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Nuevos nanocompuestos de interés en aplicacionegdeasado activo alimentario

RESUMEN

Los nanocompuestos poliméricos, que se obtienaditar polimeros con cargas que
tienen al menos una de sus dimensiones en esaabengtica, ofrecen propiedades
fisicas superiores con respecto a los polimerosspyra los propios compuestos
tradicionales reforzados con cargas micrométrieas.esta razén, los nanocompuestos
se han estudiado y desarrollado significativamentdas Ultimas dos décadas, siendo
la de envases alimentarios una de las aplicacianés interesantes por sus
potencialidades técnicas y econdmicas. La acciériodemicroorganismos y del
oxigeno son las principales causas del deteriordasigpropiedades nutricionales y
organolépticas de los alimentos. El uso de envastigos, particularmente aquellos
fabricados a partir de nanocompuestos, es unampeira extender la vida util de los
alimentos.

Este trabajo doctoral contiene la caracterizaciémadnoarcillas activas dispersas y
distribuidas en matrices plasticas que conducanferinacién de nanocompuestos con
propiedades antimicrobianas, secuestrantes deraxigantioxidantes de interés en la
constitucion de envases alimentarios. Se preparammnobiocompuestos
antimicrobianos incorporando organomontmorillonitasdificadas con plata catidnica
y con plata metalica en una polilactida (PLA). lmateriales obtenidos no solamente
mostraron efectividad bactericida frentéStphylococcus aureus Salmonella spp
microorganismos patégenos que suelen encontrarsdireentos contaminados, sino
también mejora en la barrera al vapor de aguagpprdsencia de las laminas de arcilla
en la matriz polimérica. Los ensayos de liberaciérplata en agua mostraron valores
por debajo de los limites recomendados por la ageearopea de seguridad
alimentaria.

La montmorillonita y caolinita modificadas con npadiculas de hierro metalico

mostraron ser capaces de absorber hasta 62 mlLy/deafilla, lo que se debe a la
reaccion de oxidacion del hierro en presencia dmedad. Se obtuvieron los

correspondientes nanocompuestos activos mediatedgooracion de dichas arcillas

en poliolefinas (LLDPE, HDPE) o en PLA. Estos namopuestos absorbieron hasta
4.5 mL QJ/g, a 100% HR y 24 °C. Se demostré que las arckasiestrantes actlan
como barrera pasiva y activa al paso de oxigenavag de la matriz. Los resultados de
migracion global de Fe y Al en simulantes alimeingmostraron valores inferiores a
60 mg/kg, concentracibn maxima permitida en laslegién Europea vigente para
materiales en contacto con alimentos.

Siendo el resveratrol un polifenol de origen ndtaca propiedades antioxidantes por
su capacidad para captar radicales libres, se @&Valactividad de montmorillonita

modificada con resveratrol y del correspondient@nampuesto de LLDPE. Ademas
de capacidad antioxidante, tanto la arcilla modda con resveratrol como su
nanocompuesto, mostraron poseer capacidad antbiac Ambas propiedades
mostraron ser Utiles para reducir la oxidacionalee fresca.

Los resultados obtenidos tras la caracterizaci@valuacion de los nanocompuestos
activos obtenidos en este trabajo demuestran dos esateriales basados tanto en
polimeros de origen fésil como de fuentes renowbleon probada actividad

antimicrobiana, secuestrante de oxigeno y antioxéabren nuevas posibilidades en
aplicaciones de envases alimentarios, para mantanealidad y seguridad de los
alimentos por mas tiempo al evitar la degradaci@ producto por efecto de

microorganismos y oxigeno.
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NOVEL NANOCOMPOSITES FOR ACTIVE FOOD PACKAGING
APPLICATIONS

ABSTRACT

The polymer nanocomposites, obtained by additiopdigmers of nanofillers having
at least one dimension in the nanometer scale,igeosuperior physical properties
compared to pure polymer and those compositesoreiad with micrometric fillers.
The nanocomposites have been significantly studieti developed over the past two
decades, being the food packaging one of the musteisting application regarding its
technical and economic potential. The action ofrotcganisms and oxygen are the
main causes of deterioration of the nutritional anglnoleptic qualities of foods. The
use of active packaging made from nanocompositas @ption to extend the shelf life
of foods.

The current PhD thesis contains the characterizatib active nanoclays and the
preparation of their correponding nanocompositesh wantimicrobial, oxygen
scavenging and antioxidant properties for theieptél application in food packaging.
Nanobiocomposites were prepared by incorporation  @ntimicrobial
organomontmorillonites modified cationic and métaBilver in polylactide (PLA).
The obtained materials not only showed bactericiddfectiveness against
Staphylococcus aureusnd Salmonella spp which pathogenic microorganisms
commonly found in contaminated food, but also inyorg of the water vapour barrier
by virtue of the incorporation of the clay platslefThis effect was induced by the
dispersion of the clay sheets in the polymeric matrhe silver release assays in water
showed values below the limits allowed by currambpean legislation.

The modification of kaolinite and montmorilloniteittv metallic iron nanoparticles
allowed to absorb up to 62 mL,AQ clay, at 24 °C and 100% RH because of the iron
oxidation in the presence of moisture. The corredpw nanocomposites were
obtained after incorporation of the iron based laypolyolefins (LLDPE and HDPE)
and PLA. These nanocomposites absorbed up to 4.B4fg, at 100% RH and 23 °C.

It was demonstrated that oxygen scavenger claybathtas passive and active barrier
to the oxygen diffusion through the matrix. Theutesof overall migration of Fe and
Al in food simulants showed values below 60 mg /Wwbich is the global maximum
migration limit allowed by current legislation féwod contact materials.

Resveratrol is a polyphenolic compound of naturetuarence with free radical
scavenging ability. The antioxidant activity of theesveratrol modified
montmorillonite as well as its corresponding LLDRENocomposite was assessed.
Besides the antioxidant capacity, both the resk@ratodified montmorillonite and its
nanocomposite, also exhibited antimicrobial agtivBoth properties were shown to be
useful in reducing the oxidation patterns of freskat.

The results obtained along this dissertation showiedt the obtained active
nanocomposites based on fossil and renewable syundth proven antimicrobial,
oxygen scavenger and antioxidant activity, open pessibilities in food packaging
applications, to preserve the quality and safettheffoodstuffs and extend their shelf
life by avoiding microorganisms spoilage and oxygeverse effects.
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I. OBJETIVOS

El objetivo general de este trabajo consistio eraatarizar morfoldgicamente y
evaluar la actividad de varias nanoarcillas con pieaades antimicrobianas,
secuestrantes de oxigeno o antioxidantes, paraerfrstente preparar Sus
correspondientes nanocompuestos en matriz plagtara diferentes técnicas de
incorporacion. La morfologia, propiedades y actdidde estos nanocompuestos,
ademas de la migracién de componentes activos alasites alimentarios, también
fueron evaluadas para establecer la potencialidagsd como materiales de envasado
activo alimentario.

Para alcanzar el objetivo general se fijaron Igsientes objetivos especificos:

» La caracterizacién quimica y fisica de las nandlasciactivas modificadas
con plata, hierro y resveratrol, aplicando técnicks analisis quimico
(fluorescencia de rayos X, XRF), difraccion de myX (WAXS),
termogravimetria (TGA) y microscopia de transmistactronica (TEM).

e Evaluacién de la actividad de las nanoarcillageés de ensayos de actividad
antimicrobiana, absorcion de oxigeno y capacidadiestrante de radicales
libres.

e Preparacion de nanocompuestos a partir de las r@ltam activas y
polimeros de origen fosil y biodegradables, aplicat&écnicas convencionales
de procesado adecuadas segin el polimero a ut{&dvent castingo
mezclado en fundido).

» Caracterizar morfolégicamente los nanocompuestetershinando el grado
de dispersion y distribucion de las arcillas por X8y TEM, el efecto en las
propiedades opticas (transparencia, color) pondarporacion de las arcillas
a las matrices; y evaluar las propiedades barrezatabilidad térmica, por
TGA.

e Evaluar la actividad de los nanocompuestos obtsenidactividad
antimicrobiana, secuestrante de oxigeno o antiotgjay estimar los niveles
de migracion de los agentes activos en diferemegdantes alimentarios.

