 1988). Edible coatings containing
antioxidant have been studied as an alternativeottrol the quality of these
products. For instance, coatings of starch-alginstirch-alginate-tocopherol and
starch-alginate-rosemary have been reported taceedtf-flavours in precooked,
refrigerated pork chops and beef patties (Hargeadddn,et al, 1995; Ma-
Edmondset al, 1995, Handleyet al, 1996). Films containing tocopherol were
more effective than the tocopherol-free controlas ¢ al (2001) reported that
starch-alginate-stearic acid composite films weffecdve at controlling lipid
oxidation, off-flavours and moisture loss in preked ground beef patties.
Nevertheless, these films were not as effectivepalyester vacuum bags at

retarding moisture loss and lipid oxidation.



1. Introduccion 41

Ediflex®, an extruded hydroxypropylated high-amyostarch film, was
developed and used as a wrap for frozen meats auoliryp in the late 1960s
(Anonymous 1967; Kroger & Igoe, 1971; Morgan, 19%acharow, 1972). It was
flexible, a good oxygen barrier, oil-resistant dret-sealable, and was effective at
protecting meat products during frozen storage. ddaing also dissolved during
thawing and cooking (Kroger & Igoe 1971; Morgan 19%acharow 1972).

Besides avoiding lipid oxidation, packaging haséoable to limit moisture
transfer. For example, edible starch based films regdard microbial growth by
lowering the water activity within the package,r#i®y reducing drip loss of meat
products and binding water that otherwise wouléwelable for microbial growth
(Wonget al, 1994).

Nowadays, several starch based films are commiexdkl For instance,
Novamont, an Italian company, commercializes MaiterB starch based material
available in granular form that can be processeithe@snoplastic material to form
films or bags. Other available products are BioNR& commercialized by
Bioenvelope (Japan) and BIOPAR® (Biop Biopolymer chiiologies AG,

Germany) which is a material based on potato stanchfully biodegradable.

5. CONCLUSION

Starch is becoming an environmentally-friendly ralggive to petroleum-
based polymers due to its low cost, biodegradsglalitd its capability to form films
by thermoplastic processing. Starch films have beletained by casting or by
thermal processing when thermoplastic starch wasd.ug great number of
components have been added to the matrix, andggeegiables changed, in order
to improve film properties. When the conditions aptimized, the obtained films
are transparent, odourless, tasteless and colsuréth good mechanical, barrier

and optical properties. Nevertheless, retrogradapibenomenon and the highly
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hydrophilic nature of starch films limit their usdfiess. The incorporation of some
additives, such as lipids, other hydrocolloids einforcement agents, can solve
these problems to quite an extent, giving rise toremstable materials with
improved properties. However, most of the studiggehbeen carried out by using
casting methods with very limited industrial apption. More studies using
thermal processing are required in order to opgnfrmulation of starch films
that can be produced on a commercial scale. Irsthrise, the analysis of nano and
microstructural changes occurring in the starchriceg as a function of the
composition and process conditions, and their imlato the film properties, is

necessary to optimize film formulation and procemsditions.
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1. OBJETIVOS

1.1. OBJETIVO GENERAL

El objetivo general de la presente tesis doctooaisiste en desarrollar y
caracterizar films biodegradables a base de almigomaiz y glicerol, evaluando
la influencia de la adicibn de componentes lipidicotros biopolimeros y
compuestos bioactivos (antioxidantes y/o antimiienods) sobre las propiedades
fisicas y estructurales relevantes en su funcidadlcomo materiales de envase o

recubrimiento.

1.2. OBJETIVOS ESPECIFICOS

¢ Analizar la influencia de la adicion de acidos geasaturados (palmitico y
estedrico) e insaturados (acido oleico) sobrerasigdades fisicas (mecanicas,
Opticas y de barrera al vapor de agua) y microetstrales de films de almidén
acondicionados a distintos tiempos de almacenamieevaluando la
cristalizacion de los componentes mediante diftacde rayos X.

% Analizar la capacidad de adsorcion de agua de fdmsalmidon y acidos
grasos en funcion de la temperatura y la humedativeey su relacion con los
fendbmenos de cristalizacion (analizados por diféacde rayos X), transicion
vitrea de la matriz polimérica y fusién de losdis y el comportamiento
mecénico de los films.

% Evaluar la influencia de la adicion de hidroxiptopgtilcelulosa, las

condiciones de homogeneizacion de las dispersimmesgdoras de films y el

tiempo de almacenamiento, sobre las propiedadesroesitucturales,
mecanicas, opticas y de barrera (vapor de agudgemns) en films a base de

almidon de maiz y glicerol.
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Analizar el efecto de la adicién de caseinato ddiosen las propiedades
microestructurales, mecanicas, opticas y de ba(vaor de agua y oxigeno)
de films de almiddn en distintas condiciones deagknamiento.

Evaluar el efecto de la adicibn de &acido oleico wiocoferol en las
propiedades de films de almidon y caseinato sdaitavés del andlisis de las
propiedades microestructurales, mecanicas, opyicdes barrera asi como su
capacidad antioxidante a diferentes tiempos decanzamiento.

Desarrollar films a base de almidén y caseinatosaidio con propiedades
antimicrobianas, incorporando nanoliposomas poresdode compuestos
activos (aceite esencial de naranja y D-limonene$tydiando la influencia de
la adicion de nanoliposomas (con y sin compuesids/os) sobre las

propiedades de las dispersiones formadoras deikieslos propios films.
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El almidén presenta la ventaja, frente a otros diiogeros, de que puede
procesarse industrialmente con las técnicas coiomales de los materiales
termopléasticos, gracias a que presenta termopbeic cuando se combina con
una cantidad adecuada de plastificante. Sin empam@mo ocurre con otros
polisacaridos, presenta dos inconvenientes dergtawancia. Por un lado se trata
de un polimero muy hidrofilico, y por tanto, muynsible en sus propiedades a la
accion de la humedad. Por otro lado, presenta fenésmde retrogradacion, que
comprometen seriamente el comportamiento mecamidogdfilms formados y su
evolucion con el tiempo, dependiendo de la condascambientales.

En una primera aproximacion para minimizar estoblpmas se adicionaron
acidos grasos (saturados e insaturados) a las lawiones de los films de
almidon-glicerol y se estudio su influencia solbwmecemportamiento. Este trabajo
constituye el Capitulo 1 del presente apartadoé&ie se recojen una serie de
analisis realizados en los films acondicionadostehumedad durante una semana
(tiempo inicial) y durante cinco semanas (tiemp@li donde se evaluan distintas
propiedades como son las propiedades mecénicasraga y opticas, en relacion
a la microestructura y a los fenébmenos de crigtei@n observados mediante los
espectros de difraccion de rayos X. Por otra pageanalizé la capacidad de
adsorcion de agua de los films, las transicionedade, la cristalizacion y el
comportamiento mecénico de dichos films en condisovariables de humedad
relativa y temperatura.

En base a los resultados obtenidos que se recogehmimer capitulo, se
opté por utilizar la mezcla con otros polimeros ceh fin de limitar la
retrogradacién del almidén con el tiempo. En estatido, en el Capitulo 2 se
utilizaron dos polimeros de distinta naturaleza. fmer lugar se utilizé
hidroxipropilmetilcelulosa (de caracter hidrofilicomo el almidén) y en segundo
lugar caseinato de sodio (de caracter anfifili€s).el primer caso, y debido a la

falta de miscibilidad entre ambos polimeros, sdizaton dos tipos de
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homogeneizacién (rotor-estator y microfluidificatié de las dispersiones
formadoras de films, con el objetivo de mejorairgagracion. En ambos trabajos
se analizaron las diferentes propiedades de los fd dos tiempos distintos (1
semana y 5 semanas de almacenamiento) y se realiaaalisis de difraccion de
rayos X para verificar la idoneidad de los polinseemsayados como inhibidores
de la retrogradacion. En relacion a esto, se atdiz distintas proporciones de
polimero para determinar las formulaciones 6ptimas.

Elegida una formulacion éptima a partir de los teslos del capitulo
anterior, en el Capitulo 3 se recogen los resudtaéoun trabajo en el que se evalla
la influencia de la adicién de-tocoferol (antioxidante) y acido oleicen las
propiedades de films a base de almidén y casest@tiwo. En este trabajo
se analizaron las propiedades microestructuralesanicas, opticas y de
barrera asi como la capacidad antioxidante deillms ho almacenados y
almacenados durante cinco semanas.

En el Capitulo 4, tras haber estudiado anteriorendat posibilidad de
incorporar un antioxidante, se evalua la aptitutbddilms compositede almidén y
caseinato de sodio como portadores de compuestori@nbianos de origen
natural (aceite esencial de naranja y su compomeayeritario limoneno). En este
sentido, y para evitar la pérdida de los compuegbtitiles durante el secado de
los films, se realiz6 una encapsulacion de los mssen nanoliposomas de lecitina
de colza y lecitina de soja. Los resultados comedigntes a la caracterizacion de
los nanoliposomas, las dispersiones formadoradrde ¥ los films secos aislados

se recogen en este capitulo.
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ABSTRACT

Starch films are very hygroscopic and undergo atlygation during
processing and storage. In this work, fatty aci@\,(PA and OA) were
incorporated into starch films containing glyceasl plasticizer, in order to reduce
the hygroscopic character of the films and to impravater vapour permeability.
Microstructural, mechanical, barrier and opticabpgmrties were studied in both
non-stored films and those stored for 5 weeksyFatid addition affected the main
properties of films since mechanical resistance dasreased, water vapour
permeability was reduced and gloss and transpangroy reduced. The degree of
starch and FA crystallinity increased with storéigee and gave rise to changes in
film properties: films became stiffer, less effgetias water vapour barriers and
less transparent and glossy. Saturated fatty aege more efficient at reducing
WVP as compared to oleic acid, but these differemterreased after storage due
to the greater increase in crystallization of therfer as it has been observed by X-

ray diffraction.

Keywords: Starch, re-crystallization, SEM, physical propest films storage.
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1. INTRODUCTION

Starch is more and more commonly used to obtaiynped matrices for
packaging due to its wide availability in many matyproducts and low cost (Mali
& Grossmann, 2003; Rodriguez, Osés, Ziani, & Ma@0)6). Furthermore, it is
known to be completely biodegradable in soil andtewawhich is of great
advantage from the environmental point of view (Kaerapappun, Aht-ong,
Pentrakoon, & Srikulkit, 2007). In starch biopolyise physical and chemical
changes, associated with retro-gradation, whiclurodaring ageing have a great
impact on the material properties (Delville, Jdbgle, & Bliard, 2003) affecting
the material functionality. Retro-gradation impligsat starch molecules are
reassociated into crystalline zones. Several wpdkst out that initial crystallinity
of starch films depends on the drying temperaturé eelative humidity (Liu,
2005) as well as the chain lengths, concentratfstasch, pH and composition of
the system. The development of the degree of dlipdtha of starch films during
storage (ageing) is greatly affected by the storagaeditions, such as the
temperature, relative humidity and time (Osés, &edez-Pan, Mendoza, & Maté,
2009). For instance, if the storage temperatuttgigher than the glass transition
temperature (Tg), starch matrix tends to cryswllithus, even though recently
prepared starch films are almost amorphous (Gaktéatino, & Zaritzky, 2000a;
Myllarinen, Buleon, Lahtinen, & Forssell, 2002; Riav-Westling, Stading,
Hermansson, & Gatenholm, 1998), in time they dgvehystallinity (Garciat al.,
2000a). As a consequence, starch films usually hecstronger, stiffer and less
flexible (Forssell, Mikkila, Moates, & Parker, 1997

Similarly to many polysaccharide based films, pstegch films are too brittle
and need the incorporation of plasticizers to mtkem easier to handle and
achieve the optimum mechanical properties. Plastisireduce the cohesive forces

in hydrocolloid films, through the limitation of termolecular forces responsible
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for the chain-to-chain interactions, which allowsstdrawback to be overcome. So,
plasticizers improve flexibility, elongation andughness of films and they must be
compatible with the film forming polymer (Sothortnd Krochta, 2005). In this
sense, different polyols such as glycerol (Rodr@teal, 2006; Fama, Goyanes &
Gerschenson, 2007; Talja, Helén, Roos & Jouppil®7® xylitol (Taljaet al,
2007) and sorbytol (Pagella, Spigno & De FaverD20Taljaet al, 2007) have
been used in edible film formation. Nevertheles$geg that polyols plasticize the
polymer matrix, they can favour crystallization hese of the increase in the
polymer chain mobility. However, previous studiatoiyam starch films, did not
report a significant effect of glycerol on the aosgé re-crystallization throughout
film storage (Mali, Grossmann, Garcia, Martino & rifzy, 2002). In
thermoplastic starch (TPS), obtained by the exdrusif potato starch, an increase
in crystallinity was obtained when the amount gfcgrol was reduced in the blend,
which is attributed to the greater viscosity of thlend, thus implying greater
orientation requirements of the amylose for cryigaion (Van Soest, Hulleman,
de Wit & Vliegenthart, 1996a).

In some biopolymer matrices, such as polylacticda@LA), polyol
plasticizers also induce hydrolysis parallel tostajlization (Courgneau, Domenek,
Guinault, Avérous & Ducruet, 2011). This may indube formation of a less
dense polymer network which favours the mobility sshall molecules, thus
promoting the film permeability. Hydrolysis of th&tarch polymer chains is
promoted during the processing of TPS, mainly du¢he effect of shear stress
forces. This is inhibited by the presence of geaabunts of glycerol because of the
lower requirements of shear forces in these lexouis systems (Carvalho, 2008).

Fatty acids have been incorporated into the biaopelyfiims in order to
reduce their water vapour permeability (Zahedi, ihizazadeh, Sedaghat, 2010;
Jiménez, Fabra, Talens & Chiralt, 2010, Fabra, dengAtarés, Talens & Chiralt,
2009a; Fernandez, Diaz de Apodaca, Cebrian, MilagdMaté, 2007), which is
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relatively high in polysaccharide based films, sashstarch, due to their highly
hydrophilic nature (Kester & Fennema 1986; Lacr&ixe Tien 2005). Several
works reported the formation of amylose-fatty acidmplexes (Biliaderis &
Seneviratne, 1990ab; Kugiyama & Donovan, 1981; &ite& Holms, 1993; Singh,
Singh & Saxena, 2002) that may affect the staidah ffiroperties and crystallization
behaviour during the film formation and storagen\&oeset al. (1996a) reported
that by means of X-Ray diffraction no long rangelesr crystalline forms are
observed, although by solid state NMR spectroscoipy, presence of a single
helical conformation of amylose and the occurrentea fatty acid methylene
resonance are evident (Morisson, Law & Snape, 198Rarison, Tester, Snape,
Law & Gidley, 1993b). This suggests a rather impetrfattice organisation of the
amylose complexes in the system. Extrusion cookihgnanioc starch in the
presence of fatty acids, caused the formation af kwng range order amylose
crystal structures (Mercier, Charbonniere, Grel8aG@ueriviere, 1980). The single
helical structure, stable at low moisture contatisforms into another crystalline
form by increasing the water content of the sanfidlercier, 1989). So, differences
between the two morphologies can be found in agamegt of the single helices in
the crystal lattice, depending on the starch pmingsconditions. On the other
hand, fatty acids (palmitic and steric acids) hdneen seen to reduce glass
transition temperature of the gelatinized corncétdilms containing glycerol at
low water contents (below 10 %) (Jiméretzal, unpublished results) which will
also affect the diffusion dependent film properties

In this work, the influence of fatty acids, satexh{palmitic and stearic acids)
and unsaturated (oleic acid), on the microstruttana physical (tensile, optical
and water vapour permeability) properties of stdiths was analysed, in both
newly prepared films and those stored for 5 wedRgystallization of film

components during storage was analysed througly Xiffraction.
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2. MATERIALS AND METHODS

2.1. Materials

Corn starch was purchased from Roquette (RoqueialEspafa, Benifaio,
Spain) Fatty acids (minimum purity 96%) were ob¢égirfrom Panreac Quimica,
S.A. (Castellar del Vallés, Barcelona, Spain). Thity acids used were palmitic
(PA, C16:0), stearic (SA, C18:0) and oleic (OA, 18 Glycerol was also

provided by Panreac Quimica, S.A. as plasticizer.

2.2. Preparation and characterization of films

Four different formulations based on starch, glgtend fatty acids were
prepared. Corn starch was dispersed in water irerotd obtain 2 % (w/w)
polysaccharide suspensions. These dispersions mergained, under stirring, at
95 °C for 30 minutes to induce starch gelatinizatidfterwards, plasticizer was
added in a starch:glycerol ratio of 1:0.25 and elisppns were homogenized
(23,500 rpm for 1 min and at 20,500 rpm for 5 nahP5 °C, under vacuum, using
a rotor-stator homogenizer (Ultraturrax T25, Jaakd Kunkel, Germany). In the
case of emulsions containing fatty acids (1:0.Hscétfatty acid ratio), these were
incorporated prior to the homogenization step. Twmogenization at high
temperature favoured the lipid dispersion in theteay.

Newly homogenized film forming dispersions, contain 1.5 g of total
solids, were spread evenly over a Teflon castiatgep(1l5 cm diameter) resting on
a level surface. Films were formed by drying fopaximately 60 h at 45% RH
and 20 °C. These conditions were established pfefious experiments to ensure
that homogeneous, flawless films were obtainedaAtigher relative humidity,
films did not dry adequately. Dry films could beeped intact from the casting
surface. Film thickness was measured with a Paldigital micrometer to the

nearest 0.0025 mm at 6 random positions.
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2.2.1. Film equilibration and storage

To characterize the films, samples were equililoratedessicators at 25 °C
and 53 % RH, by using magnesium nitrate-6-hydratarated solutions (Panreac
Quimica, SA, Castellar del Vallés, Barcelona) foreoweek where the first
analyses were carried out. One part of the sampées stored under the same

conditions for five weeks, when the second seriemalyses was performed.

2.2.2. Moisture content
Film samples were dried at 60 °C for 24 h in a retconvection oven and
another 24 h in a vaccum oven in order to deterrthiegd moisture content. The

reported results represent the average of, at keastsamples.

2.2.3. Tensile Properties

A universal test Machine (TA.XTplus model, StableicM Systems,
Haslemere, England) was used to determine theldestiength (TS), elastic
modulus (EM), and elongation (E) of the films, actog to ASTM standard
method D882 (ASTM, 2001) EM, TS, and E were deteedifrom the stress-
strain curves, estimated from force-distance dataioed for the different films
(2.5 cm wide and 10 cm long). Equilibrated samplese mounted in the film-
extension grips of the testing machine and stretettés0 mm mifi until breaking.
The relative humidity of the environment was haddstant at 53 (+2) % during the
tests, which were performed at 25 (1) °C. At {esis replicates were obtained

from each sample.

2.2.4. X-ray diffraction

X-ray diffraction patterns were recorded using agdRu Ultima IV
multipurpose X-ray diffraction system (Rigaku Comtion, Tokyo, Japan). All
samples were analyzed at 25°C and 53% RH, betw@&en52 and 2 = 50° using
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Ka Cu radiation = 1.542 A), 40 kV and 40 mA with a step size &2°. For this
analysis, samples were cut into 2 cm squares, fwigtorage, in order to avoid

breakage during handling.

2.2.5. Water Vapour Permeability (WVP)

WVP of films was determined by using the ASTM E%b-§ravimetric
method, taking into account the modification pragabsy Mc Hugh, Avena-
Bustillos & Krochta (1993). Films were selected kP tests based on the lack
of physical defects such as cracks, bubbles, drgbés. Distilled water was placed
in Payne permeability cups (3.5 cm diameter, Eldem&PRL, Hermelle /s
Argenteau, Belgium) to expose the film to 100 % &MHone side. Once the films
were secured, each cup was placed in a relativediyrequilibrated cabinet at 25
°C, with a fan placed on the top of the cup in oitdereduce resistance to water
vapour transport, thus avoiding the stagnant lajfect in this exposed side of the
film. RH of the cabinets (53 %) was held constasihg oversaturated solutions of
magnesium nitrate-6-hydrate (Panreac Quimica, SAstélar del Vallés,
Barcelona). The free film surface during film forma was exposed to the lowest
relative humidity to simulate the actual applicatiof the films in high water
activity products when stored at intermediate retahumidity. The cups were
weighed periodically (0.0001 g) and water vapoansmission (WVTR) was
determined from the slope obtained from the regpasanalysis of weight loss data
versus time, once the steady state had been reatitieied by the film area.

From WVTR data, the vapour pressure on the filmiser surface (p2) was
obtained with eq 1, proposed by McHughal (1993) to correct the effect of

concentration gradients established in the stagaiagap inside the cup.
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PD El_n[P_ P,

(-]
WVTR= P

Equation 1
R0 [Az

whereP, total pressure (atml, diffusivity of water through air at 25 °C {fe); R,
gas law constant (82.057 x1@® atm kmof* K™); T, absolute temperature (K);
Az, mean stagnant air gap height (m), consideriegrttial and finalz value;p,
water vapour pressure on the solution surface (a&ngp,, corrected water vapour
pressure on the film’'s inner surface (atm). Watgrour permeance was calculated
using eq 2 as a function pf andps; (pressure on the film’'s outer surface in the

cabinet).

WVTR .
permeance ——— Equation 2

P, = Ps

Permeability was obtained by multiplying the permeaaby the average film

thickness.

2.2.6. Scanning Electron Microscopy (SEM)

Microstructural analysis of the films was carriedt doy SEM using a
scanning electron microscope (JEOL JSM-5410, Japkin samples were
maintained in a desiccator with@ for two weeks to ensure that no water was
present in the sample. Then, films were frozenidoid N, and cryofractured to
observe the cross-section of the samples. Filme \iered on copper stubs, gold

coated, and observed using an accelerating voitage kV.
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2.2.7. Atomic Force Microscopy (AFM)

The surface morphology of dried film samples (ebtaited with BOs) was
analyzed by using AFM with a Nanoscope lll.a, SéagpnProbe Microscope
(Digital Instruments, Inc. Santa Barbara, Califajnvith a 125 x 12fum scan size
and a 6um vertical range. The resulting data were transéarrimto a 3D image.
Measurements were taken from several areas ofilthestirface (50 x 5Qum)
using the tapping mode. According to method ASMB B4ASME, 1995), the
following statistical parameters related with samnpbughness were calculated:
average roughnesB{ average of the absolute value of the height dievia from
a mean surface), root-mean-square roughngsr¢ot-mean-square average of
height deviations taken from the mean data plalefinimum of three replicates

were considered to obtain these parameters.

2.2.8. Optical Properties

The film transparency was determined by applyirgKiabelka-Munk theory
(Hutchings, 1999) for multiple scattering to thdleetion spectra. The surface
reflectance spectra of the films were determinenfr400 to 700 nm with a
spectrocolorimeter CM-3600d (Minolta Co., Tokyopda) on both a white and a
black background. As the light passes throughithe it is partially absorbed and
scattered, which is quantified by the absorptidf) @nd the scatteringS
coefficients. Internal transmittance;)( of the films was quantified using eq 3. In
this equationR, is the reflectance of the film on an ideal blackckground.
Parameters andb were calculated by eqs 4 and 5, whRris the reflectance of
the sample layer backed by a known reflectaRgeMeasurements were taken in

triplicate for each sample on the free film surfdaeing its drying.

— [(a_p \2_p2
Ti=y(@=Ro)"~b Equation 3
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1 R, ~R+R, _
a=—[JR+—— Equation 4
2 RoR,
— (a2 _ 12
b=(@"-1) Equati®n

The gloss was measured on the free film surfacengluts drying, at 60°
incidence angles, according to the ASTM standar@®Bethod, (ASTM, 1999),
using a flat surface gloss meter (Multi Gloss 269jnolta, Germany).
Measurements were taken in triplicate for each $ampd three films of each
formulation were considered. All results were egpgezl as gloss units, relative to a

highly polished surface of black glass standarth wivzalue near to 100.

2.3. Statistical Analysis

Statgraphics Plus for Windows 5.1 (Manugistics CoRmckville, MD) was
used for carrying out statistical analyses of ddw@ugh analysis of variance
(ANOVA). Fishers least significant difference (LSD) was used a ©5%

confidence level.

3. RESULTS

3.1. Microstructural properties

Film components (polysaccharide, lipids and plasig can be arranged in
different ways in the dried film, depending on tieture of the hydrocolloid and
the interactions between film components developedthe film forming
dispersions and during film drying. Interfacial $&n between the two liquid
phases (starch-glycerol solution /fatty acid) w#termine the dispersion feasibility
of the components. In this sense, the surfactamraof fatty acids is remarkable

as is, furthermore, the high temperature during ehsulsification step which
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decreases interfacial tension, favouring the foimnabf small droplets in the
dispersed phase. The smaller the droplets, thetegréae emulsion stability
(Dickinson, 1988). Water evaporation during thenfitlrying induces structural
changes in dispersion, such as an increase in ewatien and viscosity which, in
turn, affects its stability. Flocculation and caaence phenomena of the dispersed
phase are promoted by the concentration increasendren lipid aggregates reach
a critical value, difference in density betweendipnd continuous phases provokes
creaming or the migration of lipid aggregates t® film surface. Ostwald ripening
could also contribute to the increase in the sizlpal aggregates, but the water
solubility of fatty acids is too low for the quatative progression of this
destabilization mechanism (Dickinson, 1988). Therease of the viscosity of the
continuous phase, due to water loss, mitigatethale phenomena, but they can
occur to quite an extent. In the case of gellindrbgolloids (such as starch or
other polysaccharides) the gelling process canrbeqed during this period. All
of this determines the final arrangement of comptsén the film and its internal
and surface structure which affect transport, meiciad and optical properties.
Different studies revealed significant correlatiobpstween microstructural and
functional properties of films (Villalobos, Changnblernandez, Gutiérrez, &
Chiralt, 2005, Fabra, Talens, Chiralt, 2009b; So@zerqueira, Casariego, Lima,
Teixeira, & Vicente, 2009; Jiménet al, 2010). In this work, the microstructure
of the cross sections of the films was qualitativeshalyzed by using SEM and the
surface structure was analyzed through AFM.

SEM micrographs of the cross-section of starchdéibas (with and without
lipid) are given in Figure 1. While control film&ewed a continuous and smooth
aspect, the addition of saturated fatty acids (ftedrand stearic acids), as well as
the oleic acid, gave rise to a heterogeneous filtrimmdue to presence of the lipid

dispersed phase in the starch-glycerol matrix.
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Starch-Gly-SA Starch-Gly-OA

[ E0um 2 I Gy

Figure 1. SEM micrographs of the cross-sections diie studied films.

The degree of heterogeneity depended on the nattine lipid. For a same energy
input, the droplet size of the initial emulsionydepends on the interfacial tension
of liquid phases (McClements, 2005), this being/\&@milar for the different fatty
acids. Nevertheless, saturated fatty acids (SFé&ns® be more finely distributed
in the polymer matrix giving rise to a more homoges network where particles
can hardly be appreciated in the continuous matrhile OA can be more clearly
observed in droplet form, dispersed in the polymetwork. In this sense, it is
remarkable that only voids of the oleic acid dréplean be seen in the
micrographs, which suggests that the liquid lipidthe observation temperature
evaporated under the high vacuum conditions in SEM observations. These
results differ from that previously observed (Fahiaménez, Atarés, Talens &

Chiralt, 2009a; Jiméneat al, 2010) for other polymer matrices (sodium cageina
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and hydroxyl-propyl-methylcellulose) where the sated fatty acids (lauric,
palmitic and stearic acids) were clearly separated dispersed phase forming a
multilayered structure where layers are constitigdipid crystals. The formation
of this type of structure was attributed to thedimolecular self association in the
initial dispersion (lamellar phase) which progresdering drying, leading to the
final crystallization of fatty acids in the polymeratrix (Larsson & Dejmek, 1990).
The formation of these multilayered structures tyezontributed to the reduction
of film capacity for mass transfer since they repreéed a perpendicular resistance
to mass flow. The fact that SFA did not form thiedkof structures in the starch
matrix suggests that other lipid-starch interactiarccur in the film forming
dispersion, such as the formation of the amylo#ig-fecid complexes, described
by other authors (Singlet al, 2002), thus limiting the lipid self association
phenomena and its final laminar crystallizationhia dried film.

For oleic acid, the different microstructural agament, observed in the
polymer matrix, where lipid droplets appear disitdd throughout the cross-
section micrograph, could be due to the fact tisaton linear chain (because of the
double bond) makes the formation of complexes withhelical conformation of
amylose difficult. In previous studies where ola@d was incorporated to sodium
caseinate and HPMC matrices, no visible droplet®Afwere observed by SEM
which indicates that OA was better integrated tmathe starch matrix. In these
studies, no layers of OA were obtained probablytdube fact that no bi-layer self
association of lipid molecules occurred, althoutffeomolecular interactions were
developed (Fabra, Talens & Chiralt, 2010a).

The surface structure of the films analyzed throdgM is shown in Figure 2
where the 3D plots obtained for the height of tifra fvith respect to a reference

plane are plotted.
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 STARCH-GLY « | STARCHGLY-PA

! STARCH-GLY-SA . | . STARCH-GLY-OA

Figure 2. 3D-plots obtained from AFM of films with and without fatty acids.

Table 1 shows the values of the roughness parasnéRa and Rq) which
guantitatively described the 3D images. A similattgrn was observed for Ra and
Rqg parameters. Films containing oleic acid showes lighest Ra and Rq, as
compared to the control film (without lipid) andnfis containing saturated fatty
acids. This can be attributed to the low degreiatefyration of the oleic acid in the
starch matrix, as can be observed in Figure 1.
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Table 1. Mean values (and standard deviation) of rghness parameters

obtained from atomic force microscopy. (Three image were analyzed in each

case).
Film Ra (nm) Rq (nm)
Starch-Gly 87 (26) 120 (30§
Starch-Gly-PA 43 (4) 60 (7}
Starch-Gly-SA 63 (15) 78 (17§

Starch-Gly-OA 200 (96) 230 (140)

@b Different superscripts within a column indicatgrsficant differences among formulations (p < 0.05)

This lesser degree of integration probably alsoumccn the film forming
dispersion, with the formation of large lipid aggmées (no complexes with
amylose). The formation of great lipid dropletsdaks their migration to the film
surface during film drying, giving rise to surfaosughness. Palmitic and stearic
acids did not significantly (p<0.05) modify Ra aRd values of control films,
although the mean values tend to decrease whena&-Mcorporated. The great
roughness of the fat free film, revealed by thesenee of white spots on the
surface, could be due to the re-crystallizatiorammiylose during film drying, after
the homogenization step. Film forming dispersiors wast at 95°C and, during
cooling, the helical conformation of amylose cobkl formed on the film surface
where fast evaporation and cooling occur. The hAeblenylose could form larger
crystalline aggregates at the film surface thanidenghe film, where slower
temperature and water content reduction occurs.iffteenal zone of the film did
not show these crystalline forms probably becaume hHelical forms did not
aggregate to such an extent that they could bedxat the magnification used in
SEM. These crystalline formations can also occuaiturated fatty acid containing
films, where the linear chains of the lipid weretrapped in the helical

conformation of amylose (Singdt al, 2002).
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Directly related with the film microstructure afeetoptical properties of the
films, gloss and transparency, both respectivelgcsdd by the surface and internal
heterogeneity of the structure. Table 2 shows tladues of the internal
transmittance (Ti) of studied films obtained at 500. According to the Kubelka-
Munk theory, high values of Ti are associated wjtbater film homogeneity and
transparency. As previously reported (Fabtral, 2009ab; Jiméneet al, 2010),
lipid incorporation to the hydrocolloid films prokes a decrease in the
transparency due to the differences in the refracindex of dispersed and
continuous phase. The highest Ti values were fdandtarch based films without
lipids (control films), whereas in films preparedtwsaturated fatty acids or oleic
acid Ti values decreased. So, control films exaibihe greatest transparency. No
significant differences (p>0.05) were obtained lestw films containing palmitic
and stearic acids, whereas for OA films, a slighilyer transparency was detected
in line with its larger dispersed particles. No réigant changes in film
transparency were observed due to film ageing @ih lfat-free films and those
containing palmitic acid, although a slight deceeags observed for the two other
cases. This decrease in transparency could be igtgsbdo the formation of
crystalline zones with a different refractive indé®m that of the amorphous
phase.