15
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ll. PLANTEAMIENTO Y METODOLOGIA

i. Antecedentes

Tradicionalmente los envases para alimentos seukado para contener, proteger,
manipular, distribuir y presentar los productos,nteaiendo su integridad hasta el
momento de su consumo. En este sentido, se coagiger un 99.8% de todos los
alimentos y bebidas requieren ser envasados, yaagia los alimentos frescos como
vegetales y frutas necesitan proteccion durant&aglsporte y hasta su consumo
(Restuccieet al, 2010). Los materiales plasticos y complejos lssnméas empleados
en la fabricacidon de envases alimentarios por ssatibdad y competitividad. Entre
sus ventajas estan la diversidad en tipos y prapiesl mecanicas y de barrera,
ligereza, inercia quimica y facilidad de procesafidicionalmente los plasticos son
materiales de bajo coste de produccién y transpgrteersatiles en el sentido de
facilitar el disefio e impresion de los diferentgog de envases (botellas, laminas,
barquetas, bolsas). La produccion mundial de plstien 2011 alcanz6 los 280
millones de toneladas, de los que un 42% estandestia la manufactura de envases
(Silvestreet al.,2011). En 2008 la produccion de envases plastieomloré en 46.4
billones de dolares, un 25% mas que en 2003, gtsaa@que aumente a 53.5 billones
de délares en 2013 (Freedonia Group, 2009).

La industria alimentaria, motivada por los camteados habitos y exigencias de los
consumidores, esta en evolucién continua para mejarcalidad y prolongar su vida
util de sus productos, lo que ademas repercutgenatabilidad y reduccién de
desechos. Por otra parte, la demanda de envase&otcgue responda a los
requerimientos del mundo desarrollado estd fuenménenfluenciada por el
crecimiento de la poblacién, los patrones de coiméracion, los avances en el
desarrollo de nuevos materiales, las regulacionbsestratamiento de residuos y el
aumento de la conciencia ambiental (Fernandez ##yaP000; Freedonia Group,
2009). En los ultimos diez afios se ha producidoambio sustancial en la concepcion
del envasado y tratamiento de alimentos y han dordos materiales activos
(Restuccieet al, 2010). Estos son materiales y articulos destmadprolongar la vida
util de los alimentos y mantener sus propiedadéscianales, al interaccionar con el
alimento o el ambiente que le rodea para obtenafesto determinado. Los envases
activos contienen agentes que deliberadamentekasaor liberan sustancias hacia el
alimento o el espacio cabeza del mismo, evitandoegimiento de microorganismos y
previniendo la descomposicién o pérdida de propgiesiautricionales y organolépticas
(Ozdemir y Floros, 2004; Silvestet al,, 2011). El envasado activo permite disefiar los
envases a medida de las necesidades de utiliza&olws productos y reducir el
contenido de aditivos de los alimentos, incorpoofosidirectamente en el material de
envase. También permite reducir los costes y siitgliprocesos, ya que por ejemplo,
utilizando un absorbente de oxigeno se reducendstes derivados de la utilizacion
de equipos de envasado en atmdsferas modificadaséfitiez Alvarez, 2000).
Ejemplos de materiales activos son los antimicraisa secuestrantes de oxigeno,
antioxidantes, absorbedores de etileno y absorbstionisores de didxido de carbono,
absorbedores de humedad entre otros (FernandereAV2000; Brodyet al., 2001;
Brody et al., 2008; Ozdemir y Floros, 2004; Restuceiaal., 2010; Silvestrest al.,
2011). Se estima que la demanda de envases aetivoente un 7.1% anual hasta
llegar a una valor de 1.7 billones de délares er82€@e los que un 48% correspondera
a absorbentes de oxigeno y etileno (Freedonia G&Ng9).
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1. Planteamiento y metodologia

Los nanocompuestos son materiales que se obtienenlapincorporacion de
nanoparticulas (generalmente en una carga ment0%) a matrices poliméricas,
siendo una de sus caracteristicas que exhibeneplagés superiores a las de los
polimeros puros. Las nanoparticulas para ser opraglds como tales deben tener al
menos una de sus dimensiones en escala nanomeé&rgcaanoarcillas tienen una sola
de sus dimensiones, el espesor, en escala narincaporacion de nanoparticulas a
los polimeros permite mejorar propiedades comalemi estabilidad dimensional y
resistencia térmica (Okamoto, 2005; Ruiz-Hitzky wnvVMeerbeek, 2006; Paul y
Robeson, 2008; Pavlidou y Papaspyrides, 2008; Zedn, 2009). En este sentido, el
uso de nanotecnologia no so6lo puede mejorar lasidines tradicionales de los
envases, sino también proveer otras funciones cdenale barrera pasiva o
antimicrobiana, lo que permite aumentar la vida ddi los alimentos y garantizar la
calidad hasta su consumo. Una consecuencia podgiVa extension de la vida uatil de
los alimentos es la reduccién del consumo de emgrgécursos para la produccion,
transporte y almacenamiento tanto de alimentos cden@nvases, lo que a su vez
permite reducir el volumen de desechos y de engsiate CQ@ Actualmente, las
nanoarcillas ocupan un 70% del volumen de mercadoahoparticulas en envases
alimentarios, particularmente sistemas multicapea gaotellas, laminas y bandejas
termoconformadas (Silvestet al.,2011).

Las arcillas en su estado natural presentan unarnainidad con polimeros
hidrofilicos. El caracter hidrofilico de las ara#l puede alterarse, y con ello lograr su
compatibilidad con matrices hidrofobicas, por iotenbio de los iones naturalmente
presentes en la estructura (N&£a™, Mg™, entre otros) por cationes organicos,
principalmente sales cuaternarias de alquilamonabqailfosfonio. La incorporacion
de las nanoarcillas organomodificadas en los potim@uede llevarse a cabo por
método de soluciénsélvent casting polimerizacion en sitio o por mezclado en
fundido (Okamoto, 2005; Paul y Robeson, 2008; Hauliy Papaspyrides, 2008; De
Azeredo, 2009; Duncan, 2011). Para estudiar la aotagfa de los nanocompuestos
normalmente se aplican técnicas de difraccién gesrX (XRD, XRay Diffraction) y
microscopia electrénica de transmisidi i, Transmission Electron Microscopy).

La plata se ha empleado como agente bactericidiedasantigiiedad. Su accion se
basa en la oxidacion y liberacion constante dewes plata bajo condiciones de alta
humedad (Martinez-Abad, 2012). Los cationes platg)(interfieren en los procesos
vitales y en la replicacion del ADN de las célulmterianas, ademas de causarles
stress oxidativo (Raet al, 2009; Duncan, 2011). Se ha reportado la activida
antimicrobiana de arcillas modificadas con plataiptercambio catiénico (Oyat al,
1991; Keller-Besreset al, 1995; Quintanaet al, 2008; Prauset al, 2009). La
comparacion de actividad antimicrobiana entre agenbhmovilizados en arcillas
muestra que la plata catidnica es mas activa gptata metalica (Prawet al, 2009).
Los cationes plata son efectivos cuando se libdeata arcilla, mientras que la plata
metalica no presenta en si misma actividad. Laptagtalica, en ambientes himedos,
reacciona con el agua produciendo Ag+, que esgaces activa (Kampmanet al.,
2008)