Gloss of the films at 60° showed great variabilityich means that particles
(such as crystals) on the film surface are heteregesly distributed, giving rise to
a different degree of roughness in the differemtase zones. In non-stored films,
the fat-free film and that containing SA were glesshan those containing PA and
OA.
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Gloss of the films analysed after 5 weeks of stersigpwed the same tendency as
initial films, but, in every case, gloss was reduedter film storage, this reduction
being more significant for SA and OA. The growthcojstalline zones in the film
surface induces more surface roughness, which kealifght dispersion and gloss
loss.

So, optical parameters related with the film mitnasture, revealed the
growth of fatty acid or complex crystals duringrage which provokes a slight
loss of transparency and gloss. This takes plaeestmhtly greater extent for fatty
acid containing films, where the crystallization ludth fatty acid and fatty acid-

amylose complexes can occur.

3.2. Tensile properties

Table 2 shows tensile properties (EM: elastic moslull'S: tensile strength
and E(%): elongation at break) of studied film2aPC and 53% RH. The effect of
lipid addition, type (saturated fatty acid or oleacid) and storage time was
evaluated. Lipid addition in the non-stored film®yoked a decrease in the EM
and tensile strength and elongation at break, éxodape case of oleic acid which
favours the film stretchability (deformation at &kewas duplicated as compared to
the starch film). This was expected since lipidsoduce discontinuities in the
polymer matrix which contribute to a reduction lie tpolymer cohesion forces and,
thus, the film's resistance to break. Size andribigion of solid particles in the
polymer matrix also affect its mechanical propettié fatty acid is better dispersed
as nanopatrticles instead of micro/macro parti¢lesy also could act as a lubricant
for the polymer chain slipping during the film dtiging, thus inducing an increase
in stretchability and no change, or a very smak,dn TS and elastic modulus
(Bonilla, Atarés, Vargas & Chiralt, 2011; Vargasgréones, Chiralt, Chafer &
Gonzélez-Martinez, 2011). So, both phenomena coultlir synergistically or

antagonistically.
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SA made the film shorter (it breaks at the lowesfodnation) and slightly more
rigid (greater EM) and resistant to break than Pikns with PA showed twice as
much deformation at break. Films with OA behavedy\differently, showing a
much lower rigidity and break resistance and twtes the stretchability. Similarly
to that observed in other polymer matrices, oleid aeems to act as a plasticizer
in the starch matrix leading to an increase infiln@s stretchability and flexibility
(Fabraet al 2010a; Monedero, Fabra, Talens & Chiralt, 2008inkR Wu, Weller
& Schnepf, 1999). When SFA were added to sodiureinate EM increased due
to the formation of solid lipid laminar structur@sabraet al, 2009a) which did not
appear in the starch systems. A decrease in thegaion at break was also
observed in this case.

Ageing the film for 5 weeks induced changes ingtach film’s mechanical
behaviour. Whereas elongation at break decreasesverny case, EM and TS
significantly increased. The zone of plastic defation practically disappeared in
the stretching curves after the storage time (Big)r Similar changes were also
observed by other authors analysing starch filmgioed by casting (Mali,
Grossmann, Garcia, Martino & Zaritzky, 2006) omesion (Van Soest, Hulleman,
de Wit & Vliegenthart, 1996b). TS values of alinfig were practically duplicated
during storage, whereas EM and elongation at bebkakged to a different extent
depending on the composition. The smallest chang&M occurred for films
containing SFA, whereas in pure starch films it whglicated and in films
containing OA, it increased tenfold. Deformationbaeak was approximately 3
times lower, except in films containing OA whereviis over 10 times lower. This
indicates that the structural changes which ocduimethe films during storage
depended on the lipid composition. These changes ke related with the
crystallization phenomena that took place in badinch matrix and lipids. In fact,

newly prepared films will show a smaller crystadlifraction due to the fact that,
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during the preparation of film forming emulsiongarsh was gelatinized thus

losing the crystallinity of native starch granules.
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Figure 3. Stress-strain curves of non-stored andated films for 5 weeks.

Nevertheless, during the drying period amylose Bpid re-crystallization can
occur. During the first cooling step after castimigthe film-forming dispersion,
helical conformation of amylose and fatty acid ctemps could be formed that
give rise to crystalline zones in dried film whichay increase in size during
storage if there is enough molecular mobility ie gystem (Roos, 1995). In this
sense, it is remarkable that in films equilibragé®3% relative humidity, the film

glass transition temperature was 37, 22, 32 antCAfr fat free films and those
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containing PA, SA and OA, respectively (unpublisiredults), higher than the
storage temperature (except for film containing fitdy) and so a glassy state is
expected for the amorphous starch matrix with kahitnolecular mobility.

To corroborate the hypothesis about the re-cryssdilbn process in the
dried-stored films, X-ray diffraction patterns diet starch films with and without
lipids are characterized. Figure 4 shows the Xdifyaction spectra of the non-
stored and stored films where the sharp peaks smwraling with crystalline
diffraction can be observed, as stated by Mgkl (2006).

a) —Starch-Gly initial C) —Starch-Gly-SA initial
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Figure 4. X-ray diffraction patterns of non-stored and stored films for 5
weeks.

All the samples showed differences in crystalliniigtween the initial and final
time according to the different area of the pe#éksll spectra, a main peak located
at 20° can be observed which is attributed to téels crystalline region. A similar
peak was previously observed in tapioca starchaserlfilms (Fama, Rojas,

Goyanes & Gerschenson, 2005) and in tapioca stchblorized hsian-tsao leaf
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gum films (Chen, Kuo & Lai, 2009). Other sharp makserved at low and high
angles are attributed to the fatty acid crystals.

For films containing SFA, Figure 4b and Figure o the X-ray diffraction
patterns where the lipid peaks can be observedtim toon-stored and stored films
but in the latter their magnitude increased. Thididates that, as a consequence of
molecular mobility, the lipid crystallization proaggsed during storage. It is
remarkable that, at the initial time, the oleicdafiim showed only the main starch
peak (Figure 4d) but, after storage, four peaksamgu which were characteristic
of fatty acid crystal. This indicates that, despileic acid being liquid at the
storage temperature, its partial crystallizationrsvieduced in the starch matrix.
This can be attributed to the formation of an ocedemolecular arrangement for
AO at the starch lipid interface, which could deyelto form crystals. Oleic acid
molecules will have limited mobility when adsorbéd the interface, thus
promoting the molecule organization into a crystallstructure.

The crystalline zones in the starch films, althoughess quantity than the
amorphous ones, tend to strengthen the films dulkeetdact that they behave like

hard particles.

3.3. Water Vapour Permeability (WVP)

Table 2 shows WVP of starch based films (with aritheut lipid) analyzed
at 25 °C and 53-100 % RH gradient. WVP values hdfi containing SFA
(palmitic and stearic acid) were significantly (p8®) lower than those obtained
for control and films containing oleic acid. Thectiease in the water barrier
efficiency of biopolymer films when lipids were imporated has been reported in
previous works for different types of lipids anddngcolloid matrices, such as
chitosan (Sanchez-Gonzalez, Gonzalez-Martinez alttér Chafer, 2010), HPMC
(Hagenmaier & Shaw, 1990), sodium and calcium ocases (Fabra, Talens &
Chiralt, 2010b), fish water soluble proteins (Tamalshizaki, Suzuki, & Takai,
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2001), iota-carrageenaan (Hambleton, DebeaufomgBeKarbowiak & Voilley,
2008) or corn starch (Garcia, Martino & Zaritzky)0Pb). Nevertheless, some
authors claim that water vapour permeability watuced as the chain length of
fatty acids increased (Mc Hugh & Krochta, 1994, dlamnet al, 2001) but no
significant differences (p<0.05) between palmitiida(C 16 and stearic acid (C
18:00 oN WVP were observed, underlining the fact thate are other effects related
with the structural arrangement of the lipid in fiieixs which play an important
role. As commented on above, both palmitic andristeaid were homogeneously
distributed in the film matrix and they are solidtlae control temperature, which
contributes to a reduction in the water transfée.r®n the contrary, despite the
hydrophobic nature of the oleic acid, it did nohtdbute to an increase in the
water barrier properties of film as much as SFAnitir results were observed by
Fabra, Talens & Chirat (2010c) and Jimére¢zl (2010) working with sodium
caseinate and HPMC matrices, although SFA were rafiirgient at controlling
water vapour barrier properties in these cases thastarch films due to the
formation of multilayered structures (Falataal,, 2010c, Jiméneet al, 2010).
Storage time (5 weeks) did not modify significarifij/ P values of control
films and films containing oleic acid (p>0.05). tlnis sense, a similar pattern was
observed by Malet al (2006) for corn starch films without lipids, stdrfor 90
days, where no changes in WVP values were detectedo storage. However, an
increase in the WVP values was observed for filmstaining SFA stored for 5
weeks. This could be attributed to the increastnénpreviously described degree
of crystallinity in the matrix as is also deduceahfi the moisture content reduction
observed for these two films, since re-crystali@ainduces water release by the
network. Crystal growth in the amorphous matrix Idopromote ruptures in the
amorphous zones leading to the formation of chamwwbkere water molecules can
diffuse more easily. In fact, as shown in Figure¢h®, greatest increase in the peak

area during storage occurred for SFA, thus indigathat a greater crystallization
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occurred in these cases. Hydrolysis of the polychains in the amorphous phase,
as has been reported for other polymers (Courgatall 2011) could also occur,
thus inducing the formation of a less compact ndtwwehere small molecule

permeation can occur more easily.

4. CONCLUSIONS

Fatty acid incorporation in starch-glycerol filmsddnot notably improve
water vapour properties of the films and only sateed fatty acids promoted a
slight reduction of WVP in non-aged films. The degyrof crystallinity of the
matrix increased during storage time in all casdsch implied an increase in the
film stiffness and brittleness and a loss of streldlity, gloss and transparency,
which was also induced by lipid incorporation imon-aged films. Other organic
non polar compounds must be tested to improve tdrers film's functional and

ageing properties.
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ABSTRACT

The water sorption capacity (WSC) of starch filmsntaining, or not,
glycerol (1:0.25 starch:glycerol ratio) and fatpalmitic, stearic and oleic) acids
(1:0.15 starch:fatty acid ratio) was analysed atZBand 40°C in the entire range
of a,. Starch re-crystallization during the equilibratitme was also analysed by
X-ray diffraction. Likewise, the glass transitiondalipid melting properties as a
function of the film water activity were determinelechanical behaviour was
also analysed at 25°C for film samples equilibraatd, 53, 68 and 75% RH.
Crystallization was promoted at low temperature ligth relative humidity which
modifies the expected tendencies in WSC as a fumati the temperature. In
relationship with this, V-type structures were feainduring time, mainly in fatty
acids containing films. Glass transition of therctamatrix at low moisture
contents was affected by the presence of satufatég acids. Microstructural
observations seem to corroborate the complex foomdietween these and the
polymer chains. The mechanical behaviour of thedjl as a function of the
moisture content, is coherent with the resultshef phase transition analysis and
microstructural observations. The plasticizationfegs and the structural
discontinuities in the polymer matrices determine Yalue of the elastic modulus

and the behaviour at break.

Keywords: Starch, fatty acids, isotherms, glass transitiensile properties.
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1. INTRODUCTION

Starch alone cannot form films with satisfactorychmenical properties (high
elongation at break and tensile strength), unteissplasticized, blended with other
materials, chemically modified or modified with anabination of these treatments
(Liu, 2005). Generally, polyalcohols are the mamhmon types of plasticizers for
biodegradable films, including propylene glycolyagrol, sorbitol and other
polyols. There are many publications where varitgpgs of polyols were studied
for their effects on the resulting films (Arvaniemynis, Psomiadou & Nakayama,
1996; Arvanitoyannis, Psomiadou, Nakayama, Aiba &mémoto, 1997,
Psomiadou, Arvanitoyannis & Yamamoto, 1996; Pafadini, Ponce & Lugé&o,
2004; Fama, Rojas, Goyanes & Gerschenson, 2005ridRed, Osés, Ziani &
Maté, 2006). In most studies, starch based filnespdasticized most effectively
with glycerol, which has specific advantages. Meggpthe strength of the films
has also been demonstrated to be dependent ugomitbisture content, which is
in turn influenced by the ambient relative humidi@hang, Cheah & Seow, 2000;
Bertuzzi, Armada & Gottifredi, 2003). So, knowirtgetwater sorption equilibrium
conditions of starch based films is useful to ustsrd the performance of films
under varying RH conditions. Different factors sashphase transition, like crystal
formation, or phase separation can also affectwheer sorption behaviour of
polymers such as gelatinized starch.

Several works have focused on overcoming the imtengdrophilicity of
starch films, by surface esterification (Zhou, R&ong, Xie & Liu, 2009; Ren,
Jiang, Tong, Bai, Dong & Zhou, 2010), surface pbaisslinking (Zhou, Zhang,
Ma & Tong, 2008) or blending starch with other hymiobic materials, such as
polycaprolactone and cellulose acetate (Koenig &gy 1995; Averous, Moro,
Dole, Fringant, 2000; Fang & Fowler, 2003). Othen4polar compounds, such as

lipids, can also be combined with starch eitheribgorporating lipids in the
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hydrocolloid film-forming solution (emulsion teclmie) or by depositing lipid
layers onto the surface of the pre-formed hydroddlfiim to obtain bilayers.
Multi-component films have been extensively revidvwsy Wu, Weller, Hamouz,
Cuppett & Schnepf (2002). Jiménez, Fabra, Taler@@h&alt (2012) have recently
studied the effect of fatty acid addition (by thmutsion technique) on physico-
chemical properties and their changes during agaifigtarch based films. They
observed that re-crystallinization process in $tar@atrix during storage was not
inhibited by the lipid addition which could modifyater-starch relationships and
phase transitions due to the crystal formatiom@éamorphous phase.

The plasticizing effect of water and polyols as Ivad the interactions and
compatibility of biopolymers in blend films havedrestudied by several authors
(Psomiadoiet al, 1996; Arvanitoyannis & Biliaderis, 1999; Kris& Biliaderis,
2006) by using differential scanning calorimetryS@©) and thermo-mechanical
analysis. The glass transition temperature (Tgtnsngly dependent on both the
film composition and moisture content, and canrdethe stability of a film. The
structure—property relationship of hydrated biopwdys and their broader
implications on processing and product quality barbetter understood within the
theoretical concept of glass transition, commonkedi in polymer science
(Fennema, 1996; Karel, Buera, & Roos, 1993; Ledinglade, 1988, 1992; Slade
& Levine, 1991). As generally observed, glass ftaors temperature of an
amorphous material decreases as water contentagege For a given storage
temperature, an amorphous matrix with water conbmhdw a critical value is
glassy state and remains stable against molechkges because of the highly
reduced molecular mobility. When the water conteqtteeds the critical value, the
same matrix becomes rubbery and molecular reorgtmiz and diffusion
dependent processes take place at a determinedTtate, in the rubbery state,
polymer chains are mobile enough to form crystaltbones if the polymer chains

can form ordered associations for a determined cotde conformation. It is
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important to know the water content-glass transitiglationships for a determined
film-forming polymer since they determine the radé diffusion dependent
processes, such as crystallization, while havimggeat impact on mechanical and
barrier properties of the formed film. Formationafstalline regions in the film
greatly affects mechanical properties of the filmigice crystals behave as hard
particles which contribute to the film strengthapinlecreasing their extensibility.
Forsell, Hulleman, Myllarinen, Moates & Parker (99%ttributed the increase in
tensile modulus throughout the storage time to thgstallization of starch
components. Van Soest & Knooren (1997) pointediuatteven when crystallinity
is low, entangled in the starch network and chaiai#tassociation can be formed
during storage promoting changes in mechanicalgtms of the starch films.

The aim of this work is to analyse the water sorpttapacity of starch films
containing glycerol and fatty acids, as affected $tarch re-crystallization
(analysed by X-ray diffraction) at different temakire and relative humidity
conditions, as well as the glass transition anid lipelting properties as a function
of the film water activity. Mechanical behaviour svalso analysed taking into
account the film moisture content, phase transibehaviour and microstructural

observations.

2. MATERIALS AND METHODS

2.1. Materials

Corn starch was purchased from Roquette (RoqueialEspafa, Benifaio,
Spain) Fatty acids (minimum purity 96%) were ob¢égirfrom Panreac Quimica,
S.A. (Castellar del Vallés, Barcelona, Spain). Thity acids used were palmitic
(PA, C16:0), stearic (SA, C18:0) and oleic (OA, 18 Glycerol, used as
plasticizer, and s Mg(NQO;), , CuCh and NaCl salts were also provided by

Panreac Quimica, SA, Castellar del Vallés, Baralon
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2.2. Preparation and characterization of films

Four different formulations based on starch, glgtemd fatty acids were
prepared. Corn starch was dispersed in water irrotd obtain 2 % (w/w)
polysaccharide dispersions. These were maintaunedkr gentle stirring, at 95 °C
for 30 minutes to induce starch gelatinization.effftards, plasticizer was added in
a starch:glycerol ratio of 1:0.25 and dispersiorgsen homogenized (13,500 rpm
for 1 min and at 20,500 rpm for 5 min) at 95 °Cgemvacuum, using a rotor-stator
homogenizer (Ultraturrax T25, Janke and Kunkel, n&ary). In the case of
emulsions containing fatty acids (1:0.15 starctyfatcid ratio), these were
incorporated prior to the homogenization step. Twmogenization at high
temperature favoured the lipid dispersion in theteay.

Newly homogenized film forming dispersions, contain 1.5 g of total
solids, were spread evenly over a Teflon castiagepl1l5 cm diameter) resting on
a level surface. Films were formed by drying foprximately 60 h at 45% RH
and 20 °C. These conditions were established pfefious experiments to ensure
that homogeneous, flawless films were obtainedaAtigher relative humidity,
films did not dry adequately. Dry films could beeped intact from the casting

surface.

2.2.1. Film conditioning and storage

Before tensile and DSC analysis, samples wereibratiégd for two weeks at
four different relative humidities (0, 53, 68 an& %6) at 25 °C by using,
respectively, FOsand oversaturated solutions of Mg(j£) CuCh and NacCl. Film
thickness was measured with a Palmer digital mietento the nearest 0.0025 mm

at 6 random positions, previous to tensile analysis



108 II1.Resultados y discusion. Capitulo T

2.2.2. Water sorption isotherms

Triplicate film samples (1.5-2.0 g), accurately gveid, were placed in
desiccators (placed individually in three differetimate chambers) at 10, 25 and
40 °C and equilibrated to different water activitying oversaturated solutions of
NaOH, LiCl, CHCOOK, MgCh, K,CO; Mg(NOs), CuCh, NaCl and KCI
(different g, values are shown in Table 1). Samples were weigiegtbdically
(0.00001 g precision) for 4 weeks, when the equilib was reached. Finally, the
equilibrium moisture content was determined by miy\inh a vacuum oven at 60 °C
and 50 Torr for 2 days. Experimental sorption ieotfis were fitted to
Guggenheim-Anderson-deBoer (GAB) model (Eq. (1))the entire @ range.
Solver tool, included in Microsoft Excel 2003, wased to carry out the non-linear

fitting of experimental data.

_ w, [C K &,

" T K, (C-) K @) D

Table 1. Water activity values of the oversaturatedsalt solutions used at the

different temperatures (Greenspan, 1977).

10°C 25°C 40 °C
Salt Ay Salt ay Salt ay
LiCl 0.113 LiCl 0.113 NaOH 0.063
CH;COOK | 0.234| CHCOOK | 0.225 LiCl 0.112

MgCl, | 0.335 MgCi | 0.328 MgCs | 0.316
K,CO; | 0.431 KCO, | 0.432| Mg(NQ), | 0.482
Mg(NOs), | 0574 | Mg(NQ), | 0.529 NaBr 0.532

NaCl 0.757 cuGl | 0675 NaCl 0.747
KCl 0.868 NaCl 0.753 KCl 0.832
KCl 0.843
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In Eq. (1) W is the equilibrium moisture content on dry basi, is water
activity, Wy is the monolayer moisture content, C and k areatigju parameters,
both being temperature dependent and related tavéiter sorption energy in the

film.

2.2.3. Differential scanning calorimetry (DSC)

Differential scanning calorimetry analyses (DSC)revearried out using a
DSC 220 CU-SSC5200 (Seiko Instruments). Small anso{irs-20 mg approx.) of
samples were placed into aluminium pans (Seikaunstnts, P/N SSC000C008)
and hermetically sealed. All pans were then heattdveen -80 and 180 °C in
order to analyze phase transitions. The exact teahpe range for each sample
depended on the samplg,. aln general, samples were cooled from room
temperature to a temperature at least 80 °C bésoWgi (Tg-80 °C) and then heated
to a temperature 20 °C above lipid fusion tempeeatBoth cooling and heating
scans were performed at 10 °C/min. An empty alwmmipan was used as
reference. The Tg was determined as the midpoimpeéeature of the glass
transition.

In samples containing lipids, the lipid melting etfterm was also
characterized in the heating scan (onset, peak edl temperature of the
endotherm and fusion enthalpy). To this end, sasnpkre first cooled and, during
the heating scan, a constant temperature was nmadtéor 30 min at a slightly
lower value than the initial temperature of the @hdrm (determined in the first
run) to promote the free lipid crystallization. Basample was analyzed in

triplicate.

2.2.4. Tensile properties
A universal test Machine (TA.XTplus model, Stableicd Systems,

Haslemere, England) was used to determine theldestiength (TS), elastic
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modulus (EM), and elongation (E) of the films, acling to ASTM standard
method D882 (ASTM, 2001) EM, TS, and E were deteedifrom the stress-
strain curves, estimated from force-distance dataioed for the different films
(2.5 cm wide and 10 cm long). Six replicates waralyzed per film formulation.
Equilibrated specimens were mounted in the filmeasion grips of the testing
machine and stretched at 50 mm-Miontil breaking. The temperature was

maintained constant at 25 (1) °C during the tests.

2.2.5. X-ray diffraction

X-ray diffraction patterns were recorded using agaRu Ultima IV
multipurpose X-ray diffraction system (Rigaku Corgimon, Tokyo, Japan). All the
samples were analyzed betweén=25° and 2 = 50° using K& Cu radiation X =
1.542 A), 40 kV and 40 mA with a step size of 0%For this analysis, samples
were cut into 2 cm squares, prior to storage, oeoto avoid breakage during
handling. The temperature and the relative humiditythe room in which the
diffractometer was located were controlled in oreavoid changes in the samples

during analyses.

2.2.6. Scanning Electron Microscopy (SEM)

Microstructural analysis of the films was carriedt ausing a Scanning
Electron Microscope (JEOL JSM-5410, Japan). Film@as were maintained in a
desiccator with FDs for two weeks. Then films were frozen in liquid &hd gently
and randomly broken to investigate the cross-seatfothe samples. Films were
fixed on copper stubs, gold coated, and observied) @ accelerating voltage of
10 kV.
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2.3. Statistical Analysis

Statgraphics Plus for Windows 5.1 (Manugistics CoRmckville, MD) was
used for carrying out statistical analyses of ddw@ugh analysis of variance
(ANOVA). Fishers least significant difference (LSD) was used a ©5%

confidence level.

3. RESULTS

3.1. Water sorption capacity of the films

Figure 1 shows the water sorption isotherms obthioe starch and starch
films containing glycerol, at 10, 25 and 40°C. Theves show the typical sigmoid
shape characteristic of polar polymers. As expectkd presence of glycerol
significantly modified water sorption behaviourtbé starch matrix; in the low and
intermediate @range, it provoked a slight decrease in the wsbeption capacity
of the matrix, while this was enhanced at highvalues. This can be explained by
the highly competitive water retention in low mal&r weight glycerol molecules,
which can retain a great amount of water, withaithle changes in thg &alues,
when the water solvent effects predominate at higheralues. Similar effects of
glycerol on the sorption behaviour of other biopoérs have been previously
reported by other authors (Kristo & Biliaderis, B0Grabra, Talens & Chiralt,
2010).

In samples containing glycerol, the effect of terapgre was not coherent
with the endothermic nature of the water sorptioncpss which implies an
increase in the water sorption capacity as the éeatpre decreases. The coherence
can only be observed for, aalues lower than 0.30, whereas at highgvalues
water sorption capacity at 10°C is lower than a8 40°C. This suggests that
structural changes, such as crystallization, canmo a different extent depending

on the temperature, affecting water sorption behavi
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Figure 1. Sorption isotherms of starch based filmsat 10, 25 and 40 °C. A:
Starch, B: Starch-Gly, C: Starch-Gly-PA, D: Starch-Gly-SA, E: Starch-Gly-
OA. Experimental points and GAB fitted model (line3.
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Amorphous materials have greater water sorptiormagpthan crystalline forms
due to the steric restrictions, given in the ordeseystalline arrangements, which
limit the location of water molecules. The obtaineater sorption results suggest
that, above @ 0.5, crystal formation occurs to a greater ext@ntl0°C, thus
reducing the water sorption capacity of the staneltrices, as compared with data
obtained at 25 and 40 °C. On the other hand, diffas in sorption capacity at 25
and 40 °C were enhanced in the 0.5 and Q,7%age. This could indicate that the
sorption enthalpy in this moisture range was highan that corresponding to the
low moisture levels. This is unlike the thermodymaimasis of sorption process,
which establishes the maximum for the sorption @&pth at the monolayer
moisture content (g about 0.2). This behaviour seems to indicate tfatin
rearrangement occurs at high moisture contentanptiesence of glycerol, due to
the increase in molecular mobility. In this progdsairation layers of the polymer,
where interactions with glycerol are expected,moglified as is the water affinity
of the matrix. These effects could be more sersitoy the temperature (greater
sorption enthalpy). Previous studies reported #maylose and glycerol are only
partially miscible which give rise to phase separatwith the subsequent
formation of amylose rich and glycerol rich pha@deates, Noel, Parker & Ring,
2001). This phenomenon could also contribute toitkecase of the temperature
effect on water sorption capacity from determinagisture content.

The presence of fatty acids in the starch matrit§Q ratio with respect to
starch) did not notably modify sorption behavioaspite their non-polar character.
If moisture content was estimated per g of nonyfatilids, the obtained values,
compared with those corresponding to the lipid-fsegrch-glycerol matrix, were
slightly higher (1-2 g water/g non-fatty solids)hi3 reflects that the presence of
fatty acids enhanced the water sorption capacityhefstarch matrix. This was

slightly more marked for oleic acid (2-3 g watenfgn-fatty solids). Nevertheless,
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no changes in the sorption pattern were inducethéypresence of fatty acids in
the films.

Table 2 shows the values of the GAB parameterdratdrom the fitting of
the experimental values. In agreement with thavipusly commented on, the
glycerol incorporation to the starch matrix supgbgetable changes in the GAB
parameters due to the change in the sorption patervoked by the presence of
this polar low molecular weight compound. Differeac between lipid-free
matrices and those containing lipids are not relevaking into account the
mathematical correlation between the three paramete

Table 2. Parameters of the GAB model.

Sample 10 °C 25 °C
k C Wo k C WO
Starch 0.694 7.82 0.077 0.353 1.84 0.255

Starch-Gly 1.020 26.72 0.036 0.843 0.71 0.142
Starch-Gly-PA  0.956 14.98 0.043 0.890 1.71 0.087
Starch-Gly-SA  0.959 11.62 0.046  0.837 1.12 0.114
Starch-Gly-OA 0.995 37.17 0.039 0.807 1.21 0.129

Sample 40 °C
k C W,
Starch 0.460 1.64 0.183
Starch-Gly 1.028 1.56 0.044
Starch-Gly-PA 1.066 16.57 0.032
Starch-Gly-SA 1.041 6.22 0.038
Starch-Gly-OA 1.043 6.80 0.037

Figure 2 (A to D) shows the X-ray diffraction patte of starch-glycerol
films and starch-glycerol-fatty acid films equil#ted at different relative humidity
and temperature for 5 weeks, in order to diffeantthe crystallization pattern of
the films depending on the equilibration conditioftis pattern was affected by
the equilibration conditions as deduced from théewaorption data, commented

on above. In the case of starch-gly films (Figukg,2zhe number of peaks in the
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spectra increased when the moisture content iriltherose, thus indicating that

different crystalline structures were formed.
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Figure 2. X-ray diffraction patterns of starch films (without and with fatty
acids) equilibrated a different relative humidity. A: Starch-Gly, B: Starch-
Gly-PA, C: Starch-Gly-SA, D: Starch-Gly-OA (1: a,=0; 2: a,=0.53; 3:
a,=0.68; 4: 3=0.75).

This effect is especially notable from=#.68 onwards and it was enhanced at
10°C, when the intensity of the peaks also incikabable 3 shows the angle®$)2
and the intensity (counts per second) corresponditigthe main peaks registered
in each sample. In general, native starches pre&eahd B-type crystallinity,
whereas C-type is a form intermediate between ABa(@arvalho, 2008). Another
forms that can be observed from X-ray diffracti@iterns are the V-conformation

helices, which are a result of amylose being corguewith substances such as
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aliphatic fatty acids, surfactants,emulsifiers, lenhols, glycerol or dimethyl
sulfoxide (Famét al, 2005).
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Figure 2. Cont.
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Figure 2. Cont.

In samples without fatty acids the obtained pa#tesinow small differences
between them with a crystallization pattern neaB#ype. Although starch based
films normally present B-type crystallinity, A-typerystalline structure can be
formed by heating and/or moisture increase, whiohmptes the mobility of
macromolecular chains and thus allows the rearraege of the crystalline
structure (Liu, 2005). The V-conformation heliceancalso be formed where
endogenous lipids are complexed within the amyldsglices (Gelders,
Vanderstukken, Goesaert & Delcour, 2004). Partitylén sample equilibrated at
53% relative humidity and 25 °C, only one main peas observed at220°
which is characteristic of the V-type crystallinieusture. This seems to indicate
that, in these conditions, amylose helices form itiein crystalline structures,
probably entrapping the endogenous lipids or otinganic non polar compounds
of the starch (Geldeet al., 2004).
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When saturated fatty acids were added (Figure 2B 20), the typical X
diffraction peaks of the fatty acids were observasl,deduced from the X-ray
spectra database of the used difractometer. Thesdes pverlap in the spectra with
the starch diffraction patterns. In this sensés itemarkable that only one peak at
20 20°, characteristic of the V-type structure wassepbed for starch, thus
indicating the predominating formation of amylog®d complexes, and inhibiting
the formation of other crystalline forms.

When oleic acid was added to starch-glycerol medtino peaks of fatty acid
was observed since it was liquid at the temperaturethe analysis but the
predominating formation of V-type crystals was afgiserved. Only for samples
equilibrated at 25 °C and 53% RH weak peaks chenast of oleic acid crystals
(20: 7.1, 11.2, 22.0 and 45.5) unexpectedly appearede spectrum which could
be related to the formation of an ordered molecateangement of oleic acid at the
starch-lipid interface where the limited molecutaobility promotes the molecule
organization into a crystalline structure (Jiméateal, 2012).

From the peak intensities (Table 3) it can be awted that, except for the
films containing oleic acid, a greater intensityswbserved for the typical peak of
V-type crystal in samples equilibrated at 25°C &8%o relative humidity. No clear
effect of temperature was observed in the peakitte although, in general, this
decreased when moisture content increased inlthe équilibrated at the highest

relative humidity.