Muchos compuestos polifendlicos de origen natusahkién han mostrado ser

antimicrobianos porque alteran la presion osmdtelalar de las bacterias rompiendo
asi la membrana citoplasmica y provocando fugadodecomponentes celulares
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(Perumalla y Hettiarachchy, 2011). Sin embargo, ui®a las capacidades mas
importantes de los polifenoles es la de captarddgales libres del oxigeno mediante
la donacién de uno de sus electrones deslocalizagostones La funcion antioxidante
de los polifenoles se basa en la interrupcion derémcciones en cadena de los
radicales libres con las moléculas insaturadag (yrivan Montagu, 1995; Aroet al.,
1998). El resveratrol, un polifenol estilbenoidegante en los frutos y hojas de una
gran variedad de plantas comestibles, pero en n@ywentracién en las uvas y en el
helecho japonéd$Pplygonum cuspidatum)se caracteriza por su actividad antioxidante
y antimicrobiana (Chan, 2002; Filgt al. 2003; Almajancet al, 2008 Cravottoet al.,
2012, y por los efectos beneficiosos que tienen sepipdades en la salud, como
agente antiviral, cardioprotector, antiinflamaton@uroprotector, entre otros (Gulcin,
2010; Liet al., 2012; Cantos-Villaret al, 2012). La incorporacion de antioxidantes
sintéticos en materiales para envasado, tanto lpagoteccion de los polimeros
durante el procesado como para la migracion délvadh un alimento para mantener
éste mas fresco y apetecible, es una practica cor@im embargo, el uso de
antioxidantes sintéticos convencionales como aufitie alimentos y en la fabricacién
de materiales para contacto alimentario se haingsto al demostrarse los efectos
téxicos y cancerigenos de antioxidantes como BHutilflidroxitolueno), BHA
(butilhidroxianisol) y PG (galato de propilo), emitros (Kahl y Kappus, 1993; Brody
et al., 2001; Miyauchiet al, 2002; Sun Lee, 2005). Una alternativa es el dso
antioxidantes y extractos de origen natural, contw pjemplo, los carotenos,
catequinas; y extractos de romero, orégano y télevéBhibamotoet al., 1995:
Mitsumoto, 2000; Gruret al., 2006; Camcet al., 2008; Lopez-de-Di Castillet al
2011). Aunque los consumidores asocian las sustanwhturales con seguridad y
menos toxicidad, estas sustancias suelen tenarsploolores y sabores caracteristicos
que posteriormente pueden afectar a las propiedadesolépticas de los materiales
de envasado y de los alimentos, y por ende, caeshnzo. Esto, junto con la baja
resistencia térmica de muchas de estas sustanmida la procesabilidad de los
materiales poliméricos que se desean aditivar,ul® rigduce el uso de antioxidantes
naturales en la fabricacién de sistemas de envataddimentos. El resveratrol puede
extraerse con alto rendimiento de las plantas guentienenklou et al.,2002;Chao,
2004; Arigony-Souto, 2008), es un solido blancedoro y estable térmicamente (por
encima de 275 °C; Emilio-Mendes al, 2012), por lo que es una opcion como agente
antioxidante para materiales de envasado.

Las nanoparticulas de hierro metalico soportadasareillas se han empleado
recientemente en procesos de remediacion y tratéonde aguas (Suet al, 2006;
Hoag et al., 2009; Chet al, 2005; Froset al., 2009; Uziimet al, 2009; Shahwast
al., 2010; Houet al, 2011; Shiet al, 2011) y en la producciéon de materiales
retardantes de llama (Nawaetial, 2007). El hierro metalico es un potente absdeben
de oxigeno, ya que en ambientes hiumedos es capabsdeber hasta 300 mL de
oxigeno, formando B©s, a través de un proceso redox en el que se ceeelqgua
adsorbida en la superficie del metal forma solugsode electrolito que aceleran la
reaccion (Miltz y Perry, 2005; Met al, 2013):

Fe> Fe?+2e (1)
HO +% Q+26> 2 O0H )
Fe + 2 OH > Fe(OH) (3)
2 Fe(OR) % G + H,0 > Fe0; 3H,0 (4)
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Las nanoparticulas de hierro se incorporan diremtéena poliolefinas para producir
materiales secuestrantes de oxigeno para uso #ineiRodgers, 2002; Galotiet
al., 2009), pero hasta el momento no se ha descrifrdparacion ni actividad de
materiales activos que contengan nanoparticuldseteo soportadas en arcillas. El
uso de nanoarcillas activas para fabricar materjpddiméricos activos ofrece ventajas
como el bajo costo y disponibilidad de materia priprocesado relativamente simple
y facil dispersion de la carga, ademas de todagdakajas tecnoldgicas asociadas a las
nanoarcillas: mejora de barrera por alteraciérpdsb de difusion de los gases, mejora
de propiedades mecanicas, adquisicion de las plagés activas de la arcilla, entre
otras (Utracki, 2004; Cabedset al., 2004; Paul y Robeson, 2008; Pavlidou y
Papaspyrides, 2008).

ii. Planteamiento y metodologia

El presente trabajo de doctorado se basa en latedracion fisico-quimica y
en la evaluacién de la actividad antimicrobianauestrante de oxigeno o antioxidante
de varias nanoarcillas experimentales que hanminldificadas con plata (metalica o
catiénica), hierro metalico o resveratrol. Por pgién, se comprob6é que los
nanocompuestos obtenidos a partir de estas arpilsentaron las correspondientes
actividades esperadas. Este trabajo incluye adibimmnte la incorporacién de las
arcillas activas en diferentes matrices polimérigamsiolefinas y polilactida) a través
de métodos tradicionales de procesado, la evaluai@da morfologia y actividad de
los nanocompuestos activos obtenidos, asi como estimnacién del potencial de
aplicacion como materiales de envase para extémdeta Util de los alimentos.

Las actividades de investigacion que comprenden tembajo de doctorado se
organizaron en diferentes fases, segun se presefdal abla I.

iii . Aportaciones originales
Hasta donde se tiene entendido, y de acuerdo eeVésiones de las bases de
datos actuales, hasta el momento no se ha repdegadoorporacion de nanoarcillas
modificadas con plata (metalica o catidnica) y sorfactantes en biopolimeros para la
elaboracién de nanobiocompuestos para ser empleadus materiales activos.

Se ha descrito ampliamente el uso del hierro neetabtomo un agente
secuestrante en funcién de su reaccién con el oaigen presencia de agua.
Paralelamente se han reportado procedimientos fiatasis de nanoparticulas de
hierro en caolinita y montmorillonita para su aptin en procedimientos de
remediacion de aguas residuales industriales yriak® retardantes de llama. Sin
embargo, no hay publicaciones sobre la incorponad& montmorillonita y caolinita
con nanoparticulas de hierro en poliolefinas y lpalida para la manufactura de
nancompuestos secuestrantes para aplicaciones ciaddsn en envases activos
alimentarios.

Por dltimo, a pesar de que las propiedades antated del resveratrol se
explotan actualmente en la industria nutracéutanodificacion de montmorillonita
con resveratrol para formular arcillas antioxidanye antimicrobianas, asi como la
manufactura de nanocompuestos activos a partitaie ro han sido reportadas.
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Por lo anterior, se afirma que las aportacionessgugresentan en este trabajo de
doctorado son originales y novedosas, y que saitaede de un trabajo sisteméatico de
investigacion y desarrollo.
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Tabla I. Fases del trabajo de investigacion

FASE

ACTIVIDAD

Antimicrobianos

Secuestrantes de
oxigeno

Antioxidantes

Estudio de las
arcillas

Caracterizacion
fisico-quimica

TEM, WAXS, XRF, TGA

WAXS, TGA

Evaluacion de las
propiedades
activas

Capacidad
antimicrobiana

Absorcion de @

Capacidad
antioxidante

Seleccion de la PLA
., matriz polimérica PLA LLDPE, HDPE LLDPE
Preparacion de
. . Mezclado en Mezclado en
nanocompuestos Método de Solvent casting S o
. fundido; fundido;
procesado Mezclado en Fundido gk o
Extrusion Extrusion
. . L Microscopia
Caracterizacion de Morfologia Microscopia 6ptica, TEM, WAXS Gptica, WAXS
los nanocompuestos P,rop_|edades TGA, DSC TGA
térmicas
Propiedades
pasivas (barrera) H0 % |
Capacidad
L Propiedades Capacidad L antioxidante
E:i)alge%cézgsge los activas antimicrobiana Absorcion Q Capacidad
ﬁanrc))lcom Lestos antimicrobiana
P . . + Fe”, Al en agua e| Resveratrol en
Migracion Ag” en agua . i
isooctano agua e isooctano
Etrillsayos devida | | Carne fresca
Redaccion de articulos técnicos 2 2 1
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En este trabajo doctoral se ha presentado la @epar y caracterizaciéon de

compuestos activos mediante la adicion de araitladificadas con plata, con hierro y
con resveratrol a poliolefinas y polilactida El ude las arcillas como vehiculo de
agentes activos antimicrobianos, secuestrantesigerm y antioxidantes tiene un gran
impacto por su potencialidad en la elaboracion dderrales activos para envases
alimentarios.

De este trabajo doctoral se derivan las siguiesgaslusiones:

1) En el caso de los nanobiocompuestos de PLA odhlaa organomodificadas que
contienen plata (antimicrobianos):

e Se evalub6 por TEM la morfologia de los grados drpamtales de
organomontmorillonitas modificadas con plata, Bdotk®R1.51 vy
Bactiblock®T1.51, que permitié distinguir el estatk oxidacién en el que se
encuentra la plata en la estructura (como catibnomo nanoparticulas
metalicas).

* Las arcillas R1.51 y T1.51 mostraron fuerte efestwimicrobiano contra
S.aureus y la arcilla R1.51 también mostr6 efecto bactdac contra
Salmonella spp con concentracion minima inhibitoria y concentiac
minima bactericida por debajo de 1 mg/10 mL.

e Se utilizaron dos técnicas para la incorporaciéfagd@rganomontmorillonitas
modificadas con plata en PLAolvent castingy mezclado en fundido. Estas
técnicas permitieron incorporar entre un 1 y un ¥¥peso de arcillas, y en
todos los casos los materiales mantuvieron ungaitdo de transparencia. Sin
embargo, los difractogramas no indicaron evidend@ass de intercalacion ni
exfoliacion de la arcilla en los compuestos obtesighor solvent casting
mientras que los compuestos obtenidos por mezclofundido si
muestraron intercalacion. En todos los casos serebain alto de grado de
distribucion de la nanoarcilla en el polimero.

e Se logré6 mejorar la barrera al agua en los compsiedt PLA hasta en un
40%, dependiendo de la carga de arcilla y del neétledincorporacion.

e Se observaron diferencias en los resultados deanifgr de plata y de
capacidad antimicrobiana en funcion de la disptiddd de la plata catiénica,
que es la especie activa. La concentracion de plstarvada fue de 6-8 ppm,
después de 8 dias de exposicion a un medio acgesarhente acidificado.

» Los compuestos de PLA con arcillas de plata extobig@ropiedades que les

permite ser considerados una alternativa sostepiéta la manufactura de
materiales de envasado antimicrobianos.
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2) En el caso de los compuestos basados en ammlfakierro metdlico (secuestrantes
de oxigeno):

* Se evaluaron dos grados experimentales de ardiésadas en hierro:
caolinita y montmorillonita. Se observé que el toese encuentra en forma de
nanoparticulas de hierro metalico (Fe°), interadaéntre las laminas y
depositadas en los bordes y superficie de las rsisroan un tamafio
promedio entre 100 y 150 nm.

» Después de 60 dias, la caolinita de hierro mostrénarcado consumo de
oxigeno a 100 % HR, de hasta 43 mL de oxigeno pamg de arcilla,
mientras que la montmorillonita de hierro fue cagazabsorber hasta 62 mL
de Q/g arcilla.

» Se prepararon por extrusion los compuestos actieopolietileno de alta y
baja densidad (HDPE y LLDPE, respectivamente) oo He caolinita de
hierro. La arcilla contenida en los compuestos deraotener dos efectos:
como barrera pasiva, entre otros factores por flasidn tortuosa de las
moléculas de permeante a través de la matriz; yodoanrera activa, por la
reaccidn del oxigeno molecular con las nanopagscdé hierro.

e Los nanocompuestos de poliolefinas con caolinithidero absorbieron entre
2.4 y 4.3 mL de oxigeno por gramo de compuestoemtipndo de la
permeabilidad al agua de la matriz. Se comprobé lgueumedad y la
temperatura son factores determinantes en la cinédie absorcion de
oxigeno.

» Los ensayos de migracion de hierro y aluminio dedompuestos activos a
simulantes alimentarios (agua e isooctano) resuitaser muy bajos o
dificilmente detectables, especialmente en isooctan

e Se obtuvieron compuestos de PLA con 10% de moniiorata de hierro,
FeMMT, aplicando el método de mezclado en fundidos compuestos
obtenidos fueron capaces de absorber hasta 4.2enolxigeno por gramo de
compuesto.

» Mientras que la incorporacién de caolinita de liemn poliolefinas no afecto
las propiedades térmicas de las matrices, la d&ddbitérmica de los
compuestos de PLA y FeMMT disminuyd al menos erf®0posiblemente
porque el hierro contenido en la arcilla catalizacpsos de degradacion en el
biopolimero. Sin embargo, la permeabilidad al agelacompuesto se mejoro
ligeramente debido al efecto barrera inducido aartilla.

» A pesar de que tanto los compuestos de PLA y @diies con arcillas de
hierro mostraron una marcada actividad secuestintexigeno, los basados
en PLA deben descartarse por degradacion de lazndatrante el procesado.
Sin embargo, los compuestos basados en LLDPE y HDRBtraron
propiedades térmicas y de barrera pasiva adecpatdaser propuestos como
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alternativas para la manufactura de materiales rdesado de productos
sensibles al oxigeno.

3) En el caso de las arcillas modificadas con rasna (antioxidantes):

» El resveratrol, polifenol de origen natural, mosgér térmicamente mas
estable y tener mayor capacidad antioxidante gbeteghidroxitolueno, BHT,
gue es un antioxidante sintético. El resveratréliv@ su gran capacidad
antioxidante una vez fue incorporado en arcilldgige montmorillonita.

e Se prepararon compuestos activos por incorporatadto de resveratrol
como de una arcilla modificada con resveratrol @DBE, por técnicas
convencionales de extrusién, obteniendo materiaéesslicidos aunque con
ligera coloracion parda. Ambos compuestos mostracosolamente actividad
antioxidante, sino también capacidad antimicrob@omdraS. aureus

» Se realizé un ensayo de extension de vida Utilaenecfresca, y se determind
que films del compuesto con arcilla modificada cesveratrol redujeron la
oxidacién del alimento.

e Los ensayos de migracién del compuesto con argiiladificada con
resveratrol, conducidos en agua e isooctano comalantes alimentarios,
demostraron que el resveratrol migra en conceptnasi muy bajas (por
debajo de 0.01 mg/kg), lo que significa que el auidiante actla
principalmente por contacto.

* El uso de compuestos que contienen arcillas madifis con resveratrol

puede considerase una opcion para la extensioiddaitil de alimentos tales
como los envasados en atmosfera modificada corenaig
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ABBREVIATIONS AND SYMBOLS

BHA Butylhydroxyanisol

BHT Butylhydroxytoluene

DSC Differencial scanning calorimetry
EVOH Ethylene vinyl alcohol copolymer
HDPE High Density Polyethylene

LLDPE Linear Low Density Polyethylene

MIC Minimum Inhibitory Concentration
MBC Minimum Bactericide Concentration
MMT Montmorillonite

OMMT Organomontmorillonite

PG Propylgallate

PLA Polylactide

PP Polypropylene

PSD Particle Size Distribution

Tg Glass Transition Temperature
TGA Thermogravimetric Analysis

TEM Transmission Electron Microscopy
WAXS Wide Angle X-Ray Scattering
XRD X-Ray Diffraction

XRF X-Ray Fluorescence
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1. INTRODUCTION