3.2. Glass transition of the starch matrix and lipidl melting

Table 4 shows the values of glass transition teaipeg (Tg) of the starch
films as a function of @ together with the corresponding equilibrium maist
content. Additionally, DSC curves of starch-glynf$ and lipids melting

endotherms were shown in Figures 3 and 4, resgdgtiv
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Figure 3. DSC curves showing glass transition at fierent a, values for
starch-gly films.
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Figure 4. Lipid melting endotherms por pure palmitic acid (A), stearic acid
(B) and oleic acid (C).
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The incorporation of glycerol significantly decredsTg values of the starch
matrix, according to its low molecular weight ardgticizing nature. Nevertheless,
at g, 0.75, a phase separation seems to occur sincgylags transitions were
observed, one at higher temperature attributetidcstarch-rich phase and one in
the range of -40/-50°C, attributed to the glyceich phase. Therefore, no glycerol
plasticizing effect would be expected in the stamtditrix in this situation, where
mainly water molecules would contribute to thiseeff The great water affinity of
glycerol molecules is responsible for water-gly¢ardgeractions predominating
over glycerol-starch interactions and the smallratetl molecules separate from
the polymer network. Examination of the calorimetbehaviour of glycerol
plasticised amylose films (25+50% w/w glycerol) sleal the presence of a weak
glass transition in the region of -50°C, regardiéns glycerol ratio in the film,
which was attributed to a separated glycerol ritlage. This temperature was
slightly lower than that obtained for glycerol (°@§ under the same conditions
(Moates et al, 2001). This phenomenon was also observed insfilof
methylcellulose plasticized with polyethylene gliyd60 by Debeaufort & Voilley
(1997) and in iota-carrageeenan films plastizedhwglycerol (Hambleton,
Perpifian-Saiz, Fabra, Voilley & Debeaufort, 2012).

Fatty acids affected the Tg values of the starchatdlifferent extent,
depending on the nature of the lipid. OA did notéha significant effect at low,a
values where Tg could be observed, since at highealues it overlapped with the
lipid fusion endotherm. Nevertheless, SA and PAspked a significant decrease
in Tg for the low @ range. This seems to indicate that saturated &atiys, with
linear chain, interact with the polymer contribgtito its plasticization. This effect
was greater when the acid chain length increasedveas inhibited when the
chains showed a double bond (OA), probably duehéoldss of the chain linear
arrangement. This suggests that interactions caddur through complex

formations, where helical conformation of the poimehains (amylose) entrapped
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the linear chain of fatty acid, as described byebothuthors for some lipid
molecules (Biliaderis & Seneviratne, 1990a, 199%ibgh, Singh & Saxena, 2002;
Zhang, Huang, Luo, Fu, 2012). In this sense, claimy¢he amylopectin/amylose
ratio could occur in the amorphous region due ® nbn-availability of one of

these (mainly amylose) involved in the complex.sT¢thange in the polymer ratio
could imply a reduction of the amorphous regionvatue, since Tg value of pure
amylose is greater than that of amylopectin (Guand. & Du, 2011). Bizot, Le

Bail, Leroux, Davy, Roger & Buleon (1997) reportibat pure amylose exhibited
somewhat higher Tg than branched amylopectin.aHiE-6) linkages theoretically

offer three rotational degrees of freedom wheragd-4) linkages offer two

degrees. Thus, amylopectin with a higher degrebrafching has greater chain
flexibility than the relatively linear amylose. THenger molecular weight and
chain length, the higher the Tg; the more branched flexible, the lower the Tg.
This interprets the reason why the Tg of amylopedi lower than the Tg of

amylose.

The melting behaviour of pure lipids and the lifiidction in the films was
analysed to observe possible differences assoctatate lipid-starch complex
formation. Table 5 shows the initial, peak and Ifitemperature of the melting
endotherm, as well as the melting enthalpy, expreger mg of lipid. Neither the
embedding of lipid in the starch matrix nor watetivty of the films caused
notable differences in the temperature range of rtwdting endotherm for a
determined fatty acid. Nevertheless, significaffiedences in the melting enthalpy
were observed for a given fatty acid, dependinghenwater activity of the film.
Whereas for high,avalues (g >0.68) the enthalpy values were similar to those
obtained for the pure lipids, at lowey galues the melting enthalpy values were
lower than those of pure lipids for all fatty acide agreement with a lower
crystallization degree in these cases. This coelcxplained by the lipid-starch

complex formation when the films contain a low watentent.
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Table 5. Values of melting enthalpy and melting teierature range of pure

fatty acids and those present in the films equilibated at different relative

humidity.
Sample To (°C) Tp (°C) Te (°C) A|_I||p()]]él§] of
Pure fatty acids
PA 54 (2§ 71.8 (0.4 101.3(0.7) 183 (2}
SA 61.0(0.8) 78.0(0.5) 106.0(1.6) 188.6(0.2)
OA -21.5(0.9f 10.0 (0.3)  36.2 (0.4} 84 (5)
Starch based films
aw=0
Starch-Gly-PA 46 (3) 67.7 (0.7 100 (9§ 141 (12
Starch-Gly-SA 58 (3f 74.7 (0.6%° 105 (3} 175 (3%
Starch-Gly-OA  -7.16 (0.3) 7.3 (0.9 26 (3 39 (5)
a, = 0.53
Starch-Gly-PA  46.6 (0.2)  67.1 (0.4) 97 (2} 176 (4}
Starch-Gly-SA  54.9 (0.5) 73.6 (0.1  104.3 (0.7} 181 (2}
Starch-Gly-OA  -12.2 (1.5) 6.8 (0.9 30 (3 34 (10Y
a, = 0.68
Starch-Gly-PA  50.0 (0.8) 67.2(0.2) 99.8(1.23 194.3(0.2
Starch-Gly-SA  57.6 (0.1  74.0 (0.4)"  105.2 (2)° 190 (10§
Starch-Gly-OA  -16.3(1.2) 7.6 (0.5} 42.2 (0.2Y* 64 (3}
a, = 0.75
Starch-Gly-PA  48.2 (0.2) 68.8 (0.1) 100 (3} 174 (16§
Starch-Gly-SA  57.1(1.8) 75.5(0.1j 111 (3% 195 (7%
Starch-Gly-OA  -16.7 (1.8)  10.6 (0.4} A7 (4f 96 (7)

a-c; 1-4; w-z: Different superscripts in formulato containing the same fatty acid (in columns) dati
significant differences among formulations< 0.05).

With more water availability and the subsequentagme molecular mobility,

complexes could be destroyed by the predominanataoth chain hydration and
so lipids remain free to crystallize. In fact, nignéficant differences in the Tg
values of the starch matrices containing diffefatty acids were observed from a
0.68 onwards. It is remarkable that, despite thet fhat oleic acid did not

contribute to modify the Tg value of the starch nmaits crystallization was also
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inhibited at low moisture content in the film. Thisuld indicate that another type
of complexes could be formed without modificatiohtlee amylose/amylopectin
ratio in the amorphous region.

The formation of complexes between starch polynad saturated fatty
acids can be also deduced from the microstructlyaérvations. Figure 5 shows

the SEM micrographs of the film cross section (daspquilibrated with #s).

Figure 5. SEM micrographs of the cross-sections dhe studied films. A:
Starch-Gly, B: Starch-Gly-PA, C: Starch-Gly-SA, D: Starch-Gly-OA.

In the case of samples containing oleic acid, livioplets can be seen embedded in
the starch matrix, whereas this was not observestéaric and palmitic acids. This
indicates that lipid molecules are well integratedhe polymer matrix and their
aggregates (crystals) were very small and can eatbiserved by SEM at the used

magnification level. The gel formation during thenf drying step in starch film
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preparation could contribute to limit the acid ¢aysgrowth. However, in other
polymer matrices such as sodium caseinate and HRMIBitic and stearic acid
were separated as molecular lamellar aggregateshwiaid a great impact on the
microstructure and physical properties of the filfifabra, Jiménez, Atarés, Talens
& Chiralt, 2009; Jiménez, Fabra, Talens & Chirda@10). The liquid state of oleic
acid during the film drying step favours the in@ean the droplet size, thus
making their observation possible.

The mechanical response of the films is greathec#id by the glassy-
amorphous state of the materials and by the presehcrystalline forms. In the
studied films, tensile strength curves were obthiher films equilibrated at
different relative humidity at 25 °C. Figure 6 slmile stress-Hencky strain curves
for the different film samples containing, or ndifferent fatty acids and the
corresponding values of mechanical parametershangrsin Table 6. At near zero
moisture content, elastic modulus of the films edsethat saturated fatty acids
induce a slight loss of the matrix strength. Thin cbe attributed to the
aforementioned complex formation of the lipids withe of the starch polymers,
which reduces the cohesion forces of the amylogwank. Nevertheless, the
incorporation of oleic acid provoked a much greateluction of the matrix rigidity
due to the discontinuities introduced in the polymetwork as could be seen in the
SEM micrograph (Figure 5D). Discontinuities impltass of the cohesion forces
which reduces the elastic modulus of the film. W thear zero water content, the
glassy state of the matrices can be deduced sitme €lid not show plastic

deformation and they broke when elastic deformighilias exceeded.
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Figure 6. Stress-Hencky strain curves for the staft films equilibrated at
different relative humidity. A: Starch-Gly, B: Star ch-Gly-PA, C: Starch-Gly-
SA, D: Starch-Gly-OA.
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At the next g value (0.53), the Tg values of the matrices aneefdhan 25 °C
and a rubbery state was expected for the polyméwanks. In fact, plastic
deformation was observed for all films at this digration relative humidity and
differences in the elastic modulus of the lipidefrims and those containing
saturated fatty acids were hardly appreciable. dlhsticizing effect of water and
the possible partial disruption of complexes smotike differences in the
mechanical response of the films containing sagdréatty acids. Nevertheless, in
films containing OA, the effect of the lipid disdaruities in the matrix persists at
this g, and it shows a significantly lower elastic modulas higher equilibration
relative humidity, differences in the elastic madubf the films were much less
appreciable, since the plasticizing effect of watethe starch continuous matrix
predominates over the other possible effects, mgdkiem (Table 6).

Tensile strength at break was very similar for pst&ch films and those
containing saturated fatty acids, although at tighdst relative humidity values,
pure starch films were slightly more resistant tluéhe greater cohesion forces in
the more homogeneous network. Films containingcobsid were much less
resistant in the entire range qf due to the fact that discontinuities in the matrix
greatly reduced its cohesion and mechanical resista On the contrary,
extensibility is promoted by the presence of the @dplets in the film, especially
at low equilibration relative humidity, as companeith the other films (Table 6).
The great deformability of the liquid lipid dropdetiuring the film stretching is
mainly responsible for this behaviour. At highetatiwe humidity (75%), the
greatest extensibility was shown by pure starahdidue to the fact that they are

more resistant to the rupture and so, showed aegnergin for deformation.
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4. CONCLUSIONS

Starch film water sorption capacity (WSC) was afdc by starch
crystallization which, in turn depended on the wadetivity and temperature.
Starch crystallization was promoted at low tempegatind high relative humidity
which modifies the expected tendencies in WSC ametion of the temperature.
Glass transition of the starch matrix at low maisteontents decreased when
saturated fatty acids are present in the film, Wwas not affected by oleic acid.
When fatty acids are present in the films the orystalline form which was
observed for starch is the V-type structure, thudicating the predominating
formation of amylose-lipid complexes, inhibitingetformation of other crystalline
forms. The intensity of the crystalline peak desesavhen moisture content
increase and different results seems to indicaa tbmplex formation occurs
mainly at low moisture content. The mechanical beha of the films, as a
function of the moisture content, was coherent wilte results of the phase
transition analysis and microstructural observatidrhe water plasticization effect
and the structural discontinuities determine tHaevaf the elastic modulus and the

behaviour at break.
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ABSTRACT

Edible films based on corn starch, hydroxypropythgieellulose (HPMC)
and their mixtures were prepared by using two oiffie procedures to homogenize
the film forming dispersions (rotor-stator and restator plus microfluidizer). The
influence of both HPMC-starch ratio and the homdzgion method on the
structural, optical, tensile and barrier propertidsthe films was analysed. The
ageing of the films was also studied by charadtegithem after 5 weeks’ storage.
Starch re-crystallization in newly prepared andesidilms was analysed by means
of X-ray diffraction. HPMC-corn starch films showephase separation of
polymers, which was enhanced when microfluidizatieess applied to the film
forming dispersion. Nevertheless, HPMC addition ibitbd starch re-
crystallization during storage, giving rise to mdiexible films at the end of the
period. Water barrier properties of starch filmgeveardly affected by the addition
of HPMC, although oxygen permeability increased wuiés poorer oxygen barrier

properties.

Keywords: starch, HPMC, storage, microstructure, tensileperes, barrier

properties.
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1. INTRODUCTION

Nowadays, many researchers are focusing their wonk obtaining
environmentally friendly materials which are abteprotect food products from
spoilage but also present an adequate biodegragalhil this way, traditional
petroleum-based polymers, such as polyethylene alypmpylene, are being
substituted by biopolymers obtained from natural aenewable sources. These
polymers are mainly polysaccharides (starch, chitpscellulose and its
derivatives) and proteins, such as gelatin, catsnar zein, which are generally
processed to obtain edible films or coatings. Thesectures are thin layers of
edible materials applied to food products, whichypan important role in their
preservation, distribution and marketing (Falguéaijntero, Jiménez, Mufioz &
Ibarz, 2011). One of the most suitable polymershwithich to substitute
conventional plastics is starch due to the fadtitia able to present thermoplastic
behaviour if an adequate amount of plasticizerasisd. Starch is a well-known
polysaccharide that presents different propertiegpedding on its
amylose/amylopectin ratio. Properties, such assgleensition temperature (Liu,
Yu, Wang, Li, Chen & Li, 2010) or digestibility (s&stant starch; Zhu, Liu, Wilson,
Gu & Shi, 2011), vary according to the amylose eant Their properties, as
packaging material alone or in combination withestmaterials, have been widely
studied (Phan The, Debeaufort, Luu & Voilley, 200Bertuzzi, Armada &
Gottifredi, 2007; Flores, Conte, Campos, Gerscheds®el Nobile, 2007; Chillo,
Flores, Mastromatteo, Conte, Gerschenson & Del Hpl2008; Tang, Alavi &
Herald, 2008; Kuorwel, Cran, Sonneveld, Miltz & Bay, 2011). Although starch
based films and coatings generally present adequrapeerties, it has been found
that storage greatly increases the crystallinetiracn the starch matrix (Mali,
Grossmann, Garcia, Martino & Zaritzky 2006; Jimérieabra, Talens & Chiralt,

2012); a fact that may lead to a deteriorationhaf protective ability of starch-
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based packaging. Jiménetzal (2012) related the increase in crystallinity wttle
changes in different properties (gloss, transparédnittleness) of the films, which
can affect the film functionality and consumer aateece of coated products. One
way to avoid the recrystallization of starch is tgmbining this polymer with
others, preferably amorphous. One of the biopolgnweith this characteristic is
hydroxypropyl-methylcellulose (HPMC). Its ease o$ey availability, water
solubility, and non-toxicity makes HPMC the mosttamsively used cellulose
derivative (Fahs, Brogly, Bistac & Schmitt, 201The amorphous state of HPMC
has been reported by Kou, Cai, Xu, Wang, Liu, Ya&ghang (2011) through X-
ray diffraction analysis. Huang, Chen, Lin & Ch&®11) succeeded in reducing
the crystallinity index of bacterial culture cetdse by adding HPMC to the
bacterial culture medium, pointing to this polynsercapacity to inhibit
crystallization.

HPMC has also been studied as a matrix of edibtesfin combination with
different components, such as fatty acids (JiméRabra, Talens & Chiralt, 2010)
or cellulose nano-particles (Bilbao-Sainz, Braslli#ms, Sénechal & Orts, 2011).
Nevertheless, there is no available literaturehenniixing of HPMC with starch in
order to form edible or biodegradable films or Eygs.

Starch is able to form films in combination withricaus polymers, such as
agar, arabinoxylan (Phan The, Debeaufort, VoilleyL&u, 2009) or chitosan
(Bourtoom & Chinnan, 2008; Vasconez, Flores, Campddvarado &
Gerschenson, 2009). Phan Tdteal (2009), working on films containing mixtures
of starch with agar or arabinoxylan, observed thatcomponent integration in the
matrix was greatly dependent on the type of polyr@aissava starch-arabinoxylan
film was homogeneous, whereas cassava starch-digar showed a phase
separation and dispersion.

The aim of this work was to evaluate the influenéeHPMC addition, the

homogenization conditions of the film forming disgien as well as the effect of
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ageing on the structural, mechanical, and optical barrier properties (water

vapour and oxygen) of corn starch-glycerol baskaaksfi

2. MATERIALS AND METHODS

2.1. Materials

Corn starch was obtained from Roquette (RoquetisalLBsparfia, Benifaio,
Spain). Hydroxypropyl-methylcellulose (HPMC) was rghased from Fluka
(Sigma—Aldrich Chemie, Steinheim, Germany). Glyteused as plasticizer, was
provided by Panreac Quimica, S.A. (Castellar Delléga Barcelona, Spain), as
well as magnesium nitrate-6-hydrate which was useztjuilibrate film samples at
53% RH.

2.2. Preparation and characterization of films

Eight different formulations based on corn staraid/ar HPMC were
prepared. Firstly, both polysaccharides were dsgzbrseparately: HPMC was
dissolved (2 % w/w) in cold water by continuousrsig and maintained under
these conditions overnight, whereas dispersiongagong 2 % (w/w) starch were
mildly stirred with a stirring rod while maintained 95 °C for 30 min to promote
polysaccharide gelatinization. Afterwards, both ftogdlloid solutions were mixed
at room temperature in different ratios to obtaiarfdispersions with 100:0, 75:25,
50:50 and 0:100 starch:HPMC ratios. Then, the jsiast was added using a
hydrocolloid:plasticizer ratio of 1:0.25. Glycenalas chosen as plasticizer for all
formulations due to it being a better plasticizZeart other polyols (sorbitol and
xylytol) with the same plasticizer content (Talféelén, Roos & Jouppila, 2007).
The homogenization of film-forming dispersions veasried out under vacuum, to
avoid bubble formation, and at 95 °C using a retater homogenizer (Ultraturrax
T25, Janke and Kunkel, Germany) for 1 min at 13,50 and for 5 min at
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20,500. A part of each formulation was also homagashin a second step using a
Microfluidizer M-110P (Microfluidics Internationaorp., Newton, Massachusetts,
USA) at 103,390 kPa (microfluidized samples), tuiaining 8 different film
forming solutions (samples A to H).

Controlled amounts of film-forming dispersions (tining 1.5 g of total
solids) were spread evenly over a Teflon® castilagep(1l5 cm diameter) resting
on a leveled surface, and films were formed byrdryhem for approximately 48 h
at 45 % RH and 20 °C. Afterwards, the dried filmsrevpeeled intact from the
casting surface. Film thickness was measured wiRialeer digital micrometer to

the nearest 0.0025 mm at 6 random positions bédsts.

2.2.1. Film equilibration and storage

Prior to testing, samples were equilibrated in idessrs at 25 °C and 53 %
RH, by using magnesium nitrate-6-hydrate saturat#dtions for one week when
the first series of analyses was carried out. Care ¢f the different samples was
stored under the same conditions for five weekserwkhe second series of

analyses was performed.

2.2.2. Tensile Properties

A universal test Machine (TA.XTplus model, Stableicd Systems,
Haslemere, England) was used to determine theldessiength (TS), elastic
modulus (EM), and elongation (E) of the films, éalling ASTM standard method
D882 (ASTM, 2001) EM, TS, and E were determinearftbe stress-strain curves,
estimated from force-distance data obtained fordifferent films (2.5 cm wide
and 10 cm long). Six replicates were analyzed memdlation. Equilibrated
specimens were mounted in the film-extension gdapshe testing machine and

stretched at 50 mm mifruntil breaking. The relative humidity of the ernment
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was maintained constant at 53 (£2) % during this teghich were carried out at 25
(£1) °C.

2.2.3. X-ray diffraction

X-ray diffraction patterns were recorded using agdRu Ultima IV
multipurpose X-ray diffraction system (Rigaku Cortion, Tokyo, Japan). All
samples were analyzed between 5° and S0)°y&ing Ko Cu radiation X = 1.542
A), 40 kV and 40 mA with a step size of 0.02 °. Fus analysis, samples were cut
into 2 cm squares, prior to storage, in order toichbreakage during handling.
Analyses were performed at 25°C and 53% RH. To #&md, samples were
equilibrated at these conditions which were alsttamed in the laboratory where

the X-ray difractometer was located.

2.2.4. Water Vapour Permeability (WVP)

A modification of the ASTM E96-95 (1995) gravimetnnethod (McHugh,
Avena-Bustillos, & Krochta, 1993) for measuring W\@® flexible films was
employed for all samples using Payne permeabilitpsc (3.5 cm diameter,
Elcometer SPRL, Hermelle/s Argenteau, Belgium)mBilwere selected for WVP
tests based on lack of physical defects such aksrbubbles, or pinholes. Each
cup was filled with distilled water to expose thienfto 100% RH on one side.
Once the films were secured, the cups were placed irelative humidity
equilibrated cabinet fitted with a fan to providestaong driving force across the
film for water vapour diffusion. The RH of the cabts (53% at 25C) was held
constant using oversaturated solutions of magnesiitrate-6-hydrate. The free
film surface during film formation was always expdsto the lowest relative
humidity, whereas the cabinets were maintained&C2during the tests. The cups
were weighed each two hours (0.0001 g) throughotith2 Water vapour

transmission (WVTR) was determined from the slop&ined from the regression
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analysis of weight loss data versus time, oncestbhady state had been reached,
divided by the film area.

From WVTR data, the vapour pressure on the filmiser surface  was
obtained using Eq. (1), proposed by Mc Haglal (1993), to correct the effect of

concentration gradients established in the stagaagap inside the cup:

PD El_n[P_ P,

(-]
WVTR= P

Equation 1
R0 [Az

where P, total pressure (atm); D, diffusivity ofterathrough air at 25 °C ns?):
R, gas law constant (82.057-1M° atm-kmol*-K™); T, absolute temperature (K);
Az, mean height of stagnant air gap (m), considettieginitial and final z value;
p:, water vapour pressure on the solution surfagm)(aand p, corrected water
vapour pressure on the film's inner surface (afdater vapour permeance was
calculated using Eq. (2) as a function gfgmd p (pressure on the film's outer
surface in the cabinet).

WVTR

P2~ Ps

permeance Equation 2

Permeability was obtained by multiplying the permeaaby the average film

thickness.

2.2.5. Oxygen permeability

The oxygen barrier properties of the films were leaed by measuring
oxygen permeability (OP) by means of an Ox-TranOl1l&ystem (Mocon,
Minneapolis, USA) at 25 °C (ASTM Standard Method 9B3-95, 2002).

Measurements were taken at 53% in films previoaglilibrated at the same RH.
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Films were exposed to pure nitrogen flow on one sidd pure oxygen flow on the
other side. The OP was calculated by dividing tkyggen transmission rate by the
difference in the oxygen partial pressure on the tsides of the film, and

multiplying by the average film thickness. At leststee replicates per formulation

were considered.

2.2.6. Scanning Electron Microscopy (SEM)

A microstructural analysis of the films was carriedt using a Scanning
Electron Microscope (JEOL JSM-5410, Japan). Film@as were maintained in a
desiccator with fOs for 15 days. Then the films were frozen in liqiNg and
gently and randomly broken to observe the crosseseand the surface of the film
samples. Films were fixed on copper stubs; goldethaand observed using an

accelerating voltage of 10 kV.

2.2.7. Optical Properties

The transparency of the films was determined byyappthe Kubelka-Munk
theory (Hutchings, 1999) for multiple scattering ttee reflection spectra. The
surface reflectance spectra of the films were datexd from 400 to 700 nm using
a spectrocolorimeter CM-3600d (Minolta Co., Tokyapan) on both a white and a
black background. As the light passes throughithe it is partially absorbed and
scattered, which is quantified by the absorptid€) @nd the scatteringS
coefficients. The internal transmittanck) (of the films was quantified using eq 3.
In this equationR, is the reflectance of the film on an ideal bla@dckground.
Parameters andb were calculated by eqs 4 and 5, whBris the reflectance of
the sample layer backed by a known reflectéRcdvieasurements of each sample

were taken in triplicate on the free film surfaegidg drying.
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Ti =y(@-Ro)* ~b” Equati®n

1 R, -R+R, _
a=—[JR+—— Equation 4
2 RoR,
— (a2 _1\12
b=(@"-1) Edjon 5

The gloss was measured on the free film surfaceglfitm formation, at 60°
angles from the normal to the surface, following@ tASTM standard D-523
method (1999), using a flat surface gloss meter I{{MBloss 268, Minolta,
Germany). Measurements of each sample were takeiplinoate and three films of
each formulation were considered. All results aqeressed as gloss units, relative

to a highly polished surface of standard blackgyleith a value close to 100.

2.3. Statistical Analysis

Statistical analyses of data were performed thraaighanalysis of variance
(ANOVA) using Statgraphics Plus for Windows 5.1 {Mgistics Corp., Rockville,
MD). Fishets least significant difference (LSD) procedure wasd at the 95%

confidence level.

3. RESULTS

3.1. Microstructural properties
The final structure of the film depends on both theeractions of film
components and the drying conditions of the filmmimg dispersion and has a

great impact on the different film properties (FgbfTalens & Chiralt, 2009a;
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Souza, Cerqueira, Casariego, Lima, Teixeira & Wieen2009; Villalobos,
Chanona, Hernandez, Gutiérrez & Chiralt, 2005)this sense, Fabra, Jiménez,
Atarés, Talens & Chiralt (2009b) showed that therostructural analysis of the
films gives relevant information about the arrangatof the components, which,
in turn, allows the values obtained for the watarrier, mechanical or optical
properties to be understood.

Figure 1 shows the SEM micrographs obtained froencttoss-sections of the
obtained films. Generally, pure starch films (FemrlA and 1E) or pure HPMC
films (Figures 1D and 1H) showed a homogeneousctstre, whereas a more
heterogeneous structure was observed for filmsapegpwith mixtures of both
polysaccharides (75:25 or 50:50 starch:HPMC rat®jght differences were
observed when comparing pure HPMC micrographs (EgydD and 1H) with
those reported by Jimenetal, (2010), which can be attributed to the preserice
glycerol in the present films. Cross-section imagegorted by Jiméneet al
(2010) for pure HPMC films (glycerol-free) were hogeneous and completely
smooth, whereas irregularities in the micrograpds loe observed when glycerol
was added. Even in non-microfluidized samples (fedlD), a different phase can
be observed on the bottom of the films, indicatititat glycerol is not
homogenously distributed across the film. When {pgtssure was applied,
although the components were distributed more hemegusly in the polymer
matrix, the matrix obtained was still not complgtetooth. This suggests the lack
of a complete miscibility of HPMC and glycerol. $his also observed in surface
images shown in Figure 2D in which different sefmmzones in the film surface
can be appreciated in agreement with phase separati HPMC-Gly films.
Nevertheless glycerol dispersion was enhanced wWiehomogenization intensity

increased and film surface appeared much more hemeogis (Figure 2H).
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Figure 1. SEM images of the cross-sections of thdudied films. A to D
correspond to non-microfluidized films, E to H correspond to microfluidized
films. A and E: 100:0 starch:HPMC ratio, B and F: /5:25 starch:HPMC ratio,
C and G: 50:50 starch:HPMC ratio and D and H: 0:100starch:HPMC ratio.
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Figure 2. SEM images of the film surface of compas fiims. A to D
correspond to non-microfluidized films, E to H correspond to microfluidized
films. A and E: 100:0 starch:HPMC ratio, B and F: 5:25 starch:HPMC ratio,
C and G: 50:50 starch:HPMC ratio and D and H: 0:100starch:HPMC ratio.
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Pure starch films showed a smooth surface and a ofpeneous
microstructure in the cross section images in buaticrofluidized and non-
microfluidized films (Figures 1A, 2A and 1E, 2E)th@ugh microfluidification
yield a more brittle network as revealed by the rotitracks provoked by the
electron impact. This could be explained by a d#f¢ arrangement of the
amylopectin and amylose fractions in each case tduthe high shear applied
during microfluidification. Different authors (Rifal-Westling, Stading &
Gatenholm, 2002; Paes, Yakismets & Mitchell, 2008port that amylose-
amylopectin separation can occur during film forioatdepending on shear and
temperature applied and the amylose-amylopectio. ratcompetition between gel
formation and phase separation may occur in thelas®amylopectin-water
systems and, if the relative rate of phase separé&ilower than the relative rate of
gelation, no-phase separation occurs in the sysienmg cooling. Rindlav-
Westlinget al. (2002) reported that when the amylose proporitiothe amylose-
amylopectin blends was lower than 25%, a phaseragma occur, but at higher
amylose proportions, the phase separation was eppaprevented by amylose
gelation and the formation of a continuous amylosevork. The amylose content
in native corn starch is around 25% (Garcia, Finbtartino & Zaritzky, 2009).
Moreover, Paest al (2008) reported that amylose-amylopectin phagars¢ion
occurred when severe temperature and shear carslitiere applied during film
formation, while remnants of the granules or ghoats present for mild
temperature or shear conditions. This affects iha film microstructure and its
mechanical properties.

Micrographs of films prepared with mixtures of botiolysaccharides
(starch:HPMC blends) showed a heterogeneous stejctashowing phase
separation between starch and HPMC due to thedfpklymer compatibility. In
any case microfluidization leads to a clearer sajmar of two phases in the films

(top and bottom), despite the high pressure apptigte film forming dispersion.
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These two phases will be an HPMC-enriched phaseaastdrch-enriched phase.
The polymer incompatibility leads to films whosddregeneity cannot be avoided
by high pressure homogenization conditions. In,faginposite flms homogenized
by means of a rotor-stator showed a dispersed poabedded in a continuous
phase; however, when microfluidization was appligidase separation was more
evident probably due to the fact that the promotibpolymer chain interactions at
high pressure enhances their incompatibility. Ftbenobtained images, it could be
deduced that the starch-enriched phase was loedtéde bottom of the film,
whereas the HPMC-enriched phase was at the topgndem on the relative
density of both polymers. In this sense, it is rdkable that liquid phase separation
was also visually observed in the film forming disgons, where the starch phase
(less transparent) was also appreciated at therbatt the system.

The non-homogeneous structure of films obtainedhbyng polysaccharides
has been previously reported. Mathew & Abraham 82®0und that adding ferulic
acid led to starch-chitosan films that were morenbgeneous than others which
did not have this component, which was explainedhieycross-linking activity of
ferulic acid. Annable, Fitton, Harris, Philips & W&ams (1994) reported that the
incorporation of a hydrocolloid, such as galactona@ars, into starch dispersion at a
sufficiently high concentration leads to the phssggaration of mixed gels into two
different phases.

The internal network of these kinds of films, fodnéuring drying, usually
affects different properties. In this sense, theutisity of the internal structure
affects the light transmission/dispersion behaviair the film, and so its
transparency-opacity ratio. In previous works, Badral. (2009b) and Jiménext
al. (2010) found that films became less transpardm@nifatty acids were added to
sodium caseinate and HPMC based films, due to agieréd structure of these

films; the more layers there are, the less tragspdhe film.
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The film’s microstructural irregularities have angact on the surface level
that greatly affects surface roughness, and sodibss. To evaluate this impact on
the composite films, SEM micrographs of the filrnfane were obtained. Figure 2
shows the surface SEM micrographs of the microflediand non-microfludized
films. Different particles can be observed in ahwposite films (Figures 2B, 2C,
2F and 2H). These particles are irregular in shagddéms obtained with a single
rotor-stator homogenization step (Figures 2B anji@t@ more spherical in those
obtained following a 2-step homogenization procébgures 2F and 2G).
Microfludized films show a clear reduction in sudairregularities and roughness
as compared with non-microfludized films, whichrades with the clearer phase
separation observed in the film's cross-sectiongiesa Whereas punctual chain
aggregates, filamentous in shape, can be obsemvadn-microfluidized films, in
microfluidized films, spherical particles, resuffifrom the separation of polymer

aqueous phases remain on the film surface.