1.1 Active food packaging
Food packaging materials have been used in lasaddeaot only for

containing and keeping fresh foodstuffs during slif all the way up to consumption
but also for guaranteeing safety by minimizing féasses and preserving quality. Most
foods deteriorate during the transport, procesaimjstorage through contamination by
growing of microorganisms, chemical reactions ard/sical changes, being the
microbial spoilage and oxidative reactions the g&taimpact on limiting the life of
perishable products (Brody et al., 2001; Ahvenain202; Leeet al, 2004).
Packaging protects the food goods from environnbeimfluences that cause
deterioration such as heat, light, the presencgbeence of moisture and oxygen, and
so on. Prolonging shelf-life involves applicatiorf warious strategies such as
temperature control, moisture control, and additddrchemicals such as salt, sugar,
carbon dioxide, or natural acids, removal of oxygena combination of these with
effective packaging (Restucaid al.,2010). The consumers are constantly demanding
better quality and safe, minimally processed, ggsiepared and ready-to-eat ‘fresh’
and healthy food products and at the same timeahegoncerned about environmental
issues (Appendini and Hotchkiss, 2002; Ozdemir Blwlos, 2004; Emamifaet al,
2011). These demands are strongly influenced byrihket trends, and together with
globalization of food trade and distribution frorantralized processing facilities, are
the driving forces for continuous development apgrade of active packaging systems
for food products. Centralization of activitiesgepreparation of retail packs of fresh
meat and sliced vegetables) and the globalizatibmarkets resulting in longer
distribution distances, present major challengeghi® food-packaging industry to
develop packaging concepts that extend shelf-lifelevmaintaining the safety and
quality of the packaged food. To provide this stiédf extension, to improve the
quality, safety and integrity of the packaged foodpvative active packaging concepts
have to be applied (Emamifar, 2011). Active packggis defined as a system that
involves interactions between package or packagorgponents and food or internal
gas atmosphere, and complies with consumer denfanttiggh quality, fresh-like, and
safe products.

Active packaging involves components that releasgbsorb substances, from
or into the packaged food, or the surrounding emrirent, thus the shelf life of foods
is extended by inhibiting the growth of pathogemicd spoilage microorganisms,
preventing and/or indicating the migration of contiaants while maintaining or even
improving their nutritional quality and ensuringofbsafety (Ozdemir and Floros, 2004;
Bolumaret al, 2011). In general, active packaging provides idvieinctions that do
no exist in conventional packaging systems, sucstasenging of oxygen, moisture or
ethylene, antimicrobial activity or free radicahpping, and moisture absorbers, flavor
absorbers, among others (Broglyal., 2001; Quintavalla and Vicini, 2002; Le al,
2004; Rooney, 2005; Sun Lee, 2005; Bredal.,2008; Bolumaet al, 2011).

1.1.1 Antimicrobials
In recent years, there has been a slight increbfmd-borne diseases
that are associated to the development of antibimsistance, acquisition of new
virulence factors or changes in the ability to stevin adverse conditions of the
microbial population, so food-borne diseases cabgenhicrobiological risks is a large
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growing public health problem (Appendini and Hos=hi2002; Duncan, 2011). Food
can be contaminated with pathogens carried by famimals and human beings,
specifically by contamination of crops due to proity or use of infected water bodies
as irrigation, or by the improperly use of compdstmimal manure as fertilizer. The
public health implications are especially seriousew affected products are those
which are consumed fresh, such as vegetables aitsl. ffhe global food distribution
seems to be an important factor in the increasinfpad-borne illnesses associated
with fresh products. The most common infectionsthe food sector come from
SalmonellaCampylobacterS. aureusndE. colli. (Lagaroret al.,2012).

Antimicrobial packaging is gaining interest fronsearchers
and industry due to its potential to provide qyadihd safety benefits. The rationale for
incorporating antimicrobials into the packagingasprevent surface growth in foods
where a large portion of spoilage and contaminatiocurs. This approach can reduce
the addition of larger quantities of antimicrobith&t are usually incorporated into the
bulk of the food. A controlled release from packegfilms to the food surface has
numerous advantages over dipping and spraying.hén latter processes, in fact,
antimicrobial activity may be rapidly lost due tactivation of the antimicrobials by
food components or dilution below active conceiratiue to migration into the bulk
food matrix (Sorrentinet al.,2007).

Antimicrobial activity in packaged foods could beh&ved
by either indirect or direct contact between thivagpackage and the product by using
volatiles releasing systems, or by using non-mdgsatantimicrobial systems,
respectively (Guardet al.,2012). Active antimicrobial materials can be afed from
adding the antimicrobial agents directly into pogm during the extrusion process,
coating onto polymer surfaces, immobilization byvalent bonds, or by using
inherently antimicrobial polymers (Appendini andtkttkiss, 2002). The antimicrobial
agent incorporated in the packaging material cagrate to the food through diffusion
and partitioning when packaging material is in eghtor in case of volatile substances,
when they evaporate and distribute across the paadsfor further reaching of the
food surface. The covalently immobilized active eti@@s utilize the surface inhibition
of microbial growth and no diffusional mass transéecurs (Quintavalla and Vicini,
2002). The food packaging systems and performaheetive substances are shown in
Figure 1. The performance of an antimicrobial agenta packaging is strongly
influenced by several parameters such as the pivgsiemical characteristics of the
food (pH, water activity), storage temperature, amass transfer coefficients, among
others. However, the antimicrobial agent has tedlected taking into account factors
such as stability during the polymer processingfterature) and within the polymer
matrix at shelf conditions, solubility in the polgmand release kinetics to avoid
biocide concentration depletion below the minimunhilbitory concentration during the
food stuffs shelf-life, growth-inhibition, mechams biocidal capacity against a broad
spectrum of pathogenic microorganisms, minimal icbgan quality of food stuffs by
altering odor and taste, and cost effectiveness ,(2800; Lagaromt al, 2012). The
antimicrobial activity of the packaging materialancbe measured by microbiology
experiments. The target microorganisms are inoedlanto the surface of the food or
mixed into the food samples, and measuring growtledunting the microorganisms
with incubation time can provide the characteristmlues of growth rate at the
exponential growth phase, maximum growth at théiostary phase, and initial lag
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period. These values can be compared to convehfiackaging or reference samples
without packaging (Han, 2000).

Package Food Package
S —1 Equilibrium
Diffusion evaporation | i
sorption H
_Chemi(_:gl _ 5 Diffusion IS
immobilization | ——» Food
(a) Package/food system (b) Package/headspace/fomirsys

Figure 1. Schematic behavior of antimicrobial substnces in active food packaging
systems (adapted from Han, 2000)

Even though uncontrolled delivery packages intended food
applications are more abundant, the most importdesired property of the
antimicrobial packaging materials is the controltettase of the antimicrobial agent
from the film to the food surface. A rapid releaseises fast consumption of the agent
in a short period of time, after which the minimwuoncentration required for the
inhibition of microbial growth is not maintained ¢ime food surface. On the other hand,
spoilage reactions on the food surface may staheifrelease rate of the antimicrobial
agent from the film is too slow. Thus, the conedllrelease of the active agent for a
long period of time is necessary to extend thefdlielof the packed food. Different
controlled release strategies were introduced whrehmainly based on changing the
structure of the films (Uz and Altinkaya, 2011). fbolled release systems are of
industrial relevance also due to their aptitudeptevent sensorial or toxicological
problems or inefficiency of the system, caused lbgoahigh or a too low concentration
of delivered substance (Mastromattet al, 2010). Controlled release strategies
including multilayer structures where the antimlied agent is contained in an
intermediate layer, an outer layer avoid the migratof the active agent to the
environments and third layer controls the releasthé food; other strategies such as
variation of the cross-linking, plasticization, dlivey or biodegradation of the polymer
matrix, orientation of matrix polymer chains or nancapsulation of the active agent in
lipids, proteins and saccharide polymers have &lsen trial (Mastromatteet al,
2010; Uz and Altinkaya, 2011; Perumalla and Hedtthchy, 2011).