3.2. Optical properties

The different structural arrangement of polysaciclesr in the studied films
could have an effect on their optical propertigaces changes in the refractive
index occur through the polymer matrix. Film tramsmcy was evaluated by
means of internal transmittance (Ti). Figure 3 plthie spectral distribution curves
of Ti for both newly prepared (a) and stored filifi§. High values of Ti are
associated with more transparent films with a nfmmogeneous refractive index
through their structure, whereas lower Ti valueseaspond to more opaque films
with heterogeneous networks. A similar pattern whserved for every film over
the considered wavelength range and there were singfl differences in the Ti
values. The greatest differences appeared at lovelesagth in aged HPMC films,

indicating the development of some yellowness.



156 II1.Resultados y discusion. Capitulo IT

90

Ti (%)

80 -

a) Initial time

75 T T
400 500 600 700

A (nm)

90

Ti (%)

b) Final time
75 ; ;
400 500 600 700
A (nm)

Starch:HPMC 100:0 - ——~- Starch:HPMC 100:0 mf
Starch:HPMC 75:25 —-——- Starch:HPMC 75:25 mf
Starch:HPMC 50:50 —-——~ Starch:HPMC 50:50 mf
Starch:HPMC 0:100 Starch:HPMC 0:100 mf

Figure 3. Spectral distribution of internal transmittance (Ti) of microfluidized
(mf) and non-microfluidized films containing different starch:HPMC ratios:
a) newly prepared and b) conditioned films after Storage weeks.
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Table 1 shows the Ti values at 450 nm (in the ramgere the greatest differences
among films were observed) where, in newly prepéitat, the highest Ti values
were found for non-microfluidized pure HPMC and thmwest value for
microfluidized pure starch films. In both films, enbfluidized and non-
microfluidized, the increase in the starch ratiovegarise to a decrease in
transparency. In every case microfluidization pikmo a decrease in the film
transparency, although in pure starch films this wat significant. Nevertheless,
differences are small and it can be concluded HRMC addition and phase
separation introduces little discontinuities in ttedractive index of the polymer
network, thus having only a slight impact on tHenftransparency. Moreover, the
greater transparency of HPMC helps to lend a m@mesparent character to the
starch films, which are more opaque. This is prtpdbe to the fact that they are
also composite films made from amylose and amylapé@ctions.

Throughout storage, small changes in film transpareoccurred mainly in
microfluidized pure starch and pure HPMC films.this sense, it is remarkable
that starch films became more opaque, whereas HRiW& became more
transparent. Taking into account the spectral ibidion (between 400 and 500
nm) of Ti corresponding to microfluidized pure starat initial (Figure 3B) and
final time (Figure 3B), the Ti decrease is assedatvith the change in this
distribution and was coherent with the yellowneskiclv could be visually
observed in samples stored for 5 weeks. This cbeldattributed to the partial
starch hydrolysis during microfluidization, whichielded brown compounds
through the reaction of low molecular weight sugdrsese sugars can react to
some extent in the amorphous film, at low wateivigt through the complex
caramelization reactions giving rise to brown coomms (Claude & Ubbink,
2006).
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The increase in transparency of HPMC films duringrage suggests that a
rearrangement of the polymer chains takes pladagitiis time, since the film is
not in a glassy state and molecular mobility pesntite changes in the chain
entanglements, leading to modifications in macrpicfilm properties.

The obtained gloss values of newly prepared anedtiims measured at an
incidence angle of 60° are shown in Table 1. ImaWly prepared films, the gloss
values of pure HPMC or pure starch films were tighést, whereas composite
films showed very low values coinciding with thaighiness of the composite film
surface, as observed by SEM (Figure 2), causechbgepseparation. The rougher
topography is directly related with the loss ofgidWard & Nussinovitch, 1996).
In general, microfluidization produced an increasaloss values, except in the
case of pure starch films where a decrease waswelosand composite films with
a 50:50 ratio of polymers, where no significant ndjes were induced. For
composite films, these results are coherent witlatvdan be observed in surface
SEM micrographs, where a high level of roughnesddcbe deduced for the film
surface. In the case of starch, microfluidizatican cpromote hydrolysis and
recrystallization which will affect the film surfactopography. In this sense,
Augustin, Sanguansri & Htoon (2008) observed that the case of
microfluidization of heated starch, there is arréase in the depolymerisation of
the starch chain with increasing microfluidizatigressure.

As far as ageing is concerned, the films genetaitygloss probably due to a
molecular rearrangement which took place duringagte at 25 °C and which
modifies film surface topography. Similar effectere observed by Jiménet al.

(2012) working with starch-fatty acid films.

3.3. Tensile properties
The mechanical properties of studied films wereainlgd at 25 °C and 53 %
RH. According to McHugh & Krochta (1994), elasticimodulus (EM), tensile
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strength (TS) and elongation at break (E) are ugsvameters with which to
describe the mechanical behaviour of films, andchsely related with its internal
structure. The values of the tensile parametersshosvn in Table 2. In newly
prepared films, pure HPMC films showed the highest and TS values, while
pure starch formulations and starch:HPMC blend dilmvere less rigid and
mechanically resistant. The presence of glycerehtly reduced EM and TS values
of HPMC films when these values are compared tedheported by Jiménez al.
(2010) for HPMC films prepared without glycerol, ish must be attributed to the
plasticizing effect and the subsequent increasmatecular mobility, providing
more stretchable films (Arvanitoyannis, NakayamaA&a, 1998; Maliet al,
2006; Rodriguez, Osés, Ziani & Maté, 2006). Thfsafhas also been reported in
starch based films containing plasticizers (Ta&jaal, 2007). Microfluidization
induced a decrease in EM values in almost all efdases which could be related
with the disaggregation/fragmentation of polymeaios due to the high pressure
effects, as reported by Augustin, Sanguansri & Ht¢2008), which affect the
network compactness and rigidity. With respect ®values, no significant effect
of microfluidization was observed.

The stretchability of films at initial time rangdgtween 5.7 and 10.4 % with
no significant differences between formulations>(®.05). These values are in
agreement with previous works in which films basedcorn starch (Malet al,
2006) or HPMC (Jiméneet al, 2010) were characterized. Microfluidization did
not induce significant modification of the stretbhity values.

Table 2 also shows mechanical parameters of sfilres. The EM values
were similar, or lower, in comparison with thosetadbed for newly prepared
films, except for non-microfluidized pure starchms where a notable increase in
this value was observed. This increase in the stareh film rigidity was attributed
to the recrystallization process occurring in tharch matrix, as reported by
(Jimenezt al, 2012) on the basis of the X-ray data. The obth-ray data
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commented below confirms this hypothesis. On thereoy, a notable decrease of
EM values of microfluidized pure starch film wassebved, which could to

indicate that no re-crystallization took place lire tfilm throughout storage time.
Microfludization promotes starch hydrolysis, thumiting the rearrangement of
amylose and amylopectin fractions in the matrix.

When HPMC was incorporated into starch films theréase in EM values,
associated to starch re-crystallization, was noseoled, despite the above
mentioned phase separation, which suggests that GHRiHition was able to
inhibit the starch re-crystallization during stoeadgn fact, HPMC addition was
chosen as a possible mechanism to reduce the tatrgdion of starch over time,
thus reducing the brittleness of films after stera§js mentioned above, HPMC is
characterized by its amorphous structure (Kowl, 2011) and crystallization of
the polymer during aging was not expected. Althoydtase separation was
observed, HPMC would be present in both phasediffatent concentrations) in a
required amount to inhibit the crystal formatiorttie starch matrix.

For pure starch non microfluidized films the TSu&lncreased, in agreement
with the increase in the crystallinity developedentime, as shown in X-ray
diffraction patterns (Figure 4), commented below.siall increase was also
observed for microfluidized pure HPMC films whicluggest a polymer
rearrangement during storage, as was also dedwoedthe analysis of the film
transparency. In the rest of the cases no changemlp a slight decrease (in
microfluidized starch-rich films) was observed 18 values during storage.

Generally stretchability of pure starch non mianafized films greatly
decreased during storage in line with the formatibrerystalline zones which
limits displacements of macromolecules. Nevertl®lés the rest of the cases,
stored films were more stretchable than newly pegbéilms, which indicates that
HPMC addition or microfluidization inhibit re-cryatization phenomena, leading

to less resistant but more flexible films throughatorage. So, mechanical
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properties of starch based films may be improvetl thie addition of a determined
amount of HPMC or by microfluidization. To corrolate this result, crystallization
of polymers in the films was characterized by meas-ray diffraction.

Figure 4 shows the X-ray diffraction patterns fattb newly prepared and
stored films. In starch containing films main pedksated around 20° appeared.
These are attributed to the starch crystalline donaand this was previously
observed in tapioca starch-potassium sorbate fijfFema, Rojas, Goyanes y
Gerschenson, 2005) tapioca starch-decolorizedisdayum films (Chen, Kuo &
Lai, 2009) and corn starch-fatty acids films (Jie®et al, 2012). The intensity of
the peaks increased with storage time in non-mligidized pure starch and 50:50
polymer ratio films, but did not change in the rekthe cases, thus indicating that
re-crystallization during storage was inhibited.visieheless crystallization during
film formation also occurred in microfluidized pusearch and 50:50 polymer ratio
films. Pure HPMC films showed a totally amorphowsdtern in agreement with
previous observations obtained by the same techanigou et al, 2011). These
results confirm that an increase of HPMC in stargtrix or microfluidization of
the film forming solutions provoke an inhibition sfarch re-crystallization during
storage. A 50:50 polymer ratio also allows us tobit starch crystallization during
film formation in both microfluidized and non-midhoidized films. This
behaviour coincides with that commented on aboeduded from the mechanical

behaviour of the films.

3.3. Barrier properties

The ability of films or packaging to limit the trsfier of environmental agents
(water vapour, oxygen, GPhas been studied (Arvanitoyannis & Biliaderis989
Garcia, Martino & Zaritzky, 2000; Karbowiak, Debéat & Voilley, 2007; Mali
et al, 2006; Navarro-Tarazaga, Massa, & Pérez-Gagol;2Bduzaet al, 2009)
and reviewed by many researchers (Koelsch, 199%eld Krochta, 1997).
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Figure 4. X-ray diffraction patterns of newly prepared (I curve) and stored

films (F curve). A to D correspond to non-microfludized films, E to H
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correspond to microfluidized films. A and E: 100:0starch:HPMC ratio, B and
F: 75:25 starch:HPMC ratio, C and G: 50:50 starch:HPMC ratio and D and
H: 0:100 starch:HPMC ratio.

Packaging has to be able to avoid moisture and egabange between the
environment and the product. Both water vapour amgigen barrier were
characterized in the films, both newly-prepared emaditioned and after 5 storage
weeks. WVP and OP values are shown in Table 3. WalRBes ranged between
5.21 and 10.3 g-mm-kPd&'-m? considering both initial and final time. These
results agree with those from previous studieshiclwvstarch films were obtained.
For instance, Pushpadass, Marx, & Hanna (2008)irentaVVP values between
10.9 and 12.9 g-mm-kP&'-m? in starch films containing stearic acid and
Jiménezt al (2012) between 6.71 and 9.14 g-mm-kR&am? in starch-fatty acid
films.

The obtained values for newly prepared non-micidihed films did not
show a clear tendency with the HPMC content siraté pure starch and HPMC
showed very similar values, in agreement with thesry similar hydrophilic
character. Microfluidization slightly decreases WWM#hich is coherent with the
structural effects commented on above (chain dieaggion/fragmentation and
formation of a less compact network).

Concerning to the effect of storage time, WVP valgenerally did not
change, or only slightly increased which can betdube polymer rearrangements
commented on above, associated to matrix ageingp®@ starch microfluidized
films WVP decreased significantly (p < 0.05) ovéorage time, as reported by
Mali et al (2006) for corn, cassava and yam starch. Thisedse in WVP values
of starch stored films could be explained by a pesgive hydrolysis of the starch
which led to the formation of a less compact nekwathere small molecule

permeation can occur more easily. Hydrolysis afcétas promoted by the effect of
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shear stress forces (Carvalho, 2008; Myllymaki, ik&@men, Suortti, Forssell,
Linko & Poutanen, 1997), such as those applied icrofluidization. Likewise,
some authors (Courgneau, Domenek, Guinault, Avé&&obDscruet, 2011) reported
that polyols (such as glycerol) as long as thegtjlize the biopolymer matrix,
they favour crystallization because of polymer nigbiincrease and, in some
biopolymer matrices such as PLA, also induce chaigth reduction (measured by
size exclusion chromatography) in parallel to aljation. The reduction of the
polymer chain length will induce a lower permedili

In order to evaluate the ability of films to linmiikygen transfer, the oxygen
permeability (OP) was analyzed at 53 % HR and 25Xiained values for OP are
shown in Table 3 as mentioned above. Starch filange hbetter oxygen barrier
properties than HPMC films, so oxygen permeabitjneatly increased when
HPMC ratio increased in the films. In newly premhfiéms, microfluidization gave
rise to an increase in oxygen permeability of pdRMC films and a decrease in
the 50:50 polymer ratio films, but no changes ineotcases. The obtained values
for films containing were lower in comparison withose reported for sodium
caseinate-starch films (Arvanitoyannis & Biliaderid998) and for corn
starch:cellulose:lignin composites (Wu, Wang, Lij,\Wang, 2009).

The effect of storage time on oxygen permeabiligpehded on the film
composition and the homogenization process. In rabste cases an increase in
the OP values was observed, mainly in microfluidizemposite films and in non-
microfluidized pure HPMC films. This must be explail by the microstructural

rearrangement of the polymer chains during storage.

4. CONCLUSIONS

The addition of HPMC into the corn starch matrixvgaise to a more

amorphous structure as was observed by X-ray diiftla However, SEM
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micrographs revealed a polymer phase separatiochvgimovoked a loss of gloss in
the films. Elastic modulus of newly prepared conifgodilms decreased as
compared to pure starch and HPMC films althoughsitenstrength and
deformation at break are slightly improved with pgest to pure starch film.
Composite films showed similar WVP to pure stardmdg but slightly higher

oxygen permeability due to the contribution of HieMC which showed high OP
values. Microfluidization did not allow the homogers mixture of both polymers,
which showed phase separation in the films, butritmried to the inhibition of

starch re-crystallization during storage, givingerio slightly less rigid films with
similar resistance to break and stretchability. iditlon of the starch re-

crystallization during film formation and storageasv also reached in both
microfluidized and non-microfluidized films when MIE was incorporated to

starch films in a 50:50 ratio.
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ABSTRACT

The effect of sodium caseinate addition on corncktdilms was studied in
terms of microstructural, mechanical, optical andtewx and oxygen barrier
properties and the changes they underwent durialy &hweeks’ storage under
controlled conditions. The influence of the polymmixture on the degree of
crystallization of the films was also analysed. Théowing starch: protein ratios
were considered. 100:0, 75:50, 50:50 and 0:100. S#ktostructure analysis
revealed the compatibility of both hydrocolloids\@ no phase separation was
observed. The addition of sodium caseinate to tiduels films provided films that
were less stiff and resistant to fracture but nitaeble and deformable than pure
starch films, with similar water vapour permeapilitalues. The films became
more permeable to oxygen as their sodium caseawetnt increased in line with
the higher permeability values of the protein filmcorporating sodium caseinate
to starch films provoked a slight increase in tp@mency, but a loss of gloss, which
also decreased in composite films during storagpe. rE-arrangement of polymer
chains during storage caused a loss of mechargs@dtance, stretchability and

gloss in composite films.

Keywords: Starch, storage, re-crystallization, films, phgsigroperties.
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1. INTRODUCTION

In recent years, more and more research has begiedcaut into the
substitution of petro-based plastic materials faydbgradable ones in order to
solve the problems generated by plastic wastetl®oe is increasing interest in
biodegradable films made from renewable and natmaterials, such as starch.
Corn starch edible films exhibit appropriate phgbiproperties since these films
are isotropic, odourless, tasteless, non-toxic ldodegradable (Krochta, Baldwin
& Nisperos-Carriedo, 1994). However, starch filnasén several drawbacks, such
as brittleness, due to starch crystallization, podr mechanical properties, which
limit their uses or applications. The main method rfieducing the brittleness of
starch films is to add plasticizers which are d@bleeduce the intermolecular forces
by increasing the chain mobility and improving ftexibility and extensibility of
the films (Parra, Tadini, Ponce & Lugédo, 2004). fkew approach to overcome
this aspect is to blend starch with other polynwradditives (Walia, Lawton &
Shogren, 2000; Wang, Yang & Wang, 2004; BourtoomC&innan, 2008,
Ghanmbarzadeh, Almasi, & Entezami, 2010). Otherwite application of
hydrophilic films, such as starch-based films,imsited by the poor water vapour
barrier properties and water solubility of thesm$i. In a first approach to solve the
hygroscopicity and crystallization problems of stabased films, Jiménez, Fabra,
Talens & Chiralt (2012) studied the effect of addifatty acids (saturated and
unsaturated) on the physico-chemical propertied,their changes during storage,
in starch films. Nevertheless, they found thatyfatid addition did not notably
improve the water vapour permeability of the filard, in all cases, the degree of
starch crystallization increased during storageetinius increasing the film's
brittleness and decreasing its stretchability amddparency. So, it was concluded
that other biodegradable materials must be testedmprove the functional

properties of starch films and their ageing proldem
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The capacity of sodium caseinate to form films véiipropriate properties is
well-known (Fabra, Talens, Chiralt, 2008ab, 2010 & Chaufer, 2005; Chen,
2002) and some works have revealed the improveofehte film properties when
sodium caseinate is incorporated into other polymairices (Pereda, Amica, Racz
& Marcovich, 2011; Monedero, Fabra, Talens & ChjraD10; Arvanitoyannis &
Biliaderis, 1998). Nevertheless, only a few studiese found into the effect of
sodium caseinate on the physico-chemical propesfiesrn starch films.

In this work, the effect of adding sodium casetnah the microstructural,
mechanical, optical and oxygen and water vapoutidsgoroperties of corn starch
matrices was analyzed for films in different st@agpnditions (non-stored and
stored films for five weeks). X-ray diffraction wastudied to evaluate the

crystallization of film components in stored anagtored films.

2. MATERIALS AND METHODS

2.1. Materials

Corn starch was purchased from Roquette (RoqueititalEspafia, Benifaio,
Spain) and sodium caseinate (NaCas) was supplie®itppna (Sigma—Aldrich
Chemie, Steinheim, Germany). Glycerol, chosen astigizer, was provided by

Panreac Quimica, S.A. (Castellar Del Vallés, Bata] Spain).

2.2. Preparation and characterization of films

Four different dispersions were obtained using atamch, sodium caseinate
and glycerol as plasticizer. Corn starch was dsgukin cool water to obtain 2 %
(w/w) polysaccharide suspensions. Then, these digpes were maintained at 95
°C for 30 min under continuous stirring to promstarch gelatinization. Sodium
caseinate was dissolved directly in cool distilteater (2 % wiw). Afterwards, both

hydrocolloids were mixed to obtain four dispersiangh starch:protein ratios of
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1:0, 0.75:0.25, 0.5:0.5 and 0:1. Once the mixegwweepared, a controlled amount
of glycerol was added (ratio hydrocolloid(es) :agyol was 1:0.25). Afterwards,
dispersions were homogenized for 1 min at 13,500 and for 5 min at 20,500
rpm at 95 °C, under vacuum, using a rotor-statondgenizer (Ultraturrax T25,
Janke and Kunkel, Germany). Film-forming dispersiarf hydrocolloids and
glycerol, containing 1.5 g of total solids, werenthg spread over a Teflon plate
(150 mm diameter) resting on a leveled surface. dikpersions were allowed to
dry for approximately 48 hours at 45 % relative Idity (RH) and 20 °C. Under

these conditions, flawless films were peeled intamh the casting surface.

2.2.1. Film conditioning and storage

Before the tests, all the samples were conditioneddesiccator at 25 °C and
53 % RH, by using magnesium nitrate-6-hydrate s#tdr solutions (Panreac
Quimica, SA, Castellar del Vallés, Barcelona) foeaveek when the first series of
analyses was carried out. One part of the sampkes stored under the same
conditions for five weeks in order to perform thecend series of analyses of
stored films.

Film thickness was measured with a Palmer digitafemeter to the nearest

0.0025 mm at 6 random positions, previous to aiglys

2.2.2. Tensile Properties

A universal test Machine (TA.XTplus model, Stableicd Systems,
Haslemere, England) was used to determine theldessiength (TS), elastic
modulus (EM), and elongation (E) of the films, acling to ASTM standard
method D882 (ASTM, 2001) EM, TS, and E were deteedifrom the stress-
strain curves, estimated from force-distance dataioed for the different films
(2.5 cm wide and 10 cm long). Equilibrated samplese mounted in the film-

extension grips of the testing machine and streteté0 mm mif until breaking.
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The relative humidity of the environment was haddstant at 53 (£2) % during the
tests, which were performed at 25 (1) °C. At {esis replicates were obtained

from each sample variation.

2.2.2. X-ray diffraction

X-ray diffraction patterns were recorded using agaRu Ultima IV
multipurpose X-ray diffraction system (Rigaku Corgtion, Tokyo, Japan). All the
samples were analyzed betweén=25° and 2 = 50° using K& Cu radiation X =
1.542 A), 40 kV and 40 mA with a step size of 0°For this analysis, samples
were cut into 2 cm squares, prior to storage, oeoto avoid breakage during
handling. Relative humidity and temperature duanglyses were 53 % and 25 °C,

respectively.

2.2.3. Barrier properties
2.2.3.1. Water Vapour Permeability (WVP)

WVP was measured in film discg=3.5 cm) according to a modification of
the ASTM E96-95 (1995) gravimetric method (McHughyena-Bustillos &
Krochta,1993), using Payne permeability cups (3.5 cm diam&lcometer SPRL,
Hermelle /s Argenteau, Belgium). Distilled watersmplaced inside the cup to
expose the film to 100 % RH on one side. Once ithes fwere secured, each cup
was placed in a relative humidity equilibrated ocabiat 25 °C, with a fan placed on
the top of the cup in order to reduce resistanosater vapour transport. The RH
of the cabinets (53 %) was held constant using saterated solutions of
magnesium nitrate-6-hydrate (Panreac Quimica, SAstéllar del Vallés,
Barcelona). The free film surface during film fortmoa was exposed to the highest
RH value. The cups were weighed periodically (00Dg). WVP was determined
from the slope obtained from the regression analgEiweight loss datas. time,
once the steady state was reached. The methodsewiby McHuglet al (1993)
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to correct the effect established by concentragi@adients in the staghant air gap

inside the cup was used.

2.2.3.2. Oxygen permeability (PO
The oxygen permeation rate of the sodium casefilate was determined at
53 % RH and 25°C using an OX-TRAN Model 2/21 ML Maoc (Lippke,

Neuwied, Germany). Film samples were previouslydidmned at the relative

humidity level of the test in a desiccator using @rer-saturated Mg(N»
solution. Two samples were placed in the equipnientnalysis and they were
conditioned in the cells for 6h, then the transioisyvalues were determined every
20 min until the equilibrium was reached. The expesarea during the tests was
50 cnf for every formulation. In order to obtain the orygpermeability, film

thickness was considered in each case.

2.2.4. Scanning Electron Microscopy (SEM)

The microstructural analysis of the films was aarout by SEM using a
scanning electron microscope (JEOL JSM-5410, Japkin samples were
maintained in a desiccator with@ for two weeks to ensure that no water was
present in the sample. Then, films were frozenignidl N, and cryofractured to
observe the cross-section of the samples. Filme \ired on copper stubs, gold

coated, and observed using an accelerating voitage kV.

2.2.5. Optical Properties

The film transparency was determined by applyirggKlabelka-Munk theory
(Hutchings, 1999) for multiple scattering to thdleetion spectra. The surface
reflectance spectra of the films were determinemnfr400 to 700 nm with a
spectrocolorimeter CM-3600d (Minolta Co., Tokyopda) on both a white and a
black background. As the light passes throughithe it is partially absorbed and
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scattered, which is quantified by the absorptidd) @nd the scatteringS(
coefficients. Internal transmittance;)( of the films was quantified using eq 1. In
this equation,R, is the reflectance of the film on an ideal blackckground.
Parameters andb were calculated by eqs 2 and 3, whRris the reflectance of
the sample layer backed by a known reflectaRgeMeasurements were taken in

triplicate for each sample on the free film surfdaeing its drying.

T, =y(@-Rq)? - b? Equatibn

1 Ro—-R+R, _
a=—[jIR+—— Equation 2
2 RoR,
— (42 _1\12
b=(@"-1) Edjon 3

The gloss was measured on the free film surfacengluts drying, at 60°
incidence angles, according to the ASTM standar@d®®ethod, (ASTM, 1999),
using a flat surface gloss meter (Multi Gloss 268jnolta, Germany).
Measurements were taken in triplicate for each $mrapd three films of each
formulation were considered. All the results wexpressed as gloss units, relative

to a highly polished surface of black glass stathadth a value near to 100.

2.3. Statistical Analysis

Statgraphics Plus for Windows 5.1 (Manugistics GoRockville, MD) was
used for carrying out statistical analyses of ddw@ugh analysis of variance
(ANOVA). Fishers least significant difference (LSD) was used & 85%

confidence level.
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3. RESULTS

3.1. Microstructural properties

The compatibility and miscibility of both hydrocoitis (starch and sodium
caseinate) can be evaluated qualitatively throbghicrostructural analysis. SEM
images give information about how the film’s compnts are arranged in the dried
films, which has an impact on film properties. Degieg on the nature of the
hydrocolloids and the interactions developed in ftime forming dispersions and
during film-drying, the components arrange themselin different ways in the
film matrix (Fabra, Talens & Chiralt, 2009a, Jimge¢ al, 2012).

Figure 1 shows the cross-section images of filmespared with different

starch:sodium caseinate ratios.

Figure 1. SEM micrographs of a cross-section of gteh (A), 75:25
starch:sodium caseinate (B), 50:50 starch:sodium sainate (C) and pure

sodium caseinate (D) non-stored films.
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Pure starch films (Figure 1A) and composite filmghw50:50 polymer ratio
(Figure 1C) show a continuous and smooth aspedéle whveral micro-cracks can
be observed in the cross-section image of pureausodiaseinate (Figure 1D) and
75:25 polymer ratio films (Figure 1B). This indieatthe formation of a more
fragile structure in these two later cases. Bottirdgolloids are highly compatible
as deduced from the SEM micrographs since no diftephases are observed. So,
we can postulate that interactions among film comapbs (sodium caseinate,
starch and glycerol) favoured the integration ofifegolloids in a homogenous
matrix. However, on a microstructural level, filmsntaining pure sodium
caseinate or those with a starch:caseinate rattb@5 showed fragility probably
due either to the differences in the distributidrgtycerol molecules which does
not allow it to perform an adequate plasticizeerot to not a high enough amount
of plasticizer in these cases. In fact, Fabtaal, 2008a reported that sodium
caseinate films required a minimum of 30% glycéooshow adequate mechanical
properties and only 25% was used in this caseh@basis of the amount required
for corn starch films (Jiménet al, 2012).

In Figure 1B small white spots can be also obsewieidh can be attributed
to small particles produced during the film fraetyrior observation which deposit
on the cross section of the film. Small white egéat formations are also observed
in Figure 1D for pure caseinate film. Nevertheldhese seem the incipient crack
formation in the insufficiently plasticized filmr&bably did not occur in more wet
films where water exerts a plasticizing role, thliminishing the micro-fractures

produced by the electron impact during observation.

3.3. Tensile properties
Table 1shows tensile properties (EM: elastic modulus, fE8sile strength
andE (%): elongation at break) of studied films equéited at 25 °C and 53% HR.
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TS represents film resistance to elongation atkyré&M the stiffness of the

material and is a measure of the film’s capacity for stretching

Table 1. Tensile properties of starch-NaCas basedIms, both non-stored

(initial) and stored for 5 weeks (final). Mean vales (standard deviation).

EM (MPa) TS (MPa)
Film Initial Final Initial Final
Starch:NaCas 100:0 806 (?4) 1474 (156¥ 9.12 (0.63" 20 (2J?
Starch:NaCas 75:25 442 (88) 276 (65)* 6.9 (0.4} 5.03 (0.63Y

Starch:NaCas 50:50 376 (42) 221 (32)° 6 (1" 4.8 (0.5
Starch:NaCas 0:100 643 (169) 329 (297  10.4 (1.5* 6.5 (0.3y
E (%)

Film Initial Final
Starch:NaCas 100:0 7.6 (£4) 2.16 (0.23Y7
Starch:NaCas 75:25 16.7 (0B) 8 (3)?
Starch:NaCas 50:50 19.14 (3.36) 10.9 (1.6Y?
Starch:NaCas 0:100 12.9 (I8) 23.7 (4.1%

a-c: Different superscripts within the same colunticate significant differences among formulatigps: 0.05).
1-2: Different superscripts within the same lindigate significant differences among formulatiops: (0.05).

Films prepared with only one of the hydrocolloidsowed similar mechanical
properties, although starch films were stiffer amdre fragile than sodium
caseinate films. Sodium caseinate addition to tiecls matrix provoked a decrease
in the elastic modulus and tensile strength andnarease in the elongation at
break, in non-stored films. So, composite fiimspared with mixtures of both
hydrocolloids were less rigid (lower EM) and resrgtto fracture (lower TS) and
more flexible and stretchable (great&) than films prepared with pure
components. This indicates that, in composite filatsraction forces and bonds
between polymer chains are less intense comparetheocase when chains
correspond to the same macromolecule. So, a deciedle cohesive strength of

the films occurs, thus increasing their stretclighédnd decreasing their hardness.
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These effects were more marked when the polymar veds 50:50, when films
showed the greatest stretchability and the lowtdgtess.

In agreement with the results found, the additibdambda-carragenaan to
sodium caseinate films provided more flexible atr@tshable films than those
made of pure sodium caseinate (Fadiral 2008b) Likewise, whey protein, soy
protein and caseinate films combined with alginatpectin and/or
carboxymethylcellulose respectively and also shogredter flexibility than pure
hydrocolloid films (Parris, Coffin, Joubran, & Pess 1995; Sabato, Ouattara, Yu,
D’Aprano, Le Tien, & Mateescu, 2001; Yu, SabatoAprano, & Lacroix, 2004).
Chen & Lai (2008) also observed that the mechamoaperties of tapioca starch
are strongly improved by the addition of leaf guiMowever, Phan The,
Debeaufort, Voilley & Luu (2009) reported that menfcal properties could
become undesirable when the additive or the addetlobolloid leads to a
dispersion or to a two-phase separated film stractlihis was observed when
alginate was added to the sodium caseinate matrixhich the thermodynamic
incompatibility of sodium caseinate-alginate systemsually leads to the
separation of two phases, resulting in films that less flexible and stretchable
(Fabraet al, 2008b, Simeone, Alfani & Guido, 2004)

Ageing the films for five weeks induced changegsha starch film’'s tensile
properties. Whereas TS and EM significantly inceglais pure starch films, they
decreased in films containing sodium caseinatengt ratio (75:25, 50:50 and
0:100, S:NaCas ratios). As previously reported édiezet al, 2012), starch films
tend to crystallize during ageing which gives risean increase in the film's
stiffness. However, this seems not to occur, astléa the same extent, when
sodium caseinate is added to the film matrix, ppbpalue to the fact that the
presence of sodium caseinate chains in the matkemthe reorganization of the
starch molecules difficult, avoiding the developmehstiffness in the films. The

elongation at break always decreased with agexagpe in films prepared with
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pure sodium caseinate, which could be, in paripated to glycerol migration and
separation. This phenomenon, which reduces theteffé@mess of the plasticizer
and contributes to the modification of the film pesties, has previously observed
been with glycerol (Godbillot, Dole, Joly, Rogé &alhlouthi, 2006; Rodriguez,
Osés, Ziani & Maté, 2006; Talja, Helén, Roos & Julg 2008), xylitol and
sorbitol (Talja, Helén, Roos & Jouppila, 2007). pure starch films, the re-
crystallization process will also contribute to wethg film stretchability at the
same time as the film’'s stiffness and hardnessass. In pure sodium caseinate
films, EM and TS greatly decreased during storabereas deformation capacity
increased. This seems to indicate that the polychain attraction forces were
reduced in line with the polymer matrix reorganizatduring storage. In this case,
no phase separation of glycerol seems to occur iaberactions of the
macromolecules with the polyalcohol molecules coddd promoted, thus
increasing the chain mobility and giving rise tan@re open matrix. The great
water retention capacity of glycerol moleculeshe matrix can also contribute to
the mentioned effects.

In order to analyze the degree of crystallinitytie non-stored and stored
films and to understand their mechanical behavithe,X-ray diffraction patterns
of different samples were characterized. Figureh@ws the X-ray diffraction
spectra of the non-stored and stored films. Whileepstarch films (Figure 2A)
show a crystalline pattern, pure sodium caseinbies {Figure 2D)arecompletely
amorphous. The crystalline region of starch is tedain the range of 20°, as
previously reported (Fama, Rojas, Goyanes & Gersaeg 2005; Chen, Kuo &
Lai, 2009, Jiméneet al, 2012). X-ray diffraction spectra of films prepdrwith
mixtures of both hydrocolloids showed crystallimelamorphous zones in which
crystalline peaks were more evident as the staih increased in the film. In this
sense, these were barely appreciable in 50:50 molyatio films, either in non-

stored or stored films.
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The most important changes in the crystalline zdmeaght about the ageing
effect were found in pure starch films, which cdnite to strengthening the films.
However, in films containing sodium caseinate ngniicant differences were
observed between X-Ray diffraction patterns ofexsiaand non-stored films, due to
the fact that the rearrangement of starch chaingnglicrystallization is more
difficult in the presence of another polymer whinteracts with them. An indirect
influence of different effects such as changeshie availability of free water
molecules, associated to the distribution of sodians in the matrix, could also

contribute to the inhibition of the starch re-calktation.
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Figure 2. X-Ray diffraction spectra of starch (A), 75:25 starch:sodium
caseinate (B), 50:50 starch:sodium caseinate (C) cpure sodium caseinate

(D) stored and non-stored films. X-axis: 8 (°). I: initial time; F: final time.
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From these results, it is possible to conclude sloaium caseinate inhibited
starch re-crystallization during film storage anithdered starch crystallization

during film formation when it is present in thatfilin the same ratio as starch.

3.4. Barrier properties
3.4.1. Water vapour permeability

Table 2shows water vapour permeability values of non-stamad stored
films analyzed at 25 °C and 53-100% RH gradient.

Table 2. Water vapour and oxygen permeability of strch-NaCas based films,

both non-stored (initial) and stored for 5 weeks {hal). Mean values (standard
deviation).

O, perm. - 13* (cm®m™*.s".Pa’)

Film Initial Final
Starch:NaCas 100:0 4 1) 4.22 (0.39)
Starch:NaCas 75:25 7.36 (0.63)  11.8 (0.5%
Starch:NaCas 50:50  12.5 (04)  14.1 (0.7}"
Starch:NaCas 0:100 18.23 (0.48) 19.6 (0.2f°
WVP (g- mm- kP& h*.m?)

Film Initial Final
Starch:NaCas 100:0 7.9 ((2)  7.72 (0.97'
Starch:NaCas 75:25 7.65(0.25)  7.65 (0.24)"
Starch:NaCas 50:50  9.05 (0.18)  7.32 (0.53Y
Starch:NaCas 0:100 7.8 (C%)  7.52(0.36)

a-d: Different superscripts within the same colundicate significant differences among formulatigns: 0.05).
1-2: Different superscripts within the same lindigate significant differences among formulatiops: 0.05).

No significant differences were observed between\WAWVP values of the films,
except in films prepared with a 50:50 S:NaCas ratioch showed the highest
permeability values. Although some authors claimt throtein based films have
more interesting mechanical and barrier propertiem polysaccharides (Cug,
Aymard, Cuqg & Guilbert, 1995; Ou, Kwok & Kang, 2Q03ao, Fu & He, 2007),
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no differences were found for starch and sodiuneicase films containing the
same ratio of glycerol. Proteins have a specifiacstire which confers a wide
range of functional properties, especially higheinand intra-molecular binding
potential. Polysaccharide-based films are moreilseddsintegrated by absorbing
water and, in general, have poorer barrier progerihan protein based films. In
starch films, the more complex structure formedhry amylose and amylopectin
could contribute to decreasing WVP. In fact, altfiowcomparisons are difficult
because each author used different test conditite®perature and relative
humidity gradient), starch films appear to have dowWVP than other
polysaccharides, such as HPMC (Jiménez, Fabran3aeChiralt, 2010), iota-
carrageenan (Hambleton, Debeaufort, Beney, KarBo&i&/oilley, 2008; Fabra,
Hambleton, Talens, Debeaufort, Chiralt & Voilley)a®b) or agar (Phan Tie al,
2009) and similar values than that reported forsadaseinate (Fabet al, 2010)
or soy protein (Monederet al, 2010).

The higher WVP values observed for films with 50:S€rch:sodium
caseinate ratio indicate that a more open matmxcttre was formed for this
formulation where the transport of water molecwles favoured. The coexistence
at the same ratio of starch and caseinate polymgddmply an increase of the
interchain space of the hydrocolloids (high-molacwieight water-soluble
macromolecules) with wider hydration layers whelgcgrol molecules interact,
and where permeation of water molecules can ocoue ®fficiently. Nevertheless,
during the ageing of these films, their capacity ¥eater transport decreased,
diminishing the WVP values, which seems to indicdtet a progressive
rearrangement of the polymer chains occurs, prainbte the attraction forces
(Van der Waals interactions and possible hydrogemb between amino groups of
protein and hydroxyl groups of starch), giving rteea more compact structure,
with smaller inter-chain spaces, in which the tpams of water molecules is more

difficult. The high water binding capacity of glyoé could contribute to
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progressively reduce the hydrocolloid hydratiorelayhus enhancing the action of
the interchain attractive forces.

Ageing of the other films for five weeks did notlirce changes in the water
vapour barrier properties, which suggest that nevest modification in the

polymer chain arrangement in the matrix occurreth@se cases.

3.4.2. Oxygen permeability

Oxygen permeability values of non-stored and stditets are given in Table
2. The oxygen permeability of starch films was mtran four times lower than
that of the sodium caseinate films. So, the incaton of sodium caseinate into
starch matrices provoked an increase in the oxygemeability of the films; the
greater the ratio, the higher the increase. Theceféf storage on the oxygen
permeability of films was not very appreciable amay a slight increase was
observed for pure sodium caseinate films and tloosgaining a 75:25 polymer
ratio.

The obtained values are lower than those reportedirvanitoyannis &
Biliaderis (1998) for soluble starch-sodium castdrfdms and by Garcia, Martino
& Zaritzky (2000) for corn starch containing a héghratio of plasticizer.

So, whereas the addition of sodium caseinate o starch matrices did not
modify water vapour permeability, it slightly inaged oxygen permeability,

proportionally to the ratio of incorporated cas¢ina

3.5. Optical properties (transparency and gloss)

The internal transmittance (Ti) spectra of the $ilmere obtained and the
value at 450 nm was selected to compare samplesibecthe greatest differences
between the different films were found within thigvelength range. Table 3
shows the Ti values together with gloss valuesOat. According to the Kubelka-

Munk theory, high values of Ti are associated wgitbater film homogeneity and
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transparency. The highest Ti values were founduire gtarch films, whereas the
addition of sodium caseinate only slightly redudetgtrnal transmittance, which

reached its lowest value in films prepared with epusodium caseinate.

Nevertheless, differences were very small andhalfiims can be considered as
highly transparent. Moreover, film transparency wid change significantly during

storage time, except the film with a 50:50 polymatio where a slight decrease
was observed. This could be attributed to the asmein the matrix compactness
deduced from the changes in the WVP and stretdtyatélues.

Table 3. Optical properties of starch-NaCas basedilfns, both non-stored

(initial) and stored for 5 weeks (final). Mean vales (standard deviation).

T, (450 nm)

Film Initial Final
Starch:NaCas 100:0 85.54 (0.36) 85.21 (0.09"
Starch:NaCas 75:25 84.4 (1) 84.0 (0.8}
Starch:NaCas 50:50  84.7 (3) 83.11 (0.17¥
Starch:NaCas 0:100 83.47 (0.41) 83.01 (0.46}

Gloss 60°

Film Initial Final
Starch:NaCas 100:0 71 {8) 67 (9f*
Starch:NaCas 75:25 68.2 (86) 55 (11§?
Starch:NaCas 50:50  76.3 (#5) 44 (11§?
Starch:NaCas 0:100  86.6 (66) 84.45 (3.11)

a-c: Different superscripts within the same columticate significant differences among formulatigps: 0.05).
1-2: Different superscripts within the same lindigate significant differences among formulatiops: 0.05).

The gloss of non-stored films was greatly affedigdilm composition. Pure
sodium caseinate films were glossier than thogmucd starch, probably due to the
film's structure after drying. Starch films tend doystallize during film formation
and the crystals near the film surface could redtgcemoothness, decreasing the
gloss. Nevertheless, despite the fact that sodiseinate was observed to inhibit

crystallization, composite films showed lower glasdues. This indicates that, at
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surface level, the packaging of the different padyrim composite films promotes a
rougher surface, thus decreasing gloss. After tageoweeks, only composite films
showed a decrease of gloss, in agreement withitheges in surface topography
which occurred due to the progressive polymer rargement commented on
above. It is remarkable that this did not affea ftm transparency to the same

extent.

4. CONCLUSIONS

The addition of sodium caseinate to starch matrieelsiced the degree of
crystallinity of starch films and inhibited starale-crystallization during film
storage. Mixtures of both hydrocolloids providem which are less stiff and
resistant to fracture but more flexible and defdsleahan pure starch films, with
similar water vapour permeability values. As théism caseinate content in the
film increased, so did oxygen permeability, in liwith the higher permeability
values of the protein film. The incorporation ofdgon caseinate to starch films
provoked a slight increase in transparency, butoss lof gloss, which also
decreased during storage in composite films. Tharn@gement of polymer
chains during storage caused a loss of mecharés#tance, stretchability and
gloss in composite films. In general, fiims premhnesing mixtures of both
hydrocolloids showed better potential applicatitimsn pure starch films, mainly
due to the inhibition of starch crystallization whiimplies undesirable changes in

the film’s mechanical behaviour.

REFERENCES

- Arvanitoyannis, 1., & Biliaderis, C.G. (1998). Wical properties of polyol-plasticized
edible films made from sodium caseinate and solsbdech blendsFood Chemistry 62
(3), 333-342.



II1. Resultados y discusion. Capitulo IT 195

- ASTM (1995) Standard test methods for water vap@nsmission of materials. Standars
Desingnations: E96-95. ImMAnnual Book of ASTM Standardgp. 406-413); American
Society for Testing and Materials: Philadelphia, P

- ASTM (1999). Standard test method for speculasgl Designation (D523Annual book
of ASTM StandargsAmerican Society for Testing and Materials: Péohia, PA; Vol.
06.01.

- ASTM (2001) Standard test method for tensile prtips of thin plastic sheeting.
Standard D882Annual Book of American Standard Testing Methdaiserican Society for
Testing and Materials: Philadelphia, PA; pp 162-170

- Audic, J. L., & Chaufer, B. (2005). Influence pfasticizers and crosslinking on the
properties of biodegradable films made from sodoaaseinateEuropean Polymer Journal
41(8), 1934-1942.

- Bourtoom, T., & Chinnan, M. S. (2008). Prepanatamd properties of rice starch-chitosan
blend biodegradable filnLWT - Food Science and Technolpd¥ (9), 1633-1641.

- Cao, N., Fu, Y., & He, J. (2007). Preparation phgsical properties of soy protein isolate
and gelatin composite filmg.ood Hydrocolloids21 (7), 1153-1162.

- Chen, H. (2002). Formation and properties of iceiiens and coatings. In A. Gennadios
(Ed.), Protein-based films and coatings (pp. 18132Mew York: CRC PRESS.

- Chen, L. S., & Lai, C. H. (2008). Mechanical awdter barrier properties of tapioca
starch/decolorized hsian-tsao leaf gum films in theesence of plasticizerFood
Hydrocolloids 22 (8), 1584-1595.

- Chen, C., Kuo, W. and Lai, L. (2009). Rheologiaat physical characterization of film-
forming solutions and edible films from tapiocarstddecolorized hsian-tsao leaf gum.
Food Hydrocolloids23 (8), 2132-2140.

- Cuq, B., Aymard, C., Cuq, J., & Guilbert, S. (599Edible packaging films based on fish
myofibrillar proteins: Formation and functional perties.Journal of Food Scienc&0 (6),
1369-1374.



196 II1.Resultados y discusion. Capitulo IT

- Fabra, M.J., Talens, P., & Chiralt, A. (2008agngile properties and water vapour
permeability of sodium caseinate films containingi®acid-beeswax mixtures. Journal of
Food Engineering, 85, 393-400.

- Fabra, M.J., Talens, P., & Chiralt, A. (2008bifeEt of alginate and lambda-carrageenan
on tensile properties and water vapour permeatfityodium caseinate—lipid based films.
Carbohydrate Polymers4 (3), 419-426.

- Fabra, M. J., Talens, P., & Chiralt, A. (2009%licrostructure and optical properties of
sodium caseinate films containing oleic acidebe&swaxtures. Food Hydrocolloids
23(3), 676-683.

- Fabra, M.J., Hambleton, A., Talens, P., Debeaufor Chiralt, A., & Voilley, A. (2009b).
Influence of interactions on water and aroma pehitiias of i-carrageenan-oleic acid-

beeswax films used for flavour encapsulati@arbohydrate Polymerg6 (2), 325-332.

- Fabra, M.J., Talens, P., & Chiralt, A. (2010)flience of calcium on tensile, optical and
water vapour permeability of sodium caseinate ediiiins. Journal of Food Engineering
96 (3), 356-364.

- Fama, L., Rojas, A.M., Goyanes, S., & Gerschenko(2005). Mechanical propertie$
tapioca-starch edible films containing sorbate&/T — Food Science and Technolo88
(6), 631-639.

- Garcia, M.A., Martino, M.N., & Zaritzky, N.E. (20). Lipid addition to improve barrier
properties of edible starch-based films and coatidgurnal of Food Scien¢®5 (6), 941-
947.

- Ghanmbarzadeh, B., Almasi, H., & Entezami, A.2010). Physical properties of edible
modified starch/carboxymethyl cellulose filminovative Food Science and Emerging
Technologies1l (4), 697-702.

- Godbillot, L., Dole, P., Joly, C., Rogé, B., & Eiouthi, M. (2006). Analysis of water
binding in starch plasticized filmsood Chemistry96 (3), 380-386.



II1. Resultados y discusion. Capitulo IT 197

- Hambleton, A., Debeaufort, F., Beney, L., Karbakyi T., & Voilley, A. (2008).
Protection of active aroma compound against masand oxygen by encapsulation in

biopolymeric emulsion-based edible filnBiomacromolecule® (3), 1058-1063.

- Hutchings, J.B. (1999)-ood and Colour Appearancé&econd Edition. Gaithersburg,
Maryland: Chapman and Hall Food Science Book, Adpdlication.

- Jiménez, A., Fabra, M.J., Talens, P., & ChirAlt(2010). Effect of lipid self-association
on the microstructure and physical properties ofirbyypropyl-methylcellulose edible
films containing fatty acid€Carbohydrate Polymers82 (3), 585-593.

- Jiménez, A., Fabra, M.J., Talens, P., & ChirAlt,(2012). Effect of re-crystallization on
tensile, optical and water vapour barrier propsrié corn starch films containing fatty
acids.Food Hydrocolloids26 (1), 302-310.

- Krochta, J. M., Baldwin, E. y Nisperos-Carrietlh,O. (1994). Edible films and coatings
to improve food quality. Lancaster, PA: Technomitblshing Co. Inc.

- Mc Hugh, T.H., Avena-Bustillos, R., & Krochta, M. (1993). Hydrophobic edible films:
modified procedure for water vapour permeabilityd axplanation of thickness effects.
Journal of Food Scien¢&8 (4), 899-903.

- Monedero, F.M., Fabra, M.J., Talens, P., & Chjral. (2010). Effect of calcium and
sodium caseinate son physical characteristics yfpsotein isolate-lipid filmsJournal of
Food Engineering97 (2), 228-234.

- Ou, S. Y., Kwok, K. C., & Kang, Y. J. (2004). Giges in in vitro digestibility and
available lysine of soy protein isolate after fotima of film. Journal of Food Engineering
64 (3), 301-305.

- Parra, D.F., Tadini, C.C., Ponce, P., & LugdoB.A(2004). Mechanical properties and
water vapour transmission in some blends of casstagh edible filmsCarbohydrate
Polymers 58 (4), 475-481.



198 II1.Resultados y discusion. Capitulo IT

- Parris, N., Coffin, D. R., Joubran, R. F., & RassH. (1995). Composition factors
affecting the water vapour permeability and tengileperties of hydrophilic filmsJournal
of Agricultural and Food Chemistry3 (6), 1432-1435.

- Pereda, M., Amica, G., Racz, I., & Marcovich, E. (2011). Preparation and
characterization of sodium caseinate films reirddrc with cellulose derivates.
Carbohydrate Polymers36 (2), 1014-1021.

- Phan The, D., Debeaufort, F., Voilley, A. & LuD, (2009). Biopolymer interactions
affect the functional properties of edible filmssbd on agar, cassava starch and
arabinoyxan blenddournal of Food Engineerin@0 (4), 548-558.

- Rodriguez, M., Osés, J., Ziani, K., & Maté, J2006). Combined effect of plasticizers
and surfactants on the physical properties of Btévased edible filmsFood Research
International 39 (8), 840-846.

- Sabato, S. F., QOuattara, B., Yu, H., D’'Aprano, & Tien, C., & Mateescu, M. A. (2001).
Mechanical and barrier properties of cross-linkey sand whey protein based films.
Journal of Agricultural and Food Chemistr9 (3), 1397-1403.

- Simeone, M., Alfani, A., & Guido, S. (2004). Pbadiagram, rheology and interfacial
tension of agueous mixtures of Na—caseinate anéli@ate.Food Hydrocolloids18 (3),
463-470.

- Talja, R.A., Helén, H., Roos, Y.H. and Jouppia,(2007). Effect of various polyols and
polyol contents on physical and mechanical propesridf potato starch-based films.
Carbohydrate Polymer$7 (3), 288-295.

- Talja, R.A., Helén, H., Roos, Y.H. and Jouppla,(2008). Effect of type and content of
binary polyol mixtures on physical and mechanicalperties of starch-based edible films.
Carbohydrate Polymerg1 (2), 269-276.

- Walia, P. S., Lawton, J. W., & Shogren, R. L. @@ Mechanical properties of
thermoplastic starch/poly(hydroxy ester ether) dterEffect of moisture during and after

processingJournal of Applied Polymer Sciend# (1), 121-131.



II1. Resultados y discusion. Capitulo IT 199

- Wang, X. L., Yang, K. K., & Wang, Y. Z. (2004).rgtallization and morphology of a
novel biodegradable polymer system: Poly(1,4-dieame)/starch blends.Acta
Materialia, 52 (15), 4899-4905.

- Yu, H., Sabato, S. F., D’Aprano, G., & Lacroix, k2004). Effect of the addition of CMC
on the aggregation behaviour of proteiRadiation Physics and Chemistigl (1-2), 129—
133.






capltulo U

Andlisis de la influencia del a-tocoferol y/o deido oleleo sobre Llas

propiedades de films a base de almidén y caselnato sboico






PHYSICAL PROPERTIES AND ANTIOXIDANT CAPACITY OF
STARCH-SODIUM CASEINATE FILMS CONTAINING LIPIDS

Alberto Jiménez, Maria José Fabra, Pau Talens, Amgdiralt

Departamento Tecnologia de Alimentos — Institutdndenieria de
Alimentos para el Desarrollo

Universitat Politécnica de Valéncia. Camino de Ysfa 46022. Valencia.
Spain

Journal of Food Engineerind.16 (3), 695-702






II1. Resultados y discusion. Capitulo IIT 205

ABSTRACT

Biodegradable films based on starch, sodium cateigdycerol and lipids (oleic
acid and/ormi-tocopherol) were obtained and evaluated in terfmmiorostructure,
mechanical behaviour, barrier and optical properdied antioxidant capacity. The
effect of film storage time on these properties vedso analysed. The lipid
incorporation provoked phase separation due tadifferent interaction between
each polymer and lipids, although structural reayeament of components during
storage could be deduced from the change in metddameéhaviour. After storage,
all films showed similar mechanical properties, bpid containing films were
more stretchable. Lipid addition did not inducectable decreased in water vapour
permeability of the films, but oxygen permeabiltyghly increased when they
contained oleic acid. All films were highly transeat, with very small differences
among formulations, although their gloss valuesaased when lipids were added.
The incorporation oé-tocopherol greatly increased the antioxidant capad the

films which affected oxygen permeability.

Keywords: Starch, sodium caseinatetocopherol, barrier properties, antioxidant.
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1. INTRODUCTION

Due to the severe environmental pollution causeglastic food packaging,
there has been a growing amount of interest inptwluction of edible and
biodegradable films (Yan, Hou, Guo & Dong, 2012)tHis sense, there are a great
number of studies focussing on solving the problprmsgluced by plastic waste and
obtaining environmentally friendly materials (Jireén Fabra, Talens & Chiralt,
2012a). Several works study the possibility of sitilting the petro-based plastics
for biodegradable, low cost materials with similaroperties (Psomiadou,
Arvanitoyannis & Yamamoto, 1996; Mali, Grossmannar€@a, Martino &
Zaritzky, 2002, 2006; Fama, Goyanes & Gerschend0@7). In this sense, starch
is the most abundant natural polysaccharide ans described as a renewable
resource, inexpensive and widely available (Lourddella Valle & Colonna,
1995). Starch-based films exhibit appropriate ptaischaracteristics, since these
films are isotropic, odourless, non-toxic, biodelgiale, tasteless, colourless and
constitute a good barrier against oxygen transfeodhta, Baldwin, & Nisperos-
Carriedo, 1994; Yaret al, 2012). Nevertheless, starch films exhibit severa
drawbacks which it would be beneficial to overcaméncrease their potential use.
One of the main disadvantages of starch is thatrthehanical behaviour of films
can be negatively affected by retrogradation phem@anJiménez, Fabra, Talens &
Chiralt (2012b) found that starch re-crystallizesing film formation and storage,
increasing the elastic modulus and decreasingléxéility of films. In a recent
work, they found that recrystallization of starchasvalso influenced by the
amylose-lipid interactions, thus giving rise toypé crystalline forms for amylose
(Jiménez, Fabra, Talens & Chiralt, 2013). CompoSites of starch with other
biopolymers showed a lower degree of re-crystdlbpa thus minimizing

mechanical changes associated to starch retrogradahis was observed in corn
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starch-sodium caseinate and corn starch-hydroxyprathylcellulose (HPMC)
films (Jiménez, Fabra, Talens & Chiralt, 2012ac).

Sodium caseinate has a satisfactory thermal dialgiiid can easily form
films from aqueous solutions, due to its random oature and ability to form
extensive intermolecular hydrogen, electrostaticd ahydrophobic bonds
(Arvanitoyannis & Biliaderis, 1998). Different aspe of this polymer as a matrix
of edible and biodegradable films have been extehsstudied (Siew, Heilmann,
Easteal & Cooney, 1999; Kristo, Koursoumanis & &ileris, 2008; Patzsch, Riedel
& Pietzsch, 2010).

The addition of sodium caseinate to starch matrieelsiced the degree of
crystallinity of starch films and inhibited staraecrystallization during film
storage (Jimenegt al. 2012a). Mixtures of both hydrocolloids providerfg which
are less stiff and resistant to fracture but mdegillle and deformable than pure
starch films, but with similar water vapour permiébvalues as starch films
(Jimenezt al. 2012a). In the case of starch, this disadvantagebben avoided by
different methods such as surface esterificatioen(Rliang, Tong, Bai, Dong &
Zhou, 2010), surface photocrosslinking (Zhou, Zhakid & Tong, 2008) or
blending starch with other hydrophobic polymers éfous, Moro, Dole, Fringant,
2000; Fang & Fowler, 2003). For sodium caseinatdrdphobic additives, such as
fatty acids, waxes or oils, were incorporated ie fitms in order to improve the
resistance to water vapour transfer (Morillon, Cmbert, Blond, Capelle &
Voilley, 2002; Pereda, Aranguren & Marcovich, 2010)

Fatty acids have been tested widely in film forntiolato improve their water
vapour barrier ability (Hagenmaier & Shaw, 1990;elkch & Labuza, 1992;
Ayranci & Tunc, 2001; Fernandez, Diaz de Apodacebr@n, Villaran & Maté,
2006). In sodium caseinate matrices, oleic acig.{JGcts as a plasticizer, greatly

increasing the film extensibility (Fabra, TalensC&iralt, 2008).
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Another lipid that has been used in film formulatits a-tocopherol, which
improves water barrier properties while conferimjiaxidant capacity to the film
(Fabra, Hambleton, Talens, Debeaufort & Chiraltl20 This component is a
lipid-soluble antioxidant whose antioxidant actyvlias been clearly documented
(Rupérez, Martin, Herrera & Barbas, 2001, Manzanhipez, Soto-Valdez,
Auras & Peralta, 2011). Like other tocols (tocopmerand tocotrienols)ao-
tocopherol acts as a free radical scavenger spaiyfiwithin cell membranes, by
preventing the oxidation of polyunsaturated lipiog free radicals, especially
hydroxyl radical OH (Hejtmankova, Lachman, Hejtmavk, Pivec & Janovska,
2010). This antioxidant has been used in film fdatian, by using both synthetic
(Lee, An, Lee, Park & Lee, 2004; Granda-Restrepoto-¥aldez, Peralta,
Troncoso-Rojas, Vallejo-Cordoba, Gamez-Meza & GuaoiVerdugo, 2009) and
natural polymers (Martins, Cerqueira & Vicente, 2D1

The aim of this work is to evaluate the effect loé taddition of oleic acid
and/or a-tocopherol on the properties of corn starch-sodaaseinate composite
films, through the analyses of the microstructunaéchanical, barrier and optical
properties of films, as well as their antioxidaajpacity. This was carried out in

newly prepared/conditioned films and in those stdog 5 weeks.

2. MATERIALS AND METHODS

2.1. Materials

Corn starch and sodium caseinate (NaCas) were gmedhfrom Roquette
(Roquette Laisa Espafia, Benifaid, Spain) and Sig&igma—Aldrich Chemie,
Steinheim, Germany), respectively. Oleic acid (Ga#)d a-tocopherol (TOC),
selected as the hydrophobic dispersed phase, weee saipplied by Sigma.
Furthermore, glycerol was provided by Panreac QudmiS.A. (Castellar del

Vallés, Barcelona, Spain) as plasticizer.
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2.2. Preparation and characterization of films

Four different formulations based on corn starcilem caseinate, glycerol
as plasticizer, and lipids were prepared. Corrchtaras dispersed in cold water to
obtain 2 % (w/w) polysaccharide dispersions. Thasge maintained, under
stirring, at 95 °C for 30 minutes to induce stagethatinization. Sodium caseinate
was dissolved directly in cool distilled water (2 %/w). Afterwards, both
hydrocolloids were mixed to obtain dispersions vatistarch:protein ratio of 1:1.
Once the mixtures were prepared, a controlled amofirglycerol was added
(hydrocolloid:glycerol ratio was 1:0.25). In theseaof emulsions containing lipids,
these were incorporated prior to the homogenizasiep. The hydrocolloid:lipid
ratios were 1:0.15 and 1:0.10 for oleic acid amtbcopherol, respectively.
Dispersions were homogenized for 1 min at 13,500 gnd for 5 min at 20,500
rpm at 95 °C, under vacuum, using a rotor-statondgenizer (Ultraturrax T25,
Janke and Kunkel, Germany). High temperature homaggon favoured the
denaturation of the protein and polymer interacasrwell as the lipid dispersion
in the system.

Film-forming dispersions, containing 1.5 g of togalids, were gently spread
over a Teflon plate (150 mm diameter) resting orleeeled surface. The
dispersions were allowed to dry for approximateédyhburs at 45 % RH and 20 °C.
Dry films could be peeled intact from the castimgface. Film thickness, used in
different analyses, was measured with a Palmetatligiicrometer to the nearest
0.0025 mm at 6 random positions. Four kinds of dilmere prepared: without

lipids (control), with only oleic acid (OA) ai-tocopherol (Toc) and with both of
them (OA-Toc).

2.2.1. Film equilibration and storage
Before characterizing the films, samples were dupailed in dessicators at 25

°C and 53 % RH, by using magnesium nitrate-6-hydrsdturated solutions
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(Panreac Quimica, SA, Castellar del Vallés, Bar@dor one week when the first
analyses were carried out. One part of the sampées stored under the same

conditions for five weeks in order to perform tleeend series of analyses.

2.2.2. Tensile Properties

A universal test Machine (TA.XTplus model, Stableicd Systems,
Haslemere, England) was used to determine the dllmstic modulus (EM), the
tensile strength (TS), and elongation at breakofEhe films, according to ASTM
standard method D882 (ASTM, 2001). EM, TS and Eupaters were determined
from stress—strain curves, estimated from forcexedtion data. After drying,
flawless films were selected to determine their ma@écal behaviour. At least eight
replicates of each formulation were tested. Thefibutsamples had a rectangular
section of 2.5 cm wide and 10 cm long. Before mgstiall samples were
equilibrated as explained previously at 53 % RH @bd°C. Equilibrated film
specimens were mounted in the film-extension gapshe testing machine and

stretched at a rate of 50 mm-thimntil breaking.

2.2.3. Barrier properties
2.2.3.1. Water Vapour Permeability (WVP)

WVP of films was determined by using the ASTM E%b-§ravimetric
method, taking into account the modification pregsd by McHugh, Avena-
Bustillos & Krochta (1993). Films were selected WP tests based on the lack

of physical defects such as cracks, bubbles, drgbés. Distilled water was placed

in Payne permeability cups (3.5 cm diameter, Eldcemé&PRL, Hermelle /s
Argenteau, Belgium) to expose the film to 100 % &MHone side. Once the films
were secured, each cup was placed in a relativedityrequilibrated cabinet at 25
°C, with a fan placed on the top of the cup in oitdereduce resistance to water

vapour transport. RH of the cabinets (53 %) wasd leehstant using oversaturated
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solutions of magnesium nitrate-6-hydrate (Panreaémiga, SA, Castellar del
Vallés, Barcelona). The cups were weighed peridigig®.0001 g) and water
vapour transmission rate was determined from tlopeslobtained from the
regression analysis of weight loss data versus, timee the steady state had been
reached, divided by the film area. From this daiater vapour permeability values
were obtained, taking into account the average fliilnkness in each case. The
equation proposed by McHugkt al (1993) was used to correct the effect of

concentration gradients established in the stagaiagap inside the cup.