The antimicrobial agents can be classified as sfitttthemical agents,
natural occurring agents and antibiotics. Antimigab materials have been prepared
from both oil-based and biobased polymers and foedhe preservations of fresh and
processed food, as listed in Table 1.
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Table 1. Some applications of antimicrobial agents food packaging

Antimicro Active component Packaging Food References
bial agent material application
Chemical Organic acids: Chitosan, PE, | Apple slices, Han, 2000;
agents Acetic acid, benzoic| alginate fresh and Quintavalla and
(synthetic) | acid, lactic acid, frozen Vicini, 2002;
citric acid, malic strawberries, Takalaet al.,2011;
acid, propionic cut-pear
acid, wedges;
sorbic acid, succinic culture media;
acid, tartaric acid cooked ham
Organic acid salts: | Cellulose, Cheese, dairy | Quintavalla and
Potassium sorbate, | LDPE, products, Vicini, 2002;
sodium benzoate, | starch/glycero| doughs, Sivaroobaret al,
EDTA,Ethyl l, chicken breast;| 2008 Uz and
Lauroyl Arginate methylcellulo | broccoli Altinkaya, 2011;
se, soy Pezoet al, 2012
protein films,
PET
Acid anhydrides: LDPE Fish fillet, Weng and Chen,
Sorbic anhydride, culture media | 1997; Han, 2000;
benzoic anhydride Quintavalla and
Vicini, 2002
Metals: LDPE Orange juice, | An et al.2008;
Silver, copper green Rupareliaet al.,
asparagus 2008; Emamifaet
al., 2011.
Inorganic LDPE, HDPE | Orange juice, | Ip et al, 2006;
compounds: dressings; Kampmanret al,
Silver nitrate, silver short-ripened | 2008; Boschettet
acetate, silver oxide, cheese al., 2012; Peressin
titanium oxide, zinc et al, 2012.
oxide, silver zeolites
Natural Essential oils: Soy protein Beef patties, Suppakulet al.,
agents Clove oil, oregano | films; alfalfa and 2008; Gamaget
oil, garlic oil, sage | soy protein broccoli al., 2009;
oil, orange oil, mint | isolate coated| sprouts; fresh | Emiroglu et al,
oil, rosemary oil, OPP/PE; fish; white 2010; Kechichian
cinnamon oil Gelatin- bread; bakery | etal, 2010 ;
chitosan; products Gamageet al,
cassava starc| 2009 ; Gutiérrezet
al., 2009
Natural extracts: Soy protein Extra virgin Sivaroobaret al,
Green tea, grape films; olive oil, 2008 Perumalla
seed extract, chitosan, biscuits, and Hettiarachchy,
rosemary extract, methylcellu- | tomatoes, 2011; Takaleet al,
citrus extract lose broccoli, 2011, Liet al,
frankfurters, 2012b
raw and
cooked meat,
poultry
products, fresh
fish
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Table 1. Some applications of antimicrobial agentim food packaging (cont.)

Natural Natural occurrence | LDPE/EVA Tomatoes, Suppakulet al.,
agents organic compounds] PP celery, alfalfa | 2008; Gamaget
Eugenol, Starch seeds, raw al., 2009 ; Pylaet
cinnamaldehyde, chicken, red al., 2010 ; Ramos
carvacrol, thymol, grouper filet; etal.,2012
tannic acid, cytral, cheese
geraniol, terpineol,
allyl isothiocyanate
Enzymes: PVOH Fish, culture Han, 2000;
Glucose oxidase, PA media Buonocuoreet al.,
lysozyme Cellulose 2005;
Alginate Barbirolli et al.,
2012
Bacteriocins PE/PA Sliced cheese, | Scanellet al,
Nisin, lactocin PP/PA/PE cooked ham; 2000, Cutter and
3174 ,lactocin 705, | EVA sunflower oil; Miller, 2004 ; Lee
lactocin AL705 acetate- milk cream et al, 2004;
ethylene Sivaroobaret al,
copolymer; 2008; Massangt
chitosan al., 2011
Peptides : Cellulose Carpaccio Barbiroit al.,
Lactoferrin 2012
Antibiotics | Benomyl, Imazalil, | LDPE Culture media,| Han, 2000
Natamycin peppers

Silver has been used as an antimicrobial agenbad fand beverage
storage applications from ancient societies. Histoises of silver reveal anecdotal
reports of early settlers placing silver utilityepes at the bottom of milk and water
bottles to prolong shelf life, and of seafaringpshor airliners lining their water tanks
with silver to keep water potable for long perioafstime. Compared to molecular
antimicrobials silver has numerous advantages other antimicrobial agents, which
are generally targeted to specific organisms. 8ilsebroad spectrum and toxic (to
varying degrees) to numerous strains of bactetiagif algae, and possibly some
viruses. Being an element, silver is shelf stableléng periods of time (Pat al,
2007; Duncan, 2011). Bulk and macroscopic metaillicer itself has no antibacterial
effects but the biocidal properties of silver rely the sustained oxidation and release
of very small quantities of silver cations (Adgo an aqueous or moisture environment
(Pal et al, 2007; Kampmanet al, 2008; Martinez-Abad, 2012). Thus, the oxidized
cations are the ones behind the historic antimiataztivity of silver. The mechanism
of cationic silver activity is not properly undeyst, but is based on at least one of the
following mechanisms as inferred from structurald amorphological changes: (a)
Interference with vital cellular processes by himdito sulfhydryl, thiol or disulfide
functional groups on the surfaces of membrane mretand other enzymes; (b)
disruption of DNA replication when silver ions péme inside the bacterial cell; and
(c) oxidative stress through the catalysis of ligacbxygen species (ROS) formation
(Rai et al, 2009; Duncan, 2011). Bacterial sensibility hagrbfound to differ highly
among different strains of a single species. Gragative bacteria, containing a
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negatively charged lipopolysaccharide which atwatiie silver cations, are more
sensitive to the presence of silver than gram-pastiacteria. These ones, in change,
possess a thick peptidoglycan in their cell thes as protective shell against ions
(Martinez-Abad, 2012). Even though macroscopic esihhas no antimicrobial
properties, silver nanoparticles less than 100 rhibé@ similar effects on bacteria than
silver ions (Liet al, 2010). The antimicrobial activity of silver ngaticles may be
related to several mechanisms including, inductiboxidative stress due to generation
of reactive oxygen species (ROS) which may causeddgradation of the membrane
structure of the cell and release of ions from sheface of nanoparticles (Ret al.,
2009). Of all the antimicrobials, silver substitliteeolites are the most widely used as
polymer additives for food application (Boschettoal, 2012). Sodium ions present in
zeolites are substituted by silver ions, which amémicrobial against a wide range of
bacteria and molds. These substituted zeolitesirarerporated into polymers like
polyethylene, polypropylene, nylon and butadieryeeste at levels of 1-3% (Brody et
al., 2001). The bactericidal action of silver zeols based on the action of the silver
ion itself released from zeolite and of reactivgggen species generated from silver in
the matrix (Matsumurat al.,2003).

Figure 2. Diagram summarizing nano-scaled silver ahsilver cations interaction
with bacterial cells (taken from Duran y Marcato, 2012)

Out of the activity of silver its application ondustrial scale can be
limited due to the raw materials high costs. Them&f other inorganic nanoscaled
particles compounds like ZnO, Ti@re being studied and tested as antibacterialtsgen
to prevent bacterial growth. The mechanism of acfiérial action of nano ZnO has
already been reported in the literature. It iséadd that nano ZnO produce reactive
oxygen species in moisture environments. Sinceetlspgcies are negatively charged
they cannot penetrate into the cell membrane amairein direct contact with the outer
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surface of bacteria, causing severe damage toipsotgids, and DNA (Tankhiwale
and Bajpai, 2012).

Because the essential oils contain a number of ooewmts, their
antimicrobial action cannot be confirmed by theeeff of a single compound.
Generally, the essential oils possessing the stisingntibacterial properties against
food-borne pathogens contain higher concentratafnghenolic compounds such as
carvacrol, eugenol (2-methoxy-4-(2-propenyl) phgrald thymol (Burt, 2004). These
compounds exhibit a wide range of biological efedbcluding antioxidant and
antimicrobial properties. The volatile compoundsee$ential oils have been found to
exhibit a complete inhibitory action on some of fsghogens, however, these volatiles
could not be able to exert antibacterial efficadcyew applied individually (Bajpat al,
2012). Besides, different essential oils or thé@fedent components show antimicrobial
mode of action not only at a particular locatiort biso at different cell sites. The
functions of cell components including nucleus barreduced by the effect of natural
organic agents due to the permeability changes dbatirred in the membrane of
bacterial cell. The hydrophobic nature of the eBakmils or extracts components
makes them to interact with lipid membrane of baateathogens, resulting in the
leakage of the inner cell components of the cellvadl as affecting potassium ion
reflux, and eventually leading to cell death. Vitdst compounds of essential oils can
bind to protein structures of the cell and inhibie enzymatic proteins in some
bacterial pathogens. On the other hand, terpermithounds have been well known to
affect the bacterial cell membrane, producing ckaraf cell functions, leakage of cell
components as well as making starving conditionsstwvive the cell or cell
components (Bajpagt al., 2012). Volatile components of essential oils usde not
thermally resistant, thus antimicrobial packagingtenial made of essential oils are
edible films, gels or coatings based on low meattigerature or film forming biobased
materials such as starch, cellulose, chitosanf;hitioteins and lipids (animal, plant-
derived).