2.2.3.2. Oxygen permeability (OP)

The oxygen barrier capacity of the films was evedday measuring oxygen

permeability (OP) by means of an Ox-Tran 1/50 sys{®ocon, Minneapolis,
USA) at 25 °C (ASTM Standard Method D3985-95, 2002gasurements were
taken at 53% in films previously equilibrated a& #ame RH. Films were exposed
to pure nitrogen flow on one side and pure oxydew bn the other side. The OP
was calculated by dividing the oxygen transmissiate by the difference in the
oxygen partial pressure on the two sides of time, fdnd multiplying by the average

film thickness. At least three replicates per folation were taken into account.

2.2.4. Scanning Electron Microscopy (SEM)

Microstructural analysis of the films was carriedt ausing a Scanning
Electron Microscope (JEOL JSM-5410, Japan). Film@as were maintained in a
desiccator with JOs for 15 days. Then films were frozen in liquig Bind gently
and randomly broken to investigate the cross-seatfothe samples. Films were
fixed on copper stubs, gold coated, and observed) @ accelerating voltage of
10 kV.
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2.2.5. Optical Properties

The transparency of the films was determined byyappthe Kubelka-Munk
theory (Hutchings, 1999) for multiple scattering ttee reflection spectra. The
surface reflectance spectra of the films were datexd from 400 to 700 nm with a
spectrocolorimeter CM-3600d (Minolta Co., Tokyopda) on both a white and a
black background. As the light passes throughithe it is partially absorbed and
scattered, which is quantified by the absorptid€) @nd the scatteringS
coefficients. Internal transmittance;)( of the films was quantified using eq 1. In
this equationR, is the reflectance of the film on an ideal blackckground.
Parameters andb were calculated by eqgs 2 and 3, whBris the reflectance of
the sample layer backed by a known reflectaRgeMeasurements were taken in

triplicate for each sample on the free film surfdoeing its drying.

— [(a_p V2 _p2
Ti=y(@=Ro)"~b Equation 1

1 Ro~R+R, _
a=—[JR+—— Equation 2
2 RoR,
b= (a2 -1)H2

Equati®n

The gloss was measured on the free film surfacegl@ifm formation at 60°
angle from the normal to the surface, accordingh® ASTM standard D523
method, (ASTM, 1999) using a flat surface glossené¥ulti.Gloss 268, Minolta,
Germany). Measurements were taken in triplicateesrh sample and three films

of each formulation were considered. All resulte axpressed as gloss units,
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relative to a highly polished surface of black glasandard with a value near to
100.

2.2.6. Antioxidant capacity of films

The antioxidant capacity of starch-NaCas films withd without lipids
conditioned for one week, and stored for 5 weeldeuthe same conditions, were
evaluated by means of the Trolox equivalent antiaxt capacity (TEAC), using a
modification of the original TEAC method (Re, Pghimi, Proteggente, Pannala,
Yang & Rice-Evans, 1999). Trolox (6-hydroxy-2,5;Te&ramethylchroman-2-
carboxylic acid), a vitamin E analogue, was usedraantioxidant standard. ABTS
(2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic  aci@dmonium salt) was
dissolved in water to a concentration of 7 mM alholnged to react with a 2.45 mM
potassium persulfate solution (final concentrafjdies 16 h. To this end, ABTS
solution was stored overnight in the dark. All #areeagents were provided by
Sigma (Sigma—Aldrich Chemie, Steinheim, GermanyBTA radical cation
(ABTS"), a blue chromophore, was produced in the reaclibe ABTS solution
was diluted with a water:methanol (2:8) solutioratbabsorbance of 0.70 (x 0.02)
at 734 nm. All the determinations were carriediouh Beckman Coulter DU 730
spectrophotometer, using a water:methanol (2:8)tisol as blank. 0.1 g of each
film sample was cut into small pieces and hydratéd 2 ml of distilled water for
one hour, when 8 ml of methanol were added in otdldavour the extraction of
the antioxidant components. These samples were taira@al under stirring
overnight and centrifuged at 4°C, 5,000 rpm formid. The supernatant (film
extract) obtained was analyzed for ABTS radicalvenging activity. To this end
10 ul of the film extracts were added to 1 ml of the B solution and absorbance
at 734 nm was registered every minute for 6 mim.datibration, Trolox standards
of different concentrations (between 3.12 and 5@fi)nwere prepared and the

same procedure was followed. The TEAC of the fimmples was determined by
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comparing the corresponding percentage of absogbauttiction at 6 min with the
Trolox concentration—response curve. The molaffityaox which gives the same
absorbance reduction as the film extract was censitlas the TEAC value. At

least three determinations were considered for faatulation.

2.3. Statistical analysis.

Statistical analyses of data were performed throaghlysis of variance
(ANOVA) using Statgraphics Centurion XVI (ManugestiCorp., Rockville, MD).
Fishets least significant difference (LSD) procedure wased at the 95%

confidence level.

3. RESULTS

3.1. Microstructural properties of films

Film components can be arranged in different waysthe dried film,
depending on their interactions in the film-formidgspersions and during film
drying. The microstructure of the starch-NaCas thaflens, with and without
lipids, was qualitatively studied using scanningcéon microscopy (SEMFigure
1 shows SEM micrographs obtained from the cross8esecof the starch-NaCas
based films, with and without oleic acid and/attocopherol. Control film
exhibited a homogeneous structure as can be oliserveig. 1A. However, the
incorporation of oleic acid and/ortocopherol promoted relevant changes in the
hydrocolloid matrix. In films containing oleic ac{gig. 1B), no visible droplets of
oleic acid were observed, which indicates thatlighid is well integrated in the
starch-NaCas matrix. However, it is noteworthy ttvab separate layers can be
distinguished in the film cross-section. The bottphase shows a homogeneous
aspect, while a coarser structure can be observatei upper part of the film,

which indicates that lipid is mainly located indiphase. This reflects an irregular
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distribution of the lipid between the two hydrooddls, promoting phase
separation. Oleic acid has greater affinity withdism caseinate due to the
anphiphilic nature of protein (Chen, 2002). In poer¢ studies, oleic acid did not
form visible droplets in sodium caseinate films dntkractions between these
components have been proven (Fabra, Talens & €Ha@10). However, Jiménez
et al (2012b) reported visible, well-distributed dragleof oleic acid in the
structure of the oleic acid-starch films while #memation of V type crystalline
forms of amylose was revealed by X-Ray difractografdiménezt al, 2013). So,
differences in oleic acid interactions with botHymeers in sodium caseinate-starch
blend films seem to affect the polymer compatiilpromoting phase separation:
one caseinate-rich phase, containing most of thié, land one starch-rich phase in
the lower part of the film where no lipid drople@n be observed.

BOum Boum

Figure 1. SEM micrographs of the cross-sections ahe films. (A: Control, B:
OA, C: OA-Toc, D: Toc.).



216 II1.Resultados y discusion. Capitulo IIT

When a-tocopherol was incorporated to the film withougiolacid, a phase

separation was also induced (Fig. 1D) althougheth@®ases were interpenetrated
(big droplets of one appear in the other) and leftthem show a coarser aspect
than the blended film without lipids. This indicatthat a distribution of the lipid
between the two phases occurs and that the differractions of the lipid with
each hydrocolloid modify the polymer chain interags, reducing their
compatibility. In the case of films prepared witlixtares of both lipids, the two
phenomena described for oleic acid antbcopherol occur simultaneously (Fig.
1C): an oleic acid-rich phase can be distinguisimethe upper part of the film,
attributable to caseinate-oleic acid association, tte same time as the
interpenetrated phases, associated withutteezopherol interactions, could also be
observed. So, SEM analysis reveals that both lipigsact with sodium caseinate
and starch polymers to a different extent, moddyitheir compatibility and
producing phase separation with a different distrdn of components in each
phase according with their respective partitionfiecients.
Film microstructure affects optical properties die tfilms, which are greatly
influenced by the internal and surface heteroggridithe matrix. Table 1 shows
the gloss values of the studied films, measured6@t and their internal
transmittance (Ti) obtained at 450 nm (the wavelengt which the highest
differences were observed).

High values of Ti are associated with greater fimmogeneity and
transparency. Unlike what was observed in a previeork, where oleic acid was
incorporated into starch films (Jiménet al, 2012b), the incorporation of this
component in the studied blend films did not siigaifitly (p > 0.05) modify their
transparency. Similarly, Fabra, Jiménez, Ataréserisa& Chiralt (2009) observed
that oleic acid did not significantly decrease @lues of sodium caseinate based
films. The obtained result can be explained bygbed integration of oleic acid in

the caseinate rich phase, and with the phase $epairatwo layers.
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Table 1. Optical properties: Transparency (internal transmittance: Ti) and
gloss at 60° of the films before and after storagmr 5 weeks. Mean values

(standard deviation).

T; (450 nm) Gloss 60°
Film Initial Final Initial Final
Control 84.7 (0.3}  83.1(0.2% 76 (8}* 44 (11¥2
OA 84.8 (0.5)°  84.6 (0.5}" 90 (3f* 61 (8f?
OA-Toc 84.2 (0.5 83.2(0.3} 78 (2)* 44 (12§°
Toc 83.2 (0.7  83.1(0.5%" 92 (1" 83 (32

a-c: Different superscripts within the same colunticate significant differences among formulatigps: 0.05).
1-2: Different superscripts within the same lindigate significant differences among formulatiops: 0.05).

The incorporation ofi-tocopherol significantly decreased the transparariche
films as a consequence of the presence of a deghetsase in a continuous matrix,
as observed in the cross-section image, which favaght dispersion.

No significant changes in transparency were obseing storage for
films containing lipids, although a slight decreasss observed for lipid-free films.
This decrease was associated to the increase méatrex compactness (Jiménetz
al., 2012a).

The gloss of non-stored films was greatly affedbgcthe film composition.
Films containing oleic acid ar-tocopherol were glossier than those of lipid-free
films. However, gloss values of films prepared wotkic acide tocopherol blend
did not vary significantly with respect to the aattfilm. The increase in gloss
observed when pure oleic acid is added is coheneith the observed
microstructural features: the induced phase sdparand the migration of the
caseinate-lipid rich phase to the upper part offilne Caseinate-glycerol films
were glossier than starch-glycerol films accordimgiménezt al (2012a) and so,
the blend film showed greater gloss when casewate predominant at the film
surface. This did not occur when film containedmbid anda-tocopherol, since

the latter compound greatly contributed to reddosgyof caseinate films (Fabea
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al., 2011). In films containing onlg-tocopherol, no phase separation in layers
occurs, but one dispersed in the other witlhcopherol distributed in both of them.
Nevertheless, the incorporation of the lipid (ole@d oro-tocopherol) implied an
increase in gloss with respect to the lipid-frdm$i. The partial migration of this
compound to the film surface could be responsilde this behaviour. It is
remarkable that all films lose gloss during storagkich can be attributed to the
changes in the film surface topography which oamlirdue to the progressive
rearrangement of the polymer chains during storagéng rise to a rougher
surface (Jiméneet al 2012a).

3.2. Mechanical properties

Figure 2 shows mechanical behaviour of the film$otee and after the
storage. In all cases, the stress values decrehgewy storage, which indicates
that polymer chains rearrange throughout time,ngiviise to a more deformable
material. This is especially marked in films contag a-tocopherol as the only
lipid. On the other hand, whereas films withoutidg became less extensible
during storage, plastic deformability greatly iresed for all lipid-containing films.
This behaviour suggests that when no lipids arsgotein the film, polysaccharide
and protein chains progressively aggregate thoygihogen bonds, which makes
the chain slippage during the tensile test moréicdif and films become less
extensible. On the contrary, the presence of ligidsts the bond formation
between the macromolecules due to their interactiith the lipid molecules,
which contributes to increase the film extensipjlgvidencing the plasticizing role
of lipids after a reasonable storage time whentfanal groups of components are
adequately re-oriented. Figure 3 shows the valdeslastic modulus (EM) and
tensile strength (TS) and elongation (E: %) at brefathe non-stored and stored
films. . In non stored films, the addition of oleicid did not significantly modify

EM and TS values, although it provoked a decreas¢he film extensibility,
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despite the fact that the opposite effect was ebsgein films of pure sodium
caseinate (Fabret al, 2008) and starch based films (Jiméeakal., 2012b).
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It was in sodium caseinate films that a strongtjiaing effect was particularly
observed for oleic acid (Fabet al, 2010). This opposite effect in the blend film
could be attributed to the formation of two separansemble layers in the film
with different stretchability which does not perrtiite extension of the possibly
plasticized caseinate phase which contains mosthef oleic acid. The film
extensibility will be limited by the less extengblayer in films with layer-
separated phases. This reduction in the film d¢tedtidity occured in all lipid
containing films and was especially marked in tia £ontaining both oleic acid
anda-tocopherol, where the layer-separated phasesstogith a dispersed phase.
Nevertheless, it is remarkable that, in non-stdileds, when onlya-tocopherol
was added to the matrix, film stiffness is doulded resistance to break markedly
increased. This indicates that the generated filorastructure leads to a network
which is more resistant to break.

After 5 weeks’ storage, the films’ mechanical bebav notably changed,
which is coherent with the structural rearrangemerdcurring in the matrix, as
commented on above, thus implying a different raspao the tensile stress. EM
values significantly decreased in all films, maimythose containing-tocopherol
where a reduction of about 50% was observed, allto€h reached very similar
values. A slight decrease in resistance to break also observed for all films,
whereas lipid-containing films showed a highly netkincrease in stretchability.
On the contrary, lipid-free films became less esiigle.

The obtained results suggest that lipids had, @, fa plasticizing effect in
caseinate-starch films, but this was only obsemtelbng storage times, probably
due to a slow kinetics of orientation of the funotl groups in the matrix which
favours lipid-polymer interactions, weakening thaymer chain attraction forces.
This effect implies a softening of the polymer netivand facilitates the slippage
of the chains during the film stretching, incregsthe extensibility. In fact, the

plasticizing effect of oleic acid on hydrocolloidainices has been previously
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reported by other authors for sodium caseinater@Fabal, 2008), soy protein
isolate (Rhim, Weller & Schnepf, 1999) or zein (®sa y Padua, 1999). So, it can
be concluded that, after a relatively short storpgdod (5 weeks), blend lipid-
containing films showed very similar mechanical dgbur, with similar resistance

to break to lipid-free films, but more stretchable.

3.3. Barrier properties
Table 2 shows water vapour permeability values af-stored and stored
films analyzed at 25 °C and 53-100% RH gradient.

Table 2. Barrier properties (WVP: water vapour permeability and OP:
oxygen permeability) and antioxidant capacity (TEAC trolox equivalent

antioxidant capacity:) of the films before and afte storage for 5 weeks.

WVP (g- mm- kP& h*m? O, perm. - 1¢* (cm®> m™*.s".Pa")

Film Initial Final Initial Final
Control 9.05(0.18} 7.3 (0.5% 12.5 (0.4} 14.1 (0.7%"

OA 7.0 (0.2%* 8.4 (0.2% 99 (32)* 104 (10%*
OA-Toc 8 (1§ 9.1 (0.2§* 39 (9f* 118 (22%?

Toc 7207  82(0.4) 16.53(0.03) 15.8 (0.4}

TEAC (mM)

Film Initial Final
Control 0.249 (0.002) 0.25 (0.02)"

OA 0.171 (0.010Y 0.084 (0.006Y
OA-Toc 1.40 (0.07} 1.73 (0.05¥%

Toc 1.37 (0.08) 1.5 (0.2}

In non-stored films, the addition of oleic acid &rdi-tocopherol slightly reduced
water vapour permeability values because of therease in the films’
hydrophobicity. The increase in the water barridficiency of protein or
polysaccharide films when lipids were incorporakted been reported in previous

studies by using hydroxypropylmethylcellulose (HPM@nd stearic acid
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(Hagenmaier & Shaw, 1990), methylcellulose andyfattids (FA) (Koelsch &
Labuza, 1992), whey protein isolate and beeswax)(E®¥érez-Gago & Krochta,
2001), fish protein and BW or FA (Tanaka, IshizaRijzuki, & Takai, 2001),
HPMC and FA (Jiménez, Fabra, Talens, & Chiralt,®0pistacho protein and FA
(Zahedi, Ghanbarzadeh, & Sedaghat, 2010) and haiteip in combination with
thyme oil (Pires, Ramos, Teixeira, Batista, Menddésnes & Marques, 2011. The
most important reduction in WVP occurred when polegc acid (22 % reduction
with respect to the lipid-free film) atr-tocopherol (20 % reduction with respect to
the lipid-free film) was added. Not only does thregence of lipids affect barrier
properties but also the final structural distribatiof film components. In fact,
storage time, which provokes changes in the compoaangement in the film
(as deduced from mechanical behaviour), led taghtsincrease in the WVP of
lipid-containing films and a notable decrease pidifree films. The progressive
aggregation of polymer chains in the lipid-freensl could lead to a more compact
network where the transfer of water molecules isenbfficult. In lipid containing
films, this aggregation phenomenon is inhibitedti lipid interactions with the
macromolecules which limit the hydrogen bond foiorabetween them.

Oxygen permeability values of non-stored and stdites are given in Table
2. The obtained values for the control film are dowthan those reported by
Arvanitoyannis & Biliaderis (1998) for soluble sthrsodium caseinate films and
by Garcia, Martino & Zaritzky (2000) for corn starcontaining a higher ratio of
plasticizer. The addition of sodium caseinate toncetarch matrices slightly
increased oxygen permeability, proportionally te thtio of incorporated caseinate
(Jimenezt al, 2012a). The incorporation of the oleic acidha films provoked a
lower increase in the oxygen permeability valueantithat promoted in sodium
caseinate-glycreol films (Fabed al. 2012).

At the initial time, films without oleic acid showethe lowest oxygen

permeability and no significant differences weresafed between control films
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and those prepared withtocopherol. This has been related with the faat theic
acid is in liquid state in the film and with thechease of the oxygen solubility in
the matrix when liquid lipids are present (Fabtal, 2008). The same trend was
observed in pure sodium caseinate films contaiilegc acid-beeswax mixtures,
where oxygen permeability exponentially increasetine with the greater ratio of
oleic acid in the lipid blend (Fabra, Talens, Gav&rChiralt, 2012). Although the
same effect could be expected fotocopherol, a chemical blocking of oxygen,
due to the antioxidant action of the lipid, miglontribute to increase the oxygen
barrier properties.

Storing films for five weeks did not induce sigondint changes in the oxygen
barrier properties of the films, except for thahtzoning both lipids, where a slight

increase in the oxygen permeability was observed.

3.4. Antioxidant capacity

The study of the radical-scavenging capacity ofmdilusing ABTS is a
technique which has been frequently used by relseesan the last few years
(Arcan & Yemeniciglu, 2011; Akhtar, Jacquot, Jasniewski, Jacquot,aimr
Jamshidian, Paris & Desobry, 2012; Helal, Tagli@hiicConte & Desobry, 2012).
Values of the Trolox equivalent antioxidant capag¢itEAC), corresponding to
both newly prepared films and those stored for Bkseare shown in Table 2.

At initial time, control film showed antioxidant tgty, probably due to the
action of some peptides from sodium caseinate.ariexidant capacity of casein
and its derivates has been reported (Rossini, Moi@fadera-Olivera & Brandeli,
2009; Ries, Ye, Haisman & Singh, 2010). In thisssendifferent authors have
demonstrated that there is greater casein antiokigetivity when the hydrolysis
degree increases because of the release of peptitesantioxidant properties
(Gobmez-Ruiz, Lépez-Exposito, Pihlanto, Ramos & Be@008; Mao, Cheng,
Wang, Wu, 2011).
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When oleic acid was incorporated, the film antiexiicapacity decreased, in
part due to the reduction of the mass fractionhef active compounds, coming
from caseinate, in the matrix when oleic acid wasoiporated to the film.
Nevertheless, a greater decrease than that expéaed the mass fraction
reduction of caseinate in the film solids was algdi This suggests a loss of the
film antioxidant capacity provoked by the oleic cacddition, which is more
accentuated in stored films. This result could xigla@ned by the inhibition of the
extractability of active compounds when there siokcid in the film or by the
promotion of oxidation reactions, due to the inseemn the oxygen solubility in the
matrix, which consume antioxidant compounds.

When a-tocopherol, which has proven to be a good antantidn different
food products, such as sardine (Vicetti, Ishit&alas & Ayala, 2005) or sunflower
oil (Marinova, Toneva & Yanishlieva, 2008), was et in the films, their
antioxidant activity greatly increased. Neverthslethe obtained TEAC values
were slightly lower than those corresponding to @ah@unt of this compound in
the analysed film, taking into account that theicadiant capacity of this pure
compound is similar to that of TROLOX. This indieatthat a part of the lipid
molecules were oxidized during the film preparation storage or that the
compound was not completely released during the dtraction.

The effect of storage time on films’ antioxidantigity was dependent on the
lipids included in the blend matrix. Whereas fontrol film (without lipid) the
radical scavenging activity did not vary signifitdgnwith time (p < 0.05), films
containing oleic acid showed a significant decreddds could be due to the
promotion of the consumption of antioxidant compasitpy the increase of the
oxygen solubility in the films, as previously commbed on.

Nevertheless, the antioxidant activity of the fibmntaining both oleic acid
anda-tocopherol increased (p < 0.05) during time, whichild only be explained

by an increase in the film compound extractab#isgociated to the structural re-
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arrangements in the film. In films containing ordytocopherol, no significant
differences were observed in their antioxidant céapat different storage times.

In conclusion, the incorporation @ftocopherol in the starch-sodium caseinate
films greatly increased their antioxidant capacithjch indirectly affected oxygen
permeability, which was significantly reduced witbspect to that of the film
containing oleic acid, where oxygen permeabilitgngficantly increased by the
presence of a liquid lipid in the matrix, which anle the oxygen solubility in the
film.

4. CONCLUSIONS

The lipid incorporation provoked phase separatiogadium caseinate-starch films
due to the different interaction with each polym@nphiphilic protein and
hydrophilic starch), although a structural rearengnt of components during
storage can be deduced from the change in theihamémal behaviour. After
storage, all films showed similar mechanical prapsr but lipid-containing films
were more stretchable. Lipids slightly affected evatapour barrier properties,
depending on the film storage time, but the incaapon of oleic acid greatly
increased oxygen permeability. This effect was alguected fon-tocopherol, but
it was mitigated by the antioxidant activity of ghtompound, which greatly
improved the antioxidant capacity of the films. AHe films showed similar

transparency, but their gloss values increased Vipigls were incorporated.
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ABSTRACT

The incorporation of potentially antimicrobial vtla compounds (orange essential
oil and limonene) into rapeseed and soy nanolipesomvas carried out by
encapsulating them trough sonication of their agaatispersions. Nanoliposomes
were added to starch-sodium caseinate (50:50) fidrming dispersions, which
were dried to obtain films without losses of thdatite compounds. Structural,
mechanical and optical properties of the films waralysed, as well as their
antimicrobial activity againdtisteria monocytogene3he addition of liposomes in
the polymeric matrix supposed a decrease of thehamecal resistance and
extensibility of the films. The natural colour oécithin conferred a loss of
lightness, a chroma gain and a redder hue to thes fiwhich were also less
transparent than the control one, regardless ttithile and volatile considered.
The possible antimicrobial activity of the filmsntaining orange essential oil or
limonene was not observed, which could be duedo tbw antilisterial activity or
to the inhibition effect of the encapsulation whitifficult their release from the

matrix.

Keywords: Starch-sodium caseinate films, nanoliposomes,imigrbbial,

encapsulation.
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1. INTRODUCTION

Nowadays, it is well known that edible and biodegtzle films obtained
from biopolymers are able to substitute, at leastigly, conventional plastics.
The biodegradable plastics, after their useful ,lifget assimilated by
microorganisms and return to the natural ecosystéhout causing any pollution
or harm to the environment (Maran, Sivakumar, Sid& Immanuel, 2013).
Polysaccharides and proteins are used in film ftatimns, since it is possible to
obtain transparent, tasteless, odorless and igotfiblps by using these polymers
(Chick & Ustunol, 1998; Han, 2002; Soliva-FortunRojas-Grai & Martin-
Belloso, 2012). In this sense, one of the most ys#gsaccharide to obtain films
with adequate properties is starch. This biopolyrnsera renewable resource,
inexpensive (compared with other compounds) andelyicdvailable (Lourdin,
Della Valle & Colonna, 1995). Starch based films b& formed by using its pure
components (amylose and amylopectin; Paes, Yaksnefat Mitchell, 2008),
native starch (Lopez & Garcia, 2012), modified ctes (Lopez, Garcia &
Zaritzky, 2008) and soluble or pregelatinized sigfeagella, Spigno & De Faveri,
2002). Nevertheless, starch films, as other pobtsagde films, are highly
sensitive to moisture action. Furthermore, theichamical behaviour can vary as a
consequence of retrogradation phenomenon throudimat (Fama, Goyanes &
Gerschenson, 2007; Jiménez, Fabra, Talens, & GHGil2a)

The hydrophilic character of starch films can bedified by different
techniques such as surface sterification (Zhou,, Remg, Xie, & Liu, 2009),
surface photocrosslinking (Zhou, Zhang, Ma, & Tor§)08) or by adding
hydrophobic compounds to film formulation (Averoldoro, Dole, & Fringant,
2000; Fang & Fowler, 2003). On the other hand,chtaetrogradation has been
inhibited by mixing starch  with  other polymers suchas

hydroxypropylmethylicellulose (HPMC) or sodium casde (Jiménez, Fabra
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Talens & Chiralt, 2012bc). Whereas starch-HPMC dilshowed phase separation
in the film, starch-sodium caseinate films were ptately homogeneous and
showed good functional properties.

Biodegradable films are able to act as carrieraatifve compounds such as
antioxidants or antimicrobials to enlarge the $i#df of food products where they
are applied. Among these compounds, essentiahaile a great relevance due to
the fact that they can act as an antioxidants aichrobials at the same time
(Ruiz-Navajas, Viuda-Martos, Sendra, Perez-AlvaFeznandez-Lépez, 2013; Ye,
Dai & Hu, 2013). In general, essential oils areia afi volatile (85-99 %) and non
volatile compounds (1-15 %) (Sanchez-Gonzalez, &ardsonzalez-Martinez,
Chafer & Chiralt, 2011a) in which the volatile ften is composed by terpens,
terpenoids and other aromatic and aliphatic compisngith low molecular weight
(Smith-Palmer, Stewart, Fyfe, 2001; Bakkali, AverheAverbeck & Idaomar,
2008). Previous studies reported antimicrobialvégtof films containing different
essential oils (Sanchez-Gonzalez, Chafer, Chiralcé&nzalez-Martinez, 2010a;
Sanchez-Gonzalez, Gonzalez-Martinez, Chiralt & €haf2010b; Sanchez-
Gonzalez, Chafer, Herndndez, Chiralt & GonzaleztMar, 2011b; Iturriaga,
Olabarrieta, Martinez de Marafién, 2012). Howeveolate terpenes (limonene,
geranyl acetate and alpha-pinene) have been foangkrdmote the growth of
Listeria monocytogenda biofilms structures (Sandasi, Leonard & Viljo@908),
whereas the antimicrobial activity of essentialsdilas been attributed to the
synergism between different terpenes, which wonddrove their activity against
bacteria (Gallucci, Oliva, Casero, Dambolena, Lufiggadlo & Demo, 2009;
Piccririllo, Demiray, Silva Ferreira, Pintado & Qag 2013) and fungi (Edris &
Farrag, 2003).

Due to its volatile nature, essential oils can evafe from film forming
dispersions during drying, thus reducing its effestiess in dried films. The

encapsulation of essential oils could be a soluomaintain their usefulness for a
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longer time, by a control release of the compountdse encapsulation of a
hydrophobic compound in an aqueous dispersion meguthe utilization of

amphiphilic substances such as lecithin. Recentigng et al (Zhang, Arab

Tehrany, Kahn, Poncot, Linder & Cleymand, 2012) enabtained very stable
lecithin nanoliposomes by means of by means ofcsdion, in order to incorporate
them in chitosan films.

The aim of this work was the development of stagotiium caseinate films
containing nanoliposomes as carriers of antimi@obdmpounds (orange essential
oil and D-limonene). The influence of the nanolipmes addition with and without
antimicrobials in the properties of film formingsgersions (surface tension and
rheological properties) and films (mechanical, cgdtand antimicrobial properties)

was studied.

2. MATERIALS AND METHODS

2.1. Materials

Corn starch was purchased from Roquette (RoqueititalEspafia, Benifaio,
Spain) and sodium caseinate (NaCas) was supplie®itpyna (Sigma—Aldrich
Chemie, Steinheim, Germany). Glycerol (99.5 % ARaNORMAPUR), choosen
as plasticizer, was provided by WVR Internationb form nanoliposomes,
rapeseed and soy lecithins were obtained from Th@eSCompany (Solae Europe,
Geneva, Switzerland) and Novastell (Etrépagny, ¢agan respectively.
Furthermore, D-Limonene stabilized (purchased fréwros Organics, Geel,
Belgium) and orange essential oil (supplied by Latwres Mathe, Maxeville,
France) were choosen as antimicrobial compounds. 3(HEi¥fon
trifluoride)/methanol (99 %) and chloroform (99.8%%ed in gas chromatography,
were obtained from Bellfonte-PA (USA) and Prolabd/R (ltaly) respectively.
Hexane (95%) and methanol (99.9%) were obtaineth f(earlo-Erab (France)
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meanwhile acetonitrile (99.9%) was obtained frogn& (Sigma—Aldrich Chemie,

Steinheim, Germany). These organic solvents weaitytital grade reagents.

2.2. Preparation and characterization of nanoliposmes

Nanoliposomes were obtained by modifying the metbbdzhanget al
(2012). 2 g of lecithin were added in 38 gr of iled water and then stirred for 5
h. After this step, the mixture was sonicated akd@ and 40% power for 300 s (1
s on and 1 s off). In the case of formulations awmrihg antimicrobials, these

compounds were added to the aqueous dispersiompséyto sonicate.

2.2.1. Fatty acid composition

Fatty acid esters (FAMES) were prepared as destblgeAckman (Ackman,
1998). The separation of the FAMEs was carried @muta Shimadzu 2010 gas
chromatograph Perichrom (Saulx-les-Chartreux, Fpnequipped with a flame-
ionization detector. A fused silica capillary colmrwas used (60 m, 0.2 mm i.d.
x0.25 um film thicknesses, SPTM2380, Supelco, Batlie, PA, USA). Injector
and detector temperatures were set at 250 °C. pdmture program of column
initially set at 120 °C for 3 min, then rising t8@.°C at a rate of 2 °C/min and held
at 220 °C for 25 min. Standard mixtures (PUFAL,nfrenarine source, and
PUFA2, from vegetable source; Supelco, Sigma—AlgrBellefonte, PA, USA)

were used to identify fatty acids. The results waesented as triplicate analyses.

2.2.2. Lipid classes

The lipid classes of the different fractions weetedmined by latroscan MK-
5 TLC-FID (latron Laboratories Inc., Tokyo, JapaBach sample was spotted on
ten Chromarod S-llI silica coated quartz rods hielda frame. The rods were
developed over 20 min in hexane/diethyl ether/foragid (80:20:0.2, v:v:v), then

oven dried for 1 min at 100 °C and finally scanivedhe latroscan analyzer. The
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latroscan was operated under the following conaditidlow rate of hydrogen, 160
ml/mn; flow rate of air, 2 L/min. A second migratiausing a polar eluant of
chloroform, methanol, and ammoniac (65:35:5) magmssible to quantify polar
lipids. The FID results were expressed as the mehre often separate samples.
The following standards were used to identify thegle components:

-Neutral lipids: 1-monostearoyl-rac-glycerol, 1.palmitoyl-snglycerol,
tripalmitin, cholesterol.

-Phospholipids: L-a-phosphatidylcholine, 3 sn-phgjlylethanolamine, L-
a-phosphatidyl-L-serine,  L-a-phosphatidylinositol,lyso-phosphatidylcholine,
sphingomyelin.

All standards were purchased from Sigma (Sigma-&idrChemie,
Steinheim, Germany. The recording and integratioth® peaks were provided by

the ChromStar internal software.

2.2.3. Nanoliposomes size measurement

Size of nanoliposomes was determined by using avdvialZetasizer Nano
ZS (Malvern Instruments, Worcestershire, U.K.) ed@sng the method of Zhang
et al (2012). Samples were diluted in distilled watker100) and measured at 25

°C. At least five replicates were considered fahearmulation.

2.2.4. Electrophoretic mobility

Electrophoretic mobility of nanoliposomes was meaduin the aqueous
dispersion by means of a Malvern Zetasizer Nano (E&lvern Instruments,
Worcestershire, UK) at 25 °C. Dispersions weretdduo a particle concentration

of 0.01 % using deionised water.
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2.2.5. Surface tension

Surface tension of nanoliposomes aqueous dispergiand film forming
dispersions) was measured by using a Kruss KlOSiameter (Kriss GmbH;
Hamburg, Germany) equipped with a platinum plati.nfeasures were taken in
triplicate at 25 °C.

2.3. Preparation and characterization of film forming dispersions

Seven different film forming dispersions based arncstarch, sodium
caseinate and glycerol as plasticizer were prep&@ech starch was dispersed in
cool water to obtain 2 % (w/w) polysaccharide dismms. These were maintained,
under stirring, at 95 °C for 30 min to induce dtagelatinization. Sodium caseinate
was dissolved directly in cool distilled water (2 %/w). Afterwards, both
hydrocolloids were mixed to obtain dispersions vatistarch:protein ratio of 1:1.
This ratio was used on the basis of a previousystadried out by Jiménezt al
(2012c) who observed no starch crystallizationhis mixture. After this step, a
controlled amount of glycerol was added (hydroadlglycerol ratio was 1:0.25).
In the case of dispersions containing nanoliposeifg of nanoliposome solution
were added to 90 g of hydrocolloid dispersions.nlie mixtures were maintained

1 hour under stirring at 300 rpm to disperse naasibmes.

2.3.1. Rheological behaviour

The rheological behaviour of the film forming disgiens was analyzed in
triplicate at 25 °C by means of a rheometer (Malve¢inexus, Malvern
Instruments, Worcestershire, U.K.) with a coaxiglintler sensor. Flow curves
were obtained after resting the sample in the geiosd min at 25 °C. The shear

stress ¢) was measured as a function of shear rateftom 0 to 1000 Sand up

and down curves were obtained. When samples shoamrdewtonian behaviour,
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the power law model was applied to determine thesistency index (k) and the

flow behaviour index (n).

2.4. Preparation and characterization of films

Films were obtained by casting. Film forming dispens were gently poured
(88.84 g of solids/A) over PET Petri dishes (85 or 140 mm diametetjmg®n a
leveled surface. The dispersions were allowed yof@r approximately 48 h at 45
% RH and 20 °C. Dry films could be peeled intaotrfrthe casting surface. Seven
kinds of films were prepared: without nanoliposoniesntrol), with lecithin
nanoliposomes (Rap or Soy), with limonene-lecithanoliposomes (Rap-lim or

Soy-lim) and with essential oil-lecithin nanoliposes (Rap-oil or Soy-oil).

2.4.1. Film conditioning
Before tests, all samples were conditioned in @cdator at 25 °C and 53 %
RH, by using magnesium nitrate-6-hydrate saturaelditions (Sigma—Aldrich

Chemie, Steinheim, Germany) for one week, wherattedyses were carried out.

2.4.2. Mechanical properties

A Lloyd instruments universal testing machine (AMEQ, LRX, U.K.) was
used to determine the tensile strength (TS), elastidulus (EM), and elongation
(E) of the films, according to ASTM standard metiagB2 (2001). EM, TS, and E
were determined from the stress-Hencky strain ajnestimated from force-
distance data obtained for the different films (26 wide and 10 cm long). At
least four replicates were obtained for each foatioh. Equilibrated film
specimens were mounted in the film-extending gapshe testing machine and
stretched at a deformation rate of 50 mm/min urglking. The relative humidity
of the environment was held constant at 53 % dutimg tests, which were

performed at 25 °C.
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Measurements of film thickness were carried outusjng an electronic
digital micrometer (0—25 mm, dm).

2.4.3. FTIR analysis of films

Fourier transform infrared spectroscopy was usedttidy the presence of
interactions between components in conditionedsfiimtotal attenuated reflection
mode (ATR-FTIR). Measurements were carried out5a?@ by using a Tensor 27
mid-FTIR Bruker spectrometer (Bruker, Karlsruhe,ri@any) equipped with a
Platinum ATR optical cell and an RT-Dla TGS detec{Bruker, Karlsruhe,
Germany). The diaphragm during analysis was sétram whereas the scanning
rate was 10 kHz. For the reference (air) and eachndlation 154 scans were
considered from 4000 to 800 ¢nwith a resolution of 4 cih

After measurements, data were treated by using OBbfSvare (Bruker,
Karlsruhe, Germany). Initial absorbance spectraevgenoothed using a nine-points
Savitsky-Golay algorithm as well as elastic bagelorrection (200 points) was
applied to spectra. These were then centered amdatined using the mentioned

software.

2.4.4. Optical Properties

To evaluate the films transparency, the Kubelka-kilneory was considered
for multiple scattering to the reflection spectktu{chings, 1999). When the light
passes through the film, it is partially absorbed acattered, which is quantified
by the absorption (K) and the scattering (S) cogdffits. Internal transmittance (Ti)
of the films was quantified using Equation 1. listequation Ris the reflectance
of the film on an ideal black background. a andapameters are calculated by
Equations 2 and 3 where R is the reflectance ofstaple layer backed by a
known reflectance (& The surface reflectance spectra of the films ewer

determined from 400 to 700 nm with a spectrocoleten CM-5 (KonicaMinolta
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Co., Tokyo, Japan) on both a white and a black ¢packnd. All measurements

were performed at least in triplicate for each danop the free film surface during
its drying.

T, =\/(a—R0)2 -b? Equatibn
R,-R+R
a=iR+°_ " Equation 2
2 R.R,
(a2 _1\12
b=(@2-1) Bgjon 3

Colour coordinates of the films, L*, & (Equation 4) and f* (Equation 5)
from the CIELAB colour space were determined, udd@p illuminant and 10°

observer and taking into account, REquation 6) which correspond with the
reflectance of an infinitely thick layer of the radtl.

C,*=+a** +b*? Etjoa 4

hy* = arctg(%j Edjon 5

R, =a-b Equation 6

Finally, to evaluate the colour differences betwéea different films and
control film, Equation 7 was used.
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AE = \/(AL ) +(pa*)’ +(Mb*) Equation 7

2.4.5. Scanning Electron Microscopy (SEM)

Microstructural analysis of the films was carriedt dy SEM using a
scanning electron microscope (Hitachi S-4800, Jap&im samples were
maintained in a desiccator with@ for two weeks to ensure that no water was
present in the sample. Then, films were frozenguidl N, and cryofractured with
a pre-chilled razor to observe the cross-sectiorthef samples. Fractured film
pieces were then mounted on a SEM tube and obsersied an accelerating
voltage of 10 kV.

2.4.6. Microbiological analysis

To perform the microbiological analysis, a modifioa of the method
proposed by Kristo, Koutsoumanis & Biliaderis (2D@#as considered.isteria
monocytogenegCIP 82110), supplied by the Collection Instituaskeur (CIP,
France), was regenerated (from a culture store80a?C) by transferring a loopful
of bacteria into 10 ml of Tryptone Soy Broth-Yedsttract, (TSB-YE, Biokar
Diagnostics, Beauvais, France) and incubating &iC3@vernight. Subsequently, a
10 ul aliquot from the overnight culture was then tfensd to 10 ml of TSB-YE
and grown at 37 °C until the end of the exponemiwse of growth. This culture,
appropriately diluted, was then used for inoculatid the agar plates in order to
obtain a target inoculum of aproximately®XDFU/cnf. Tryptone soy agar (TSA,
Biokar Diagnostics, Beauvais, France) was used awdel solid food system.
Aliquots of TSA (20 g) were poured into Petri dishéfter the culture medium
solidified, diluted overnight culture was inoculdten the surface.

The different test films of the same diameter &sRbtri dishes (containing or

not nanoliposomes) were placed on the inoculatddeai Inoculated and uncoated
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TSA Petri dishes were used as control. Petri dishesee then covered with
parafilm to avoid dehydration and stored for 7 daty%0 °C.

Microbial counts on Palcam agar base (Biokar Diatjns, Beauvais, France)
plates were examined immediately after the inomnadnd after 1, 4 and 7 days of
storage. To this end, the agar was removed ashyfican Petri dishes and placed
in a sterile plastic bag with 100 ml of Tryptondt d&oth (Biokar Diagnostics,
Beauvais, France). The bag was then homogenized56rs in a Stomacher
blender 400 (Interscience, Saint-Nom-La-Bretechranée). Serial dilutions were
made and poured onto Palcam agar base. The digmesrneubated during 24 h at

37 °C before colonies were counted. All tests vpengormed in duplicate.

2.5. Statistical Analysis

Statgraphics Plus for Windows 5.1 (Manugistics GoRockville, MD) was
used for carrying out statistical analyses of ddw@ugh analysis of variance
(ANOVA). Fishers least significant difference (LSD) was used & 85%

confidence level.

3. RESULTS AND DISCUSSION

3.1. Characteristics of nanoliposomes
3.1.1. Fatty acids analyses

The main fatty acid composition is shown in Tahlf e percentage of total
polyunsaturated fatty acids was the highest inlsoighin. The high proportions of
fatty acids were C18:2 n-6 (52.27 %), found in grdyunsaturated fatty acids
class, C18:1 n-9 (21.49 %) in the monounsaturasdty facids class and C16:0
(17.07 %) in the saturated fatty acids class forlsoithin. The largest amount of
fatty acid was a monounsaturated fatty acid, irarég to rapeseed lecithin, the

percentage of C18:3n-3 (6.60 %) was important exgblyunsaturated fatty acids
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class. The fatty acid most present was C18:1n-95(5684) found in the

monounsaturated fatty acids class.

Table 1. Main fatty acids composition of rapeseednal soy lecithins.

Rapeseed lecithin  Soy lecithin

Fatty acids
% SD % SD
Cl4 - - - -
C15 - - - -
C16 7.41 0.01 17.07 0.48
C17 - - - -
C18 1.31 0.00 3.32 0.16
C20 0.36 0.01 - -
Cc21 - - - -
Cc22 0.21 0.02 0.43 0.04
C23 - - - -
SFA 9.29 20.82
Ci15:1 - - - -
Cil6:1 0.33 0.01 - -
Cil7:1 - - - -
C18:1n9 56.51 0.04 21.49 0.47
C20:1n11 0.72 0.04 - -
C22:1n9 0.25 0.03 - -
MUFA 57.81 21.49
C18:2n6 26.32 0.04 52.27 0.36
C18:2n3 6.60 0.01 541 0.04
C20:2n6 - - - -
C20:3n6 - - - -
C20:3n3 - - - -
C20:4n6 - - - -
C20:5n3 (EPA) - - - -
C22:4n6 - - - -
C22:5n3 - - - -

C22:6n3 (DHA) - - - -
PUFA 32.92 57.68
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3.1.2. Lipid classes

The lipid classes of lecithins were separated ly-ldyer chromatography
(latroscan). Moreover, the percentage of triacyetpls (TAG) contained in
lecithins were respectively 37.75+0.1 and 18.15%0.for rapeseed and soy
lecithins. However, the percentage of polar fractsowed that soy lecithin was
richer in polar lipids with 84.76 +0.6% which wa®.86+0.8% for rapeseed

lecithin.

3.1.3. Size of nanoliposomes

The size analysis of nanoliposomes is of interestabse of its impact on
different properties of the films and its stabilignd capacity to release the
entrapped compounds in the liposome core. Differuthors (Pérez-Gago &
Krochta, 2001; Bravin, Peressini & Sensidoni, 200dYye related the particle size
of lipids in the film forming emulsions with diffent properties of the films such as
mechanical or barrier properties. Low particle si&zgenerally desired since small
particles increase the tortuosity of the structhres improving the barrier capacity
and provides a more homogeneous structure. Thiglpasize of nanopatrticles (or
nanoliposomes) has to be controlled since theybeatoxic for humans and for the
environment. In this sense, different authors esteah the toxicity of different
nanoparticles such as silver nanoparticles (Lamkv€omen, Krystek, Neigh,
Troost-de Jong, Noorlander, Van Eijkeren, Geertsiba, Jong, 2010), Ti©
nanoparticles (Clément, Hurel, Marmier, 2013) oOZnanoparticles (Hsiao &
Huang, 2011). Unfortunately, there are no worksceoming the toxicity of active
compounds loaded-nanoliposomes.

The mean particle diameter of rapeseed and soylipasomes without and
with antimicrobial compounds is showed in TabldRe obtained values are in the
same order as those found by Zhatgl (2012) and differences may be related

with the different time of sonication. They obtaingable nanoliposomes by using
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180 s of sonication whereas 300 s of sonicationewercessary to incorporate

completely the antimicrobials into the nanoliposerirethis case.

Table 2. Particle size, electrophoretic mobility ad surface tension of aqueous
nanoliposomes solutions.

Particle size (nm) RE (um-cm/V-s) ST (mN-rif)

Rap 146 (B -3.21 (0.08) 26.8 (0.5)
Rap-lim 150 (3) -3.36 (0.03) 27.7 (0.2%°
Rap-oil 148 (2) -3.31 (0.02) 27.9 (0.4)

Soy 188 (5) -3.89 (0.07) 31.6 (0.6)
Soy-lim 175 (5) -3.98 (0.03Y 28.6 (0.73
Soy-oil 159 (5 -3.99 (0.02) 28 (1}

a-c: Different superscripts within the same colundicate significant differences among formulati@esitaining
rapeseed nanoliposomgs< 0.05).

1-3: Different superscripts within the same coluimiticate significant differences among formulati@estaining
soy nanoliposomep 0.05).

Size of rapeseed nanoliposomes ranged between ridid%0 nm without
significant differences between them. However, swmnoliposomes showed
different sizes depending on the core compoundstinfarobial loaded-
nanoliposomes showed lower sizes. The addition yafrdphobic compounds
seemed to favour the compactness of soy nanolipesoby improving the
orientation of amphiphilic molecules of soy leaitithrough the interactions with
the oil compounds. Previous studies (Zhab@l, 2012) showed the formation of
vesicles for the major part of lecithin moleculssy and rapeseed) with some
remanent droplets, when applying sonication in wal&persion in similar
conditions. So, the formation of vesicles can bgeeted in this case, although the
incorporation of the essential oil or limonene cbuinply the formation of a
different structure due to the change in the baasfcthe interaction forces in the
mixture. Spherical micelles could entrap in therecthe incorporated non-polar

compounds and a reduction in their size can occur.
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3.1.4. Electrophoretic mobility

The electrophoretic mobililty values of soy and esged nanoliposomes
containing solutions are shown in Table 2. Thestofdthe surface charge of the
particles is of interest since it affects the digbdf the nanoliposomes, specially in
the studied solutions in which the viscosity is to@. The electrophoretic mobility
of nanoliposomes containing solutions ranged betw8e21 and -3.3Gm-cm-V
L.s* for rapeseed nanoliposomes and between -3.89.88du3-cm-V*-s* for soy
nanoliposomes. These values are in agreement wlities reported by Zhare al
(2012). According to Arab Tehrany, Kahn, Baravitdgherani, Belhaj, Wang &
Linder (2012), rapeseed and soy lecithins contéferdnt type of phospholipids
such as phosphatidylserine, phosphatidic acid, ptaiglylglycerol,
phosphatidylinositol, phosphatidylcholine and phedylethanolamine. These
components are negatively charged at neutral peef@phospatidylcholine which
is not charged) thus being responsible of the megatiectrophoretic mobility of
liposomes (Chansiri, Lyons, Patel & Hem, 1999). Tiheorporation of the
essential oil and limonene slightly increase theigla charge which agrees with

the induced changes in the micellar structure.

3.1.5. Surface tension of nanoliposomes dispersions

Lecithins were choosen since its amphiphilic naallews to incorporate the
hidrophobic antimicrobials into the hydrophilic mtia-sodium caseinate
dispersions. Due to its low molecular weight, thesdgactants migrate rapidly to
the small terpen droplets that are formed duringicsdion thus preventing
coalescence and flocculation (McSweeney, Healy &wMill, 2008). Surface
tension values of rapeseed and soy nanoliposonmagicimg solutions are showed
in Table 2. As expected, the surface tension obliymsomes solutions was lower
in comparison with pure water whose surface tengo@2 mN-riit (Walstra,

2003). The obtained values demonstrate the abilityecithins to form stable
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nanoliposomes with and without antimicrobials ie #iqueous media. Differences
in the surface tension values of the dispersionapéseed and soy nanoliposomes
were found. The surface tension of rapeseed nasulipes was lower than for soy
nanoliposomes containing solution. This fact caragsociated to the total content
of polyunsaturated fatty acids (PUFA) with diffetresnirface activity. In this sense,
Zhanget al. (2012) found that the content of PUFA was highesoy lecithin than

in rapeseed lecithin and Leshem, Landau & Deut$8B8) related the presence of
unsaturations with an important effect on the sugfeension. They explained that
for a fixed surfactant monolayer area in a compfetgpanded state, an increase in
the number of cis-double bonds cause an increastansurface tension, in
agreement with results found in this work.

The inclusion of orange essential oil and D-limamefid not produce any
difference in surface tension for rapeseed nanstipes. However, the addition of
these compounds significantly reduced the surfansién of soy nanoliposomes
containing solutions. This indicates that the additof these compounds affects
the critical micellar concentration and the cormxpng minimal surface tension
of the soy lecithin. The lower value of the surféeesion of rapeseed lecithin with
respect to the soy lecithin could be explained;cammented on above, by its lower

concentration of PUFA

3.2. Characterization of the film forming dispersims
3.2.1. Surface tension

Table 3 shows the values of the surface tensionalbffiim forming
dispersions under study. The presence of the pratecombination with starch
remarkably reduced the surface tension of waternfRem' at 25 °C; Walstra,
2003) to 51.1 mN-thas it can be observed for control formulation.sTéifect is
due to the amphiphilic nature of caseinate anchiagreement with the results

found by Fabra, Jiménez, Atarés, Talens & Chira@09). The analysis of the
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surface tension of film forming dispersions areirgkrest, specially in the food
industry, since low values of surface tension wdakbur the coating of products
(Fernandez, Diaz de Apodaca, Cebrian, Villaran &Ma006). In the case of film
forming dispersions containing nanoliposomes, thdase tension was always
lower as compared with the control sample as it wgsected by the action of
surfactants. Nevertheless, the values did not réfaase obtained in the aqueous
nanoliposome dispersions, which indicates thateimas present to a great extent
in the water-air interface and no total substitutiof this occurred when
nanoliposomes were added. No notable differenceme vieund between the
different formulations with and without antimicrals, except for the film forming
dispersion with soy-orange oil nanoliposomes wiieedowest surface tension was
obtained. The greater migration of surfactant e&odhmple surface seems to occur,
thus decreasing the surface tension to a greatentexX his fact could be related

with a lower stability of liposomes in this case.

Table 3. Surface tension and rheological propertiesof film forming

dispersions.
Newtonian
Viscosity n K (-1C¢°, Pa-§) ST (mN-mi")
(10, Pa-s)
Control 57 (0.9%* 1.27 (0.012)l 1.47(0.07?)l 51.1 (0.1}
Rap 5.8(0.%)  1.24(0.01 1.75(0.14 44.9 (0.79
Rap-im  5.40(0.2) 1.25(0.01% 1.5 (0.1} 43.8 (1.7

Rap-oil 57 (0.1  1.24(0.01y  1.75(0.06) 43.6 (1.4)
Soy 5.62 (0.04f 1.26 (0.01)  1.52(0.07) 44.6 (1.23

Soy-lim 55 (0.1  1.25(0.01) 1.5 (0.1 46 (1Y

Soy-oil 5.4 (0.2 1.25 (0.01) 1.6 (0.2) 42.0 (0.3§

a-b: Different superscripts within the same colundicate significant differences among formulati@asitaining
rapeseed nanoliposomgs< 0.05).

1-3: Different superscripts within the same coluimdiicate significant differences among formulati@estaining
soy nanoliposome® 0.05).
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3.2.2. Rheological behaviour

The study of the rheological behaviour of film fang dispersions is of
interest to have information about the fluid stamet and interactions between
particles during flow. The analyses of the rheatayibehaviour of the film
forming dispersions were carried out at 25 °C witthear rate between 0 and 1000
s™. All formulations showed newtonian behaviour awlshear rates and a shear
thickening or dilatant character from a determirsdetar rate. Furthermore, all
samples showed non-time dependent behaviour simceand down curves
coincided. The change in the rheological behavasuthe shear rate increases can
be related with particles (starch and sodium caseirchains and vesicles)
aggregation due to orthokinetic flocculation (Pek&r Helvaci, 2007). The
aggregates would present sufficient cohesive fotosesithstand the shear stress,
thus producing shear thickening behaviour (Chmstm & Bagley, 1983). The
water content entrapped in these aggregates waoualéase, leading to a greater
flow resistance.

The viscosity of studied film forming dispersions the newtonian domain
are showed in Table 3. The obtained viscositiesl@ame in agreement with the
polymer concentrations used, thus indicating tlmagels were formed during the
film forming dispersions preparation. Although stassodium caseinate
interactions can take place in determined conditidiménezt al, 2012c), in this
case these not lead to a gel formation. No siguifidifferences were found among
the Newtonian viscosity values of the differentnfiotations, despite the different
total solid contents. In this sense, it is remalkathat the composition of
continuous phase is the same in all cases anddheng concentration of the
nanoliposomes is relatively low to affect notaliig sample viscosity.

The change from newtonian to shear thickening beliavook place at a
shear rate ranging between 238-291regardless the type of sample. From these

shear rate values, the experimental data were fitehe Ostwal-de-Waele model
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(power law). The flow behaviour index (n) and ttensistency index (k) of film
forming dispersions are shown in Table 3. No sirit differences in n values,
were found for the different samples; these valbefng higher than 1, as
corresponds to dilatant fluids and the consisteindgx was also similar for all
formulations.
In conclusion, small differences were found betweba different film

forming dispersions concerning their rheologicahdgour and only a decrease of
their surface tension was observed for those auntaiipids due to the surfactant

action of lecithin.

3.3. Characterization of the films
3.3.1. Structural and mechanical properties

Despite the small size of liposomes obtained ineaqa dispersion, when
they are incorporated into the film forming dispens, the changes in the aqueous
environment and the establishment of interactiarainly between surfactants and
proteins (Erickson, 1990), can promote signifioeimnges in the structure of lipid
particles. In fact the mean size of particles iasegl when liposomes were
incorporated in the film forming dispersions andould not be measured with the
available equipment because they were out the measnge.

A positive aspect of the essential oil incorponatés nanoliposomes was the
inhibition of the oil evaporation during the filmrydng step, which supposes a
decrease of the film thickness by the loss of sphthen a constant of solids per
surface area was poured in the plate to obtainligle This has been previously
observed in previous works (Sanchez-Gonzé&leal 2010ab) and supposes the
loss of potentially active compounds of the filmable 4 shows the values of the
film's thickness, where the increase of this par@mahen nanoliposomes were
incorporated can be observed, on the contrarydbatrs when free essential oil

was incorporated in the film. This increase conéittimat, not only essential oil was
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not evaporated but also that the arrangement opdhgmer chains with lipids is
more open probably due to a different couplinghaf tomponents on the basis of

the developed interactions.

Table 4. Mechanical properties and colour of the diained films.

EM (MPa) TS (MPa) E (%) Thickness am)
Control 1930 (212} 27.6 (1.5)" 2.9 (0.5} 55 (8"
Rap 1309 (21f) 8.0 (0.7) 0.8 (0.2% 63 (8)
Rap-im 657 (10%) 7.8 (0.4% 2.0 (0.2§ 76 (115
Rap-oil 909 (193) 7.1 (1.8) 1.0 (0.3} 89 (12§
Soy 875 (1419 9.6 (1.9§ 1.7 (0.6% 66 (7
Soy-lim 996 (133) 11 (2f 1.8 (0.6% 71 (11§
Soy-oil 863 (773 9.6 (0.3§ 1.7 (0.13 81 (9
L* ab* at” AE
Control 88 (2} 8.8 (1.3)a 95.4 (1.2} -
Rap 745 (1.0) 325(0.6) 82.6(0.2) 27.4
Rap-im  74.6 (1.7 32 (1f 83 (1f 26.9
Rap-oil 74 (2) 33 (1f 82.7 (1.3} 28.9
Soy 75 (13 33.0(0.5) 79.4 (0.2} 27.8
Soy-im  77.8(0.5)  30.8 (0.8} 81 (1y° 24.5
Soy-oil  75.9(0.8) 31 (1)° 82 (1) 25.6

EM: Elastic modulus; TS: Tensile strength; E: Elatign at break. L*: Lightness, Cab*: Chroma; haHtie; AE:
Colour difference in comparison with control film.
a-c: Different superscripts within the same colundicate significant differences among formulati@asitaining
rapeseed nanoliposomgs<0.05).
1-3: Different superscripts within the same coluimdicate significant differences among formulati@estaining
soy nanoliposome®  0.05).

Figure 1 shows the SEM micrographs of the crossseof control film and

those containing liposomes. Control film showedug#eghomogeneous structure,

but coarser than that obtained by Jiméeeal (2012c) for films with the same

composition. In this work, the authors prepared fitme forming dispersions by

applying a homogenization step, using a rotor-segoiipment, at 95°C.
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Figure 1. SEM micrographs of the cross-sections dhe films. (A-B: Control,

C:Rap, D: Rap-lim, E: Rap-all, F: Soy, G: Soy-lim,H: Soy-ail).
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The high temperature and the shear stress prordeteaturation of the protein and
the interaction between polymers, which favours fbemation of a more
homogenous blend.

When control samples are compared with those aantilipids, a much
coarser structure is observed for the latter, whigtees with the increase of size of
nanoliposomes when incorporated to the film formidigpersions (data not
showed) and the possibly progress of this increhseng the film drying step.
During this step, as the water of the system isidoeemoved phase transitions
occurs in the lipid association structures whichynmmomote the break of
liposomes and the re-restructuration of the mokeaskociation, even giving rise to
inverted structures (Krog, 1990; Larsson, K., & ek, 1990). In fact voids of
different sizes can be observed in the matrix, twhtan be associated to the
presence of the lipid droplets interrupting the nmatontinuity in a size higher
than nano-scale.

From the analysis of the stress-Hencky strain anegasticity modulus
(EM), tensile strength (TS) and elongation at bré&kwere determined for each
film sample. According to McHugh & Krochta (1994hese parameters are very
useful for describing the mechanical propertiesa dilm, and are closely related
with its internal structure. Table 4 shows the oiwd values for each sample. Film
without liposomes presented the highest EM value, comparison with
nanoliposome containing films. The addition of Hgpusomes introduces
discontinuities in the matrix, as commented on abavhich affects significantly
the mechanical resistance of films. The same behavw observed for TS values.
Considering the EM and TS values of control filmisiremarkable that there is a
great difference between these values and thosineltobtained by Jiménetal
(2012c) using the same formulation starch-sodiuseioge, but by applying a heat-
homogenization step before the film casting. Thisld provoke a reduction the

mechanical resistance and extensibility of theiabthstructure.
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Among films containing nanoliposomes, for rapesdipdsomes, elastic
modulus significantly decreased when essentiabiollmonene are present in the
film which could be due to a different releaseld$ rompounds in the matrix from
liposomes.

As concerns extensibility of the films (E), thesancbe considered few
extensible, in comparison with other films in whigfarch were blended with other
polymers (Phan The, Debeaufort, Voilley & Luu, 2008nénezet al, 2012bc).
This low extensiblity can be related with the kiofdstructure generated where the
slippage of the chains during the film stretchisgnmiore difficult. When heat-
homogenization is was applied to starch-sodium inage films with the same
composition, extensibility is almost 2.5 times teghprobably due to the heat
induced unfolding of proteins and the more lineatarglement of the chains in the
matrix. In this work the heat-homogenization stegswot applied to avoid the

rupture of nanoliposomes, thus losing the activemmunds.

3.3.2. Optical properties

Spectral distribution curves of Ti parameters alated in Figure 2. In
general, high values of Ti are associated with tgreBlm homogeneity, which
gives rise to more transparent films. On the contdawer values of Ti are related
with a higher opacity of the films. As observedHFigure 2, control film was the
most transparent with high values of Ti, in agreetwdth that reported in previous
works for starch and sodium caseinate (Fadral, 2009; Jiméneet al, 2012a).
The addition of nanoliposomes decreased the tragspa of films regardless the
type of lecithin and the antimicrobial mainly atevavelength. This fact is due, in
part, to the natural brown colour of lecithins. Fiproduces the absorption of the
blue and green light (low wavelength) thus givifsgerto a yellow-brown colour in
the films. The presence of a dispersed phase imttex also contributes to the

decrease in the Ti values.
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Figure 2. Spectra of internal transmitance (Ti) ofobtained films.

The colour of films as a consequence of nanolip@soaddition, is shown in
Table 4, in terms of lightness (L*), chroma,{§ and hue (k*) parameters, for
each formulation. L* and &* values for control film varied significantly byné
incorporation of nanoliposomes. Incorporation ofnolgposomes provoked a
decrease the lightness and the hue and an inapéabeoma, due to the colour of
lecithins. The film colour become more vivid a reddy the action of lecithin
liposomes. To estimate colour differencaf were calculated between control
film and the films containing nanoliposomes. Theaklies ranged between 25 and
29, thus indicating that there is a relevant ddfere of colour between films.
Nevertheless no notable differences were found amion films containing

nanoliposomes since there are no significant diffees in their colour parameters.
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3.3.3. Fourier transform infrared spectroscopy

Figure 3A shows the FTIR spectra of the films withoand with
nanoliposomes and Figure 3B the corresponding ispeaift each one of film
components, in order to compare the main charatitxipeaks of the different
components and films. The broad band located ab 336" corresponds with
vibration modes of OH-groups from the absorbed w@Barcia, Fama, Dufresne,
Aranguren & Goyanes, 2009) and from the polymermrmidelves (Bourtoom &
Chinnan, 2008; Pereda, Amica, Racz & Marcovich,130The peaks located at
2854 and 2923 cthare related with vibration of —GHand —CH groups (axial
carbon-hydrogen bond) (Zhaegal, 2012).

Soy-oil
i Soy-lim
i Soy
Rap-oil
Rap-lim
| Rap
M //\/\ : Control
800 1800 2800 3800
Wavenumber (cm ™)

Figure 3A. FTIR spectra of the studied films.
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The band at 1690-1590 &ncorresponds to the amide | vibrations, which is
common to proteins (Pereda, Aranguren & Marcovaf)(8; Peredat al., 2011),

as can be seen in Figure 3B for sodium caseinateer@nain peak observed in
Figure 3A, which has been associated with C-Oddtnetj vibrations (Zhangt al.,
2012), appeared at 1022 tm

8 Orange oll

Limonene

M Soy
M e
i Rapeseed
M e
Sodium
J\MV\A caseinate
‘ | ‘J‘/\/‘\ ‘ Starch

800 1300 1800 2300 2800 3300 3800

Wavenumber (cm 1)

Figure 3B. FTIR spectra of isolated components ohtk films.