Extracts from green tea as well grape seeds haveomgrated
inhibitory effects on Gram-positive as well as Graagative bacteria. These extracts
are constituted by polyphenols (catechins, flavdgpi volatile oils, alkaloids,
aminoacid among other uncharacterized componehts.catechins have deteriorating
effect on the lipid bilayer membrane that resutisttie loss of cell structure and
function eventually leading to cell death (Sivaraolket al, 200§ On the other hand,
the functional hydroxyl groups and conjugated deuinds in the reactive groups of
natural plant extracts may be involved in theirdiiy to the bacteria cell wall
components (usually proteins). The polyphenols able of bactericidal activity by
inhibition of DNA and RNA synthesis in the bactérizells and by inhibition of
cytoplasmic membrane function of bacteria (Almajatal., 2008; Siripatrawamand
Noipha, 2012). Major phenolic constituents likécapechin, caffeic acid and benzoic
acid may alter the cell morphology by influenciihg tbsmotic pressure of the cell, thus
disrupting the cytoplasmic membrane and causingkalga of cell constituents
(Perumalla and Hettiarachchy, 2011). The antimiedoéffects of the natural extracts
due to polyphenolic compounds are enhanced byrdsepce of volatile oils (Lét al,
2012b)

The bacteriocins are produced by many speciesctit lacid bacteria,
and nowadays extensively studied for their foods@reation properties in a variety of
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food products of animal and vegetable origin, asfagnrange of food-borne pathogenic
and spoilage bacteria. Particularly the enteroofr@lasses | and Il are considered most
suitable alternatives to chemical preservativesabse they are non-toxic and natural
substances that inhibit not only closely relatedcgs but also Gram positive food-

spoilage and food-borne pathogens. Besides theoeimnie are harmless to eukaryotic

cells, they are usually pH and heat tolerant aed@adily digested (Brody et al., 2001;

Khanet al, 2010).

Other polymeric systems that constitute a valiéraktive for solving
the problem of contamination and spoilage by mioganisms in food packaging are
those that exhibit antimicrobial activity by therw&s and those whose biocidal
activity is conferred through their chemical mociifiion (Fernandez-Saiz, 2012). Some
inconveniences such as release control of the l@lecualar weight biocides through
the polymeric matrix, low thermal stability of amiicrobial agents, impact on odor and
flavor, among others, are avoided. Besides, thegamigrobial polymers usually
present longer-term activity. The mechanism of thectericidal action of the
polycationic biocides involves destructive interast with the cell wall and/or
cytoplasmic membranes. Macromolecules may interace effectively with the cell of
Gram-positive bacteria as their polyglycane outgeft is sufficiently loosely packed to
facilitate deep penetration of the polymer chaiside the cell to interact with the
cytoplasmic membrane. The Gram-negative bacteelhlhas an additional membrane
which protects the inner cytoplasmic membrane goeater degree against the adverse
action of the polymeric biocide (Mufioz-Bonilla af@rnandez-Garcia, 2012). Even
though there is no evidence of trials or appligaiof these synthetic polymers in food
packaging models, many efforts are being done &t threction. Classification of
synthetic antimicrobial polymers regarding theiegtical nature or the procedure for
obtaining them is listed in Table 2.

Some cationic biopolymers are inherently antimicabbsuch as
chitosan, alginates and poly-L-lysine, and theyehheen used in films and coatings
(Appendini and Hotchkiss, 2002). Chitosan is thesmknown and investigated
material showing a diversified range of applicasioit is a cationic polysaccharide
derived from shells of crustaceans and found to nmatoxic, biodegradable,
biofunctional and biocompatible, in addition to hey antimicrobial characteristics
(Fernandez-Saiz, 2012). The antimicrobial charaofechitosan is explained by the
interaction of its positively charged amino groupthvthe negatively-charged residues
of the macromolecules at the bacterial cell sutfamampetition with calcium for
electronegative sites on the membrane compronssiatiégrity, thus causing leakage
of intracellular material and leading to bactedell death (Cooksey, 2001; Dutaal,
2009; Fernandez-Saiz, 2012). Solution casting usiager as solvent is the most
popular method to prepare chitosan films and cgatfor food packaging applications.
However, recent techniques include the preparatfochitosan/starch films by using
supercritical carbon dioxide, microwave or irragiattreatments, or combinations with
essential oils, amilose or fatty acids. Chitosara igersatile material; in addition to
serving as antimicrobial packaging material itselijtosan can be additivated with
traditional flavoring and coloring additives, wigntioxidant and antimicrobial agents
to potentiate the active characteristics of thekpging systems (Duttat al., 2009). It
can also be combined with other preservations igaks such as modified atmosphere
packaging (MAP) (Xinget al, 2010; Duaret al, 2010). Chitosan can be complexed
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with Ag*, zn** and Zf* (Higazyet al., 2010); essential oils, natural extracts, peptides
and chemical additives have been added to chitosaritosan blends for obtaining

potent antimicrobial food packaging materials (Ptamt al.,2005; Kanatet al, 2012;
Abdollahi et al, 2012). Chitosan also have been blended withr ditebased materials
such as wey protein (Di Piergd al.,2011) and PLA (Sébastiagt al., 2006) to obtain
enhanced gas barrier properties for specific faaekpging final uses.

Table 2. Synthetic antimicrobial polymers (adaptedfrom Mufioz-Bonilla and
Fernandez-Garcia, 2012)

Polymers with
inherent
antimicrobial
activity

Polymers with
quaternary
nitrogen atoms

Quaternized Poly(4-

Polyme.rs vinylpyridine)(P4VP); imidazole
containing derivatives: cationi
: erivatives; cationic quaternary
aromatic or . . X
; poly(diallyldialkylammonium)
heterocyclic o . .
salts; insoluble crosslinked quaternized
structures
polystyrenes
Acrylic and Poly(methyl methacrylate) PMMA,
methacrylic derivatives from 2-(dimethylamino)ethyl
polymers methacrylate (DMAEMA)
I~ Poly(phenylene ethynylene)
Cat[onlc (PPE)-based cationic conjugated
conjugated

polyelectrolytes

polyelectrolytes; anionic conjugated
polythiophene with cationic porphyrin

Polysiloxanes

Polysiloxanes with pendant biocidal
N,N_-

dialkylimidazolium salt groups;
polysiloxanes

bearing quaternary ammonium salt
(QAS)

groups; Polysilsesquioxanes containing
QAS and secondary namylammonium
salt groups

Hyperbranched
and dendritic
polymers

Quaternized polyethyleneimine (BPEI)
branched PEI

where the primary amine groups are
functionalized with quaternary
ammonium groups, alkyl chains of
different

length, allylic and benzylic groups;
poly(ethyleneglycol)diacrylate (PEGDA)
based dendrimers,
copolymerized with EDGMA

Polymers with

quaterng Y Polyoxazolines
ammonium end

groups

Polymers with -

quaternary Amphiphilic quaternary

nitrogen atoms
within the main
chain

dimethylammonium
compounds; N,N-dodecyl,methyl-
polyethylenimine
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Table 2. Synthetic antimicrobial polymers (adaptedrfom Mufioz-Bonilla and Fernandez-
Garcia, 2012) (cont.)