FTIR spectra of the films were very similar, asrespond to their similar
composition. Nevertheless, some differences cadréen. The main difference is
the higher intensity of the peak at 1022 cim films containing nanoliposomes in
comparison with the control. As can be obseve#ijguare 3B, lecithins presented a

broad band around this wavenumber, thus explaithagyreater intensity observed
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in Figure 3A for films containing nanoliposomes.eTimtensity of peaks at 2854
and 2923 cm also increased with nanoliposomes addition, ireagent with
spectra observed in Figure 3B for lecithins andhaintobial compounds. For films
with nanoliposomes, Figure 3A also shows a littealp at 1746 crh which
correspond to the C=0 stretching (Tantipolphan,eRadicQuillan & Medlicott,
2007). This group is located between hydrophohis &nd hydrophilic head group
of the lecithin molecule. Nevertheless, no displaeat of peaks in the film spectra
with respect to the characteristic wavelength fofmdeach isolated compound
was observed, which indicates that no specific@uions among components can

be detected from FTIR spectra.

3.3.4. Antimicrobial activity againstListeria monocytogenes
Figures 4A and 4B show the growth curvesLafteria monocytogenesn

TSA medium without film and on those coated witle tifferent films. Bacteria
population increases from 3 to 8 logs CFUah the end of the storage period.
The slightly greater microbial growth in plates @mhwith the different films than
in uncoated one can be observed in Figures 4A arihB indicates that they did
not have antimicrobial activity, as expected farash-NaCas film (control), while
contribute to the bacteria nutrients as a consemguehits composition (protein and
starch). The incorporation of nanoliposomes did imgprove the antimicrobial
capacity of films, regardless the type of lecithimd the potentially antimicrobial
compound. Only orange oil-soy lecithin nanolipossroentaining film seemed to
present a little activity at the end of the storéday 7). In this case, some more
days of analysis would be necessary to evaluatehdfe is a significant
antimicrobial activity. These results could beibtited to the encapsulation of the
active compounds in liposomes, which inhibit thelease to the plate surface and

to a low antimicrobial activity of limonene and nge essential oil.
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Figure 4. Microbial counts as a function of time fo samples without films and
coated with the different films containing rapeseediposomes (A) and soy

liposomes (B).
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Similar results were reported by Imran (Imran, 20%ihce he found that the
release of bioactive compounds entrapped onto iparsaimes is a relatively long
process. Moreover this study revealed that nanstipee composition is an
important factor to take into account to contra tklease of active compounds. In
addition, Imran, Revol-Junelles, René, Jamshidi&khtar, Arab-Tehrany,
Jacquout & Desobry (2012) observed that the higleatilisterial activity
corresponded with films containing both free andagsulated antimicrobial
compound. This result demonstrates that at intifake it is necessary a little
amount of free bioactive compound to avoid micrbgrawth until it was released
from the nanoliposomes. Concerning differences mvigsk between antilisterial
activity of films with limonene and orange oil ndiposomes, previous studies
reported also a greater effectiveness of the aabeils in terms of antimicrobial
activity than the mix of the major components orepterpens (Gillet al. 2002;
Mourey & Canillac 2002). Minor components therefptay an important role, and

synergism phenomena occur.

4. CONCLUSIONS

The incorporation of potentially antimicrobial vtla compounds (orange
essential oil and limonene) to starch-sodium cageiblend films was carried out
in a effective way to avoid the losses of volatitenpounds during the film drying
step. Nanoliposomes of soy and rapeseed lecithame wbtained by sonication of
their water dispersions. Incorporation of the esakmil and limonene to the
liposomes was also effective by using the same adethhe addition of lipids in
the polymeric matrix supposed a decrease of thehamécal resistance and
extensibility of the films. The natural colour oécithin conferred a loss of
lightness, a chroma gain and a redder hue to thesfiwhich were also less

transparent than the control one, regardless tloghile and volatile lipid
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considered. The possible antimicrobial activity tbé films containing orange
essential oil or limonene was not observed, whiohld€ be due to their low
antilisterial activity or to the inhibition effedf the encapsulation which difficult

their release from the matrix.
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e La incorporacién de acidos grasos en los films|dedén y glicerol no
mejord notablemente la capacidad barrera de los fitente a la transferencia de
vapor de agua y solo los acidos grasos saturadojararon ligeramente, pero
s6lo cuando los films no fueron almacenados. Eldgrae cristalinidad se
incrementod con el tiempo de almacenamiento, losgutadujo en un aumento de
la rigidez y fragilidad de los films y una disminéic de su extensibilidad, brillo y
transparencia. La presencia de &acidos grasos infiignificativamente en este
fendmeno, formandose estructuras cristalinas tiggaka la amilosa y cristales de
los propios lipidos que afectaron también a lagpipdades de los films. En
consecuencia, no se obtuvo la mejora esperadasefiirts de almidon y se ve
necesario probar otros compuestos organicos noesolaotros biopolimeros para
este fin.

e La capacidad de adsorcion de agua de los films lohid@n se vio
afectada por la cristalizacién, que depende dengératura y la humedad relativa
de equilibrio. La cristalizacién del almidén estys@movida a baja temperatura y
alta humedad relativa, modificando las tendenctgamemdas en la capacidad de
sorcién de agua en funcion de la temperatura. inpeeatura de transicion vitrea
de la matriz de almidon a baja humedad disminuydla@dicion de acidos grasos
saturados, pero no con la adicion de &cido oldiaopresencia de acidos grasos
favorecid la formacion de estructuras cristalings ¥, indicando la formacién
predominante de complejos amilosa-lipido e inhitbeta formacion de otro tipo
de estructuras. La intensidad de los picos delctgpéle difraccion de rayos X
disminuy6 con el aumento de la humedad, observéndas la formacion de
estructuras tipo V tuvo lugar principalmente a bajaimedades relativas. El
comportamiento mecanico de los films de almidon cjd@s grasos resultd
coherente con los resultados de calorimetria ditéaé de barrido y las

observaciones microestructurales. El efecto plestife del agua y las
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discontinuidades estructurales determinaron losrgalde modulo de elasticidad y
comportamiento en la rotura. La incorporacién ddascgrasos redujo en todos los
casos la resistencia mecanica de los films, ind#ipetemente de la humedad de
equilibrio, aunque los films con &cido oleico fuermas extensibles a baja

humedad.

e La adicion de hidroxipropilmetilcelulosa (HPMC) eratrices de almidon
dio lugar a estructuras mas amorfas tal y comdbsergd por difraccion de rayos
X. Sin embargo, las micrografias mostraron sepamnade fases en los films que
provoco una disminucion de su brillo. EI modulo éesticidad de los films
compositeno almacenados disminuyé en comparacion con llos fie almidén y
HPMC puros, aunque la tension y la deformacion @nfrhctura mejoraron
ligeramente en comparacion con el film de almiddropEstos mostraron similar
permeabilidad al vapor de agua que los film de ddmipero mayor permeabilidad
al oxigeno, debido a la contribucion negativa deM€. La microfluidizacion de
las dispersiones formadoras de films no mejoratiegracion de los dos polimeros,
aunqgue si contribuy6 a la inhibicion de la retragcion del almidon, dando lugar
a films menos rigidos, sin afectar a su extendinili La inhibicion de la
recristalizacion del almidén con el tiempo se cguigi en los films
microfluidizados y no microfluidizados cuando laporcion almidéon:HPMC fue
de 1:1.

* La adicion de caseinato sédico (NaCas) en matdeesimidon redujo el
grado de cristalinidad de los films de almidén leibid su recristalizacion con el
tiempo. Las mezclas de ambos polimeros dieron laghims menos rigidos y
resistentes a la fractura pero mas flexibles yrdadibles que los films de almidon,
sin afectar a la permeabilidad al vapor de aguapéameabilidad al oxigeno

aumento con cantidades crecientes de NaCas, delacuen la mayor sensibilidad
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de la proteina a la transferencia de oxigeno. tarporaciéon de NaCas incremento
ligeramente la transparencia de los films y reddijorillo, el cual disminuy6 con el
almacenamiento. La reorganizacion de las cadenapolimero en la matriz
durante el almacenamiento produjo un descenso deedistencia mecanica,
flexibilidad y brillo de los filmscomposite En general, los films preparados con
mezclas de los dos polimeros mostraron mejoresiqutages y aplicaciones
potenciales que los films de almidén puro, debidolaainhibicién de la
cristalizacion del almidén, que implica cambiosdseables en el comportamiento

mecanico de los films.

* La incorporacion de lipidos (acido oleico ortocoferol) en films
compositede almidén y NaCas dio lugar a separacion de fdsbido a las
diferentes interacciones de los lipidos con cadéneoo (proteina anfifilica y
almidon hidrofilico), aunque a partir del cambio les propiedades mecanicas
puede deducirse que tiene lugar una reorganizadddhos componentes en la
matriz con el tiempo de almacenamiento. Despuésld®icenamiento, los films
con y sin lipidos presentaron un comportamientacdmieo similar, aunque
resultaron ser mas extensibles los films con ligwid@ incorporacion de lipidos
afect6 ligeramente a la permeabilidad al vaporgimadependiendo del tiempo de
almacenamiento. Sin embargo, la adicibn de acideicml aumentd
significativamente la permeabilidad al oxigeno.eEsfecto era esperable también
para ela-tocoferol, pero fue mitigado debido a la capacidatioxidante de este
compuesto, que afectd claramente a la actividadxad@nte de los films. Todos
los films mostraron una transparencia similar steed brillo mayor cuando se

incorporaron lipidos.

* Laincorporacion de agentes potencialmente anii@nols (D-limoneno y

aceite esencial de naranja) a filkmmpositede almidén-NaCas se llevd a cabo
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eficazmente en forma de nanoliposomas para minimlaa pérdidas por
evaporacion durante el sacado del film. Se obtami@anoliposomas de lecitina de
colza y soja mediante sonicacion de sus dispersiaogosas. La incorporacion de
D-limoneno y aceite esencial de naranja en los lipppsmmas se llevd a cabo
siguiendo la misma metodologia. La adicion de esto®liposomas en la matriz
polimérica supuso un descenso de la resistencianmitecy la extensibilidad de los
films. El color natural de las lecitinas produjoauperdida de luminosidad y una
ganancia de croma en los films, variando el tonoesi®s hacia anaranjados.
Ademéas disminuydé Ila transparencia en comparaciom ai control
independientemente del tipo de lecitina y antinb@no considerado. La posible
actividad antimicrobiana de los films con D-limopnepaceite esencial de naranja
no se observd, debido probablemente a su bajaidedtivantilisteria y la

encapsulacion, que podria afectar a su liberacion.
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Abstract Mainly due to environmental aims, petroleum-
based plastics are being replaced by natural polymers. In
the last decades, starch has been evaluated in its film-
forming ability for applications in the food packaging arca.
Characteristics of the starch film matrices, the film forma-
tion methods, and physicochemical properties of the starch
films are reviewed in this paper. The influences of different
components added in casting methods and thermoplastic
processes have been also analyzed. Comparison of mechan-
ical properties of newly prepared starch films and stored
films reveals that the recrystallization phenomenon made
the films more rigid and less stretchable. These effects can
be inhibited by adding other polymers to the starch matrix.
Other approaches to improve the starch films’ properties are
the reinforcement by adding organic or inorganic fillers to
the starch matrix as well as the addition of functional com-
pounds. In this way starch films have improved mechanical
and barrier propertics and can act as a bioactive packaging.
Physicochemical properties of the starch films showed a
great variability depending on the compounds added to the
matrix and the processing method. Nevertheless, dry meth-
ods are more recommendable for film manufacturing because
ofthe greater feasibility of the industrial process. In this sense,
a better understanding of the nano and microstructural
changes oceurring in the matrices and their impact on the film
propetties is required.
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Introduction

Edible starch films and coatings are used for food
protection to increase the shelf-life of the foodstuffs.
Nowadays, a great number of research studies focus
on solving the problems produced by plastic waste in
order to obtain environmentally friendly material. To
this end. several works study the possibility of substi-
tuting the petro-based plastics with biodegradable, low-
cost materials with similar properties (Psomiadou et al.
1996; Mali et al. 2002, 2006; Fama et al. 2007; Jiménez
et al. 2012). These biodegradable polymeric films offer
an alternative packaging option which does not contribute to
environmental pollution and is obtained from renewable
sources (Lu et al. 2005; Tharanathan 2003; Yu and
Chen 2009).

This review analyses the film-forming ability of starch
and the physicochemical properties of these types of films,
focusing on the way to obtain biodegradable starch films
and the relationship between the structure and physicochem-
ical properties. Other aspects related to the obtention of
starch-based films or packages, such as the effect of the
addition of other components (lipid, hydrocolloids, fillers,
or active compounds) and applications of starch-based
materials have been also reviewed.

Starch: a Biodegradable Polymer Matrix

Starch is one of the most abundant natural polysaccharide
raw materials. It is a renewable resource, inexpensive, and
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Starch films are very hygroscopic and undergo crystallization during processing and storage. In this work,
fatty acids (SA, PA and OA) were incorporated into starch films containing glycerol as plasticizer, in order
to reduce the hygroscopic character of the films and to improve water vapour permeability. Micro-
structural, mechanical, barrier and optical properties were studied in both non-stored films and those
stored for 5 weeks. Fatty acid addition affected the main properties of films since mechanical resistance
was decreased, water vapour permeability was reduced and gloss and transparency were reduced. The
degree of starch and FA crystallinity increased with storage time and gave rise to changes in film
properties: films became stiffer, less effective as water vapour barriers and less transparent and glossy.
Saturated fatty acids were more efficient at reducing WVP as compared to oleic acid, but these differ-
ences decreased after storage due to the greater increase in crystallization of the former as it has been
observed by X-ray diffraction.
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1. Introduction

Starch is more and more commonly used to obtain polymer
matrices for packaging due to its wide availability in many natural
products and low cost (Mali & Grossmann, 2003; Rodriguez, Osés,
Ziani, & Mate, 2006). Furthermore, it is known to be completely
biodegradable in soil and water which is of great advantage from
the environmental point of view (Kampeerapappun, Aht-ong,
Pentrakoon, & Srikulkit, 2007). In starch biopolymers, physical
and chemical changes, associated with retro-gradation, which
occur during ageing have a great impact on the material properties
(Delville, Joly, Dole, & Bliard, 2003) affecting the material func-
tionality. Retro-gradation implies that starch molecules are re-
associated into crystalline zones. Several works point out that
initial crystallinity of starch films depends on the drying temper-
ature and relative humidity (Liu, 2005) as well as the chain lengths,
concentration of starch, pH and composition of the system. The
development of the degree of crystallinity of starch films during
storage (ageing) is greatly affected by the storage conditions, such
as the temperature, relative humidity and time (Osés, Fernandez-
Pan, Mendoza, & Maté, 2009). For instance, if the storage temper-
ature is higher than the glass transition temperature (Tg), starch
matrix tends to crystallize. Thus, even though recently prepared

# Corresponding author. Tel.: 34 3877000x83613; fax: +34 963877369,
E-mail address: mafabro@doctorupvies (M. J. Fabra).
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starch films are almost amorphous (Garcia, Martino, & Zaritzky,
2000a; Mylldrinen, Buleon, Lahtinen, & Forssell, 2002; Rindlav-
Westling, Stading, Hermansson, & Gatenholm, 1998), in time they
develop crystallinity (Garcia et al., 2000a). As a consequence, starch
films usually become stronger, stiffer and less flexible (Forssell,
Mikkild, Moates, & Parker, 1997).

Similarly to many polysaccharide based films, pure starch films
are too brittle and need the incorporation of plasticizers to make
them easier to handle and achieve the optimum mechanical
properties. Plasticizers reduce the cohesive forces in hydrocolloid
films, through the limitation of intermolecular forces responsible
for the chain-to-chain interactions, which allows this drawback to
be overcome. So, plasticizers improve flexibility, elongation and
toughness of films and they must be compatible with the film-
forming polymer (Sothornvit & Krochta, 2005). In this sense,
different polyols such as glycerol (Fama, Goyanes, & Gerschenson,
2007; Rodriguez et al., 2006; Talja, Helén, Roos, & Jouppila, 2007),
xylitol (Talja et al,, 2007) and sorbitol (Pagella, Spigno, & De Faveri,
2002; Talja et al., 2007) have been used in edible film formation.
Nevertheless, given that polyols plasticize the polymer matrix, they
can favour crystallization because of the increase in the polymer
chain mobility. However, previous studies into yam starch films, did
not report a significant effect of glycerol on the amylose re-
crystallization throughout film storage (Mali, Grossmann, Garcia,
Martino, & Zaritzky, 2002). In thermoplastic starch (TPS),
obtained by the extrusion of potato starch, an increase in crystal-
linity was obtained when the amount of glycerol was reduced in the
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The water sorption capacity (WSC) of starch films containing, or not, glycerol (1:0.25 starch:glycerol
ratio) and fatty (palmitic, stearic and oleic) acids {1:0.15 starch:fatty acid ratio) was analysed at 10, 25
and 40 °C in the entire range of aw. Starch re-crystallization during the equilibration time was also
analysed by X-ray diffraction. Likewise, the glass transition and lipid melting properties as a function of

Keywords: the film water activity were determined. Mechanical behaviour was also analysed at 25 °C for film
f:‘::cn d samples equilibrated at 0, 53, 68 and 75% RH. Crystallization was promoted at low temperature and high
@i:;;: relative humidity which modifies the expected tendencies in WSC as a function of the temperature. In

relationship with this, V-type structures were formed during time, mainly in fatty acids containing films.
Glass transition of the starch matrix at low moisture contents was affected by the presence of saturated
fatty acids. Microstructural observations seem to corroborate the complex formation between these and
the polymer chains. The mechanical behaviour of the films, as a function of the moisture content, is
coherent with the results of the phase transition analysis and microstructural observations. The plasti-
cization effects and the structural discontinuities in the polymer matrices determine the value of the

Glass transition
Tensile properties

elastic modulus and the behaviour at break.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Starch alone cannot form films with satisfactory mechanical
properties (high elongation at break and tensile strength), unless it
is plasticized, blended with other materials, chemically modified or
modified with a combination of these treatments (Liu, 2005).
Generally, polyalcohols are the most common types of plasticizers
for biodegradable films, including propylene glycol, glycerol,
sorbitol and other polyols. There are many publications where
various types of polyols were studied for their effects on the
resulting films (Arvanitoyannis, Psomiadou, & Nakayama, 1996;
Arvanitoyannis, Psomiadou, Nakayama, Aiba, & Yamamoto, 1997;
Fama, Rojas, Goyanes, & Gerschenson, 2005; Parra, Tadini, Ponce, &
Lugdo, 2004; Psomiadou, Arvanitoyannis, & Yamamoto, 1996;
Rodriguez, Oses, Ziani, & Maté, 2006). In most studies, starch based
films are plasticized most effectively with glycerol, which has
specific advantages. Moreover, the strength of the films has also
been demonstrated to be dependent upon their meisture content,
which is in turn influenced by the ambient relative humidity
(Bertuzzi, Armada, & Gottifredi, 2003; Chang, Cheah, & Seow,
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2000). So, knowing the water sorption equilibrium conditions of
starch based films is useful to understand the performance of films
under varying RH conditions. Different factors such as phase tran-
sition, like crystal formation, or phase separation can also affect the
water sorption behaviour of polymers such as gelatinized starch.

Several works have focused on overcoming the inherent hydro-
philicity of starch films, by surface esterification (Ren et al,, 2010;
Zhou, Ren, Tong, Xie, & Liu, 2009), surface photocrosslinking (Zhou,
Zhang, Ma, & Tong, 2008) or blending starch with other hydrophobic
materials, such as polycaprolactone and cellulose acetate (Averous,
Moro, Dole, & Fringant, 2000; Fang & Fowler, 2003; Koenig &
Huang, 1995). Other non-polar compounds, such as lipids, can also
be combined with starch either by incorporating lipids in the
hydrocolloid film-forming solution (emulsion technique) or by
depositing lipid layers onto the surface of the pre-formed hydro-
colloid film to obtain bilayers. Multi-component films have been
extensively reviewed by Wu, Weller, Hamouz, Cuppett, and Schnepf
(2002). Jiménez, Fabra, Talens, and Chiralt (2012) have recently
studied the effect of fatty acid addition (by the emulsion technique)
on physico-chemical properties and their changes during ageing, of
starch based films. They observed that re-crystallization process in
starch matrix during storage was not inhibited by the lipid addition
which could modify water—starch relationships and phase transi-
tions due to the crystal formation in the amorphous phase.
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Edible films based on corn starch, hydroxypropyl methylcellulose (HPMC) and their mixtures were
prepared by using two different procedures to homogenize the film forming dispersions (rotor-stator
and rotor-stator plus microfluidizer). The influence of both HPMC-starch ratio and the homogenization
method on the structural, optical, tensile and barrier properties of the films was analysed. The ageing
of the films was also studied by characterizing them after 5 weeks’ storage. Starch re-crystallization in
newly prepared and stored films was analysed by means of X-ray diffraction. HPMC-corn starch films

Isfgr;xrds' showed phase separation of polymers, which was enhanced when microfluidization was applied to the
HPMC film forming dispersion. Nevertheless, HPMC addition inhibited starch re-crystallization during storage,
Storage giving rise to more flexible films at the end of the period. Water barrier properties of starch films were

Microstructure hardly affected by the addition of HPMC, although oxygen permeability increased due to its poorer oxygen

Tensile properties
Barrier properties

barrier properties.
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1. Introduction

Nowadays, many researchers are focusing their work on
obtaining environmentally friendly materials which are able to
protect food products from spoilage but also present an ade-
quate biodegradability. In this way, traditional petroleum-based
polymers, such as polyethylene or polypropylene, are being sub-
stituted by biopolymers obtained from natural and renewable
sources. These polymers are mainly polysaccharides (starch, chi-
tosan, cellulose and its derivatives) and proteins, such as gelatin,
caseinates or zein, which are generally processed to obtain edible
films or coatings. These structures are thin layers of edible mate-
rials applied to food products, which play an important role in
their preservation, distribution and marketing (Falguera, Quintero,
Jiménez, Muiloz, & Ibarz, 2011). One of the most suitable poly-
mers with which to substitute conventional plastics is starch due
to the fact that it is able to present thermoplastic behaviour if an
adequate amount of plasticizers is used. Starch is a well-known
polysaccharide that presents different properties depending on
its amylose/amylopectin ratio. Properties, such as glass transition
temperature (Liu et al, 2010) or digestibility (resistant starch;
Zhu, Liu, Wilson, Gu, & Shi, 2011), vary according to the amy-
lose content. Their properties, as packaging material alone or
in combination with other materials, have been widely studied
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(Bertuzzi, Armada, & Gottifredi, 2007; Chillo et al., 2008; Flores,
Conte, Campos, Gerschenson, & Del Nobile, 2007; Kuorwel, Cran,
Sonneveld, Miltz, & Bigger, 2011; Phan The, Debeaufort, Luu, &
Voilley, 2005; Tang, Alavi, & Herald, 2008). Although starch based
films and coatings generally present adequate properties, it has
been found that storage greatly increases the crystalline fraction
in the starch matrix (Jiménez, Fabra, Talens, & Chiralt, 2012; Mali,
Grossmann, Garcia, Martino, & Zaritzky, 2006); a fact that may lead
to a deterioration of the protective ability of starch-based pack-
aging. Jiménez et al. (2012) related the increase in crystallinity
with the changes in different properties {gloss, transparency, brit-
tleness) of the films, which can affect the film functionality and
consumer acceptance of coated products. One way to avoid the
recrystallization of starch is by combining this polymer with others,
preferably amorphous. One of the biopolymers with this charac-
teristic is hydroxypropyl-methylcellulose (HPMC). Its ease of use,
availability, water solubility, and non-toxicity makes HPMC the
most extensively used cellulose derivative (Fahs, Brogly, Bistac, &
Schmitt, 2010). The amorphous state of HPMC has been reported by
Kou et al. (2011) through X-ray diffraction analysis. Huang, Chen,
Lin, & Chen (2011) succeeded in reducing the crystallinity index of
bacterial culture cellulose by adding HPMC to the bacterial culture
medium, pointing to this polymer’s capacity to inhibit crystalliza-
tion.

HPMC has also been studied as a matrix of edible films in com-
bination with different components, such as fatty acids (Jiménez,
Fabra, Talens, & Chiralt, 2010) or cellulose nano-particles {Bilbao-
Sainz, Bras, Williams, Sénechal, & Orts, 2011). Nevertheless, there is
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The effect of sodium caseinate addition on corn starch films was studied in terms of micrestructural,
mechanical, optical and water and oxygen barrier properties and the changes they underwent during
their 5 weeks' storage under controlled conditions. The influence of the polymer mixture on the degree
of crystallization of the films was also analysed. The following starch: protein ratios were considered.

Keywards: 100:0, 75:50, 50:50 and 0:100. SEM Microstructure analysis revealed the compatibility of both hydro-
g:z’r:he colloids since no phase separation was observed. The addition of sodium caseinate to the starch films
Re,nf,m”,nmn provided films that were less stiff and resistant to fracture but more flexible and deformable than pure
Filmis starch films, with similar water vapour permeability values. The films became more permeable to oxygen

as their sodium caseinate content increased in line with the higher permeability values of the protein
film. Incorporating sodium caseinate to starch films provoked a slight increase in transparency, but a loss
of gloss, which also decreased in composite films during storage. The re-arrangement of polymer chains

Physical properties

during storage caused a loss of mechanical resistance, stretchability and gloss in composite films.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, more and more research has been carried out
into the substitution of petro-based plastic materials for biode-
gradable ones in order to solve the problems generated by plastic
‘waste. So, there is increasing interest in biodegradable films made
from renewable and natural materials, such as starch. Corn starch
edible films exhibit appropriate physical properties since these
films are isotropic, odourless, tasteless, non-toxic and biodegrad-
able (Krochta, Baldwin, & Nisperos-Carriedo, 1994). However, starch
films have several drawbacks, such as brittleness, due to starch
crystallization, and poor mechanical properties, which limit their
uses or applications. The main methed for reducing the brittleness
of starch films is to add plasticizers which are able to reduce the
intermolecular forces by increasing the chain mobility and
improving the flexibility and extensibility of the films (Parra, Tadini,
Ponce, & Lugdo, 2004). Another approach to overcome this aspect is
to blend starch with other polymers or additives (Bourtoom &
Chinnan, 2008; Ghanmbarzadeh, Almasi, & Entezami, 2010; Walia,
Lawton, & Shogren, 2000; Wang, Yang, & Wang, 2004). Otherwise,
the application of hydrophilic films, such as starch-based films, is
limited by the poor water vapour barrier properties and water
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solubility of these films. In a first approach to solve the hygro-
scopicity and crystallization problems of starch based films,
Jiménez, Fabra, Talens, and Chiralt (2012) studied the effect of
adding fatty acids (saturated and unsaturated) on the physico-
chemical properties, and their changes during storage, in starch
films. Nevertheless, they found that fatty acid addition did not
notably improve the water vapour permeability of the films and, in
all cases, the degree of starch crystallization increased during
storage time, thus increasing the film’s brittleness and decreasing
its stretchability and transparency. So, it was concluded that other
biodegradable materials must be tested to improve the functional
properties of starch films and their ageing problems.

The capacity of sodium caseinate to form films with appropriate
properties is well-known (Audic & Chaufer, 2005; Chen, 2002; Fabra,
Talens, & Chiralt, 2008a, 2008b; Fabra, Talens, & Chiralt, 2010) and
some works have revealed the improvement of the film properties
when sodium caseinate isincorporated into other polymer matrices
(Arvanitoyannis & Biliaderis, 1998; Monedero, Fabra, Talens, &
Chiralt, 2010; Pereda, Amica, Racz, & Marcovich, 2011). Neverthe-
less, only a few studies were found into the effect of sodium
caseinate on the physico-chemical properties of corn starch films.

In this work, the effect of adding sodium caseinate on the
microstructural, mechanical, optical and oxygen and water vapour
barrier properties of corn starch matrices was analyzed for films in
different storage conditions (non-stored and stored films for five
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Biodegradable films based on starch, sodium caseinate, glycerol and lipids (oleic acid and/or a-tocoph-
erol) were obtained and evaluated in terms of microstructure, mechanical behaviour, barrier and optical
properties and antioxidant capacity. The effect of film storage time on these properties was also analysed.
The lipid incorporation provoked phase separation due to the different interaction between each polymer
and lipids, although structural rearrangement of components during storage could be deduced from the
change in mechanical behaviour. After storage, all films showed similar mechanical properties, but lipid
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;(fﬂﬁm containing films were more stretchable. Lipid addition did not induce a notable decreased in water
Sodii caséindte vapour permeability of the films, but oxygen permeability highly increased when they contained oleic
o-Tocopherol acid. All films were highly transparent, with very small differences among formulations, although their

gloss values increased when lipids were added. The incorporation of a-tocopherol greatly increased
the antioxidant capacity of the films which affected oxygen permeability.
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1. Introduction

Due to the severe environmental pollution caused by plastic
food packaging, there has been a growing amount of interest in
the production of edible and biodegradable films (Yan et al,
2012). In this sense, there are a great number of studies focusing
on solving the problems produced by plastic waste and obtaining
environmentally friendly materials (Jiménez et al., 2012a). Several
works study the possibility of substituting the petro-based plastics
for biodegradable, low cost materials with similar properties (Pso-
miadou et al., 1996; Mali et al., 2002, 2006; Fama et al., 2007). In
this sense, starch is the most abundant natural polysaccharide
and it is described as a renewable resource, inexpensive and widely
available (Lourdin et al.,, 1995). Starch-based films exhibit appro-
priate physical characteristics, since these films are isotropic,
odourless, non-toxic, biodegradable, tasteless, colourless and con-
stitute a good barrier against oxygen transfer (Krochta et al,
1994; Yan et al,, 2012). Nevertheless, starch films exhibit several
drawbacks which it would be beneficial to overcome to increase
their potential use. One of the main disadvantages of starch is that
the mechanical behaviour of films can be negatively affected by
retrogradation phenomena. Jiménez et al. (2012b) found that
starch re-crystallizes during film formation and storage, increasing
the elastic modulus and decreasing the flexibility of films. In a
recent work, they found that recrystallization of starch was also
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influenced by the amylose-lipid interactions, thus giving rise to
V-type crystalline forms for amylose (Jiménez et al., 2013). Com-
posite films of starch with other biopolymers showed a lower de-
gree of re-crystallization, thus minimising mechanical changes
associated to starch retrogradation. This was observed in corn
starch-sodium caseinate and corn starch-hydroxypropylmethyl-
cellulose (HPMC) films (Jiménez et al., 2012a,c).

Sodium caseinate has a satisfactory thermal stability and can
easily form films from aqueous solutions, due to its random coil
nature and ability to form extensive intermolecular hydrogen, elec-
trostatic and hydrophobic bonds (Arvanitoyannis and Biliaderis,
1998). Different aspects of this polymer as a matrix of edible and
biodegradable films have been extensively studied (Siew et al.,
1999; Kristo et al., 2008; Patzsch et al., 2010).

The addition of sodium caseinate to starch matrices reduced the
degree of crystallinity of starch films and inhibited starch recrys-
tallization during film storage (Jiménez et al., 2012a). Mixtures of
both hydrocolloids provide films which are less stiff and resistant
to fracture but more flexible and deformable than pure starch
films, but with similar water vapour permeability values as starch
films (Jiménez et al., 2012a). In the case of starch, this disadvantage
has been avoided by different methods such as surface esterifica-
tion (Ren et al., 2010), surface photocrosslinking (Zhou et al.,
2008) or blending starch with other hydrophobic polymers (Aver-
ous et al,, 2000; Fang and Fowler, 2003). For sodium caseinate,
hydrophobic additives, such as fatty acids, waxes or oils, were
incorporated in the films in order to improve the resistance to
water vapour transfer (Morillon et al., 2002; Pereda et al., 2010).