Guanidine
containing Polyguanidines and polybiguanides
polymers
. Peptides composed of leucyl and lysyl
Sé/n:ir:jeetlsc residues (LK peptides); histidine—lysine
Pep (HK) polymers
Arylamide and
z?rgi??]r:tural gthhi/r:]);lg:]ee Amphiphilic arylamide oligomers and
peptides backbone polymers
polymers
Polvnorbornene Homopolymers and random copolymer
deri{/atives of modular norbornene derivatives with
guanidine and amine groups
Polyurethanes (PU) containing
Fluorine- antibiotics that bear fluorine atoms;
containin polymer containing quinolone moieties
ol mersg and fluorine atoms; Poly(4-[3-(2,4-
poly dichloro-5-fluorophenyl)-3-oxoprop-
1-en-1-yl] phenyl acrylate)
Chlorine- Polymers from acrylic monomers base
. containing on 2,4-dichloro and 4-chloro-3-
i':]ﬂgrn;ﬁ:s with Hglllorgg?s phenyl methylphenol; Poly(2,4-dichlorophenyl
antimicrobial poly methacrylate methacrylate), 2,4,4-trichloro-
activity polymers 2_-hydroxydiphenylether.
Copolymers of 1-acryloyl-2,2,5,5-
tetramethylimidazolidin-4-one, a cyclic
Polymeric N- amine monomer with VA, acrylonitrile
halamines (AN) and MMA,; copolymers of 2-vinyl-
4,6-diamino-1,3,5-triazine monomer an
styrene
Copolymer NIPAAmM and
methacryloyloxyethyl trialkyl
Polvmers phosphonium chlorides; poly(sodium 4t
con)t/ainin styrene sulfonate) (PSS); Zwitterionic
hosoho %n d | carboxybetaine polymethacrylate;
gulfop copolymer of poly(2-hydroxypropyl
derivatives methacrylate) (PHPMA) poly(2-
(methacryloyloxy)ethyl
phosphorylcholine)
(PMPC)
p-acryloyloxybenzaldehyde and
Phenol and copolymers
benzoic acid with MMA were prepared; copolymers
derivative of ferulic acid; mandelic acid
polymers condensation
polymer (SAMMA)

7]
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Table 2. Synthetic antimicrobial polymers (adaptedrfom Mufioz-Bonilla and Fernandez-
Garcia, 2012) (cont.)

Copolymers of organotin
Organometallic monomers (N-tri-n—butyltin) maIejmide
polymers (TBTM) and m-acryloylamino-(tri-n-
butyltin benzoate) (ATBTB) and
styrene; silver(l) polymeric complexes
Polyvinylamine (PVAmM),
Other poly(allylamine); poly(propyleneoxide)
molecular amines; dendritic structures based on
structures polyglycerol (PGL) and O-
carboxymethylated chitosan
Cyclic N-chloramine moieties
(hydantoins,
Er?éﬂf;ﬁy Eg\é?pl)%?;tion oxazolidinones, and imidazolidinones)
modified fo of low into polyester fabrics; cyclic halamine
achieve molecular precursors p.oly(m-phenylene. L
antimicrobial | weight |sophthalam|de), poly(aromatlc imide-
activity antimicrobial amide) and polyben2|mlqlazole/poly(p-
compounds phenylene terephthalamide);
levofloxacin attached to
poly(dimethylsiloxane)
gr?t?rﬁi?r%l?igl Nisin chemically bonded to PEO-b-PPO-
. b-PEO triblock copolymers
peptides
Grafting of protoporphyrin IX and zinc
. protoporphirin IX to
Sgﬁ:ﬂ{ﬁ;g&?r nylon fibe_rs; c_hitosan_ _(poly-_(l—4)-d-
polymers glucosamine) immobilized onto PP;
lysozyme anchored to poly(vinyl
alcohol)

1.1.2 Oxygen scavengers

Oxygen is one of the detrimental elements that mpagkages are
designed to guard its contents against. The corafe@moving oxygen from inside a
package is nothing new. Traditionally, packagesehleen flushed with an inert gas
(N2 or CO2) to remove as much oxygen from the msid possible (Rodgers, 2002).
Oxygen which permeates through the packaging fémex those manufactured from
high barrier packaging materials) or that is trappeside the food cannot be efficiently
removed by the use of MAP or vacuum packaging. hgen scavengers can absorb
the residual oxygen present in the headspace dfapaw below 0.03%, thus the
oxidation of products is reduced and proliferatiddrmolds, aerobic bacteria and insects
(Ahvenainen, 2002). The development of oxygen-sogivey systems has followed two
lines, depending upon whether the oxidizable sulsstavas designed to be a part of the
package (incorporation of scavenging agent intopiiekaging film) or to be inserted
into it with the food. The sachet concept is simlyintroduce an oxygen scavenging
material into a barrier package via a small semigable pouch. This pouch or sachet,
which is typically made from a non-woven materi@ntains a small quantity of the
oxygen-scavenging compound, such as iron. Oxygeulilye permeates the pouch
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material and reacts with the scavenging compouraslifikawaet al, 1978;Rodgers,
2002). Packaging inserts are commonly based on aidation of iron-based
compositions but they also can be based on sulfumpounds, oxydase enzymes,
catechols, glycols, ascorbic acid, photosensitiyesd(Rooney, 2005; Kerrgt al,
2006; Brodyet al, 2008; De Azeredo, 2009; Restucad al., 2010). The insert
approach includes self-adhesive labels, adhesivieaeteor free sachets included with
the food. Even though the performance of oxygerdddsg sachets is satisfactory for
a wide range of food storage conditions, imporianitations restrict their use. The
esthetics of inserts (that causes low consumerpéacee), the food product distortion,
the risks of possible ingestion or rupture, as weslltheir unsuitability for use with
beverages, drove researchers to seek packagedmsddns. The most promising way
to overcome these issues is the introduction é¥@cixygen scavenger directly into the
polymeric matrix even though the design and thedpection of a functional and
efficient active package can be difficult to caoyt because of the complexity of the
systems (Ahvenainen, 2002; Rooney, 2005; Ketrgl, 2006; Galdet al, 2008).

Modified oxygen-scavenging packaging materialsudek monolayer
and multilayer materials, as well as reactive dlediners for bottles and jars, and the
scavenging active agents consist of inorganic, ricgar polymeric materials. The
active agent proper selection depends on the matabection, on the food
characteristics and on the shelf-life required @Gat al, 2008). These active products
can be melt extruded with other polymers to forfilna or coating and used to produce
the barrier/active package all as one structured@g@ers, 2002). The structure of a
typical multi-layer oxygen scavenging system is vghoin Figure 3. An oxygen
absorbing substance imbedded in a layer very pdiimé¢a oxygen is used to absorb
the oxygen present in the interior package. Oxydegress from the outside
environment to the oxygen absorbing layer is lichibg a barrier layer, which is highly
impermeable to oxygen. An inner layer, or a corlfagér, next to the oxygen absorbing
layer may be used to minimize any migration of dixggen absorbing substance into
the food. In addition to the elimination of foodoguct distortion that may occur when
a sachet contacts the food, the incorporation ¢f/@csystems into the packaging
materials also allows the potential use with reflatkaging and cost savings due to
increased production efficiency and conveniencal@@ar and Floros, 2004).

The Table 3 displays the current oxygen scavemgmblogies and the
patent number which protects them. The most deeelapxygen scavenger system is
that based on iron. They consist on the oxidatibmam into FeOz and require water
for their action at ambient or chilled temperatuscording to the theoretical equation
which 1g of iron is capable to absorb 300 ml of gety (Miltz and Perry, 2005).
Recently, the iron scavenging reactions have besoribed as electrochemical process
in which the water adsorbed on the surface of fimmms electrolyte solutions that
accelerate the electrochemical reaction @fal, 2013):

Fe> Fe?+ 2¢ (anodic reaction)
H,O+¥% Q+26>20H (catodic reaction)
Fe + 2 OH - Fe(OH)

2 Fe(OH) + % O + H,0 > Fe05 3H,0
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Cuter Barrier Oxygen Inner
Layer Layer Absorbing Layer

o Laver o

Oreygen molecules

Figure 3. Schematic of typical oxygen absorbing mtitlayer active film
(taken from Ozdemir and Floros, 2004)

Free flowing pellets containing iron powder blendeith low density
polyethylene as carrier resin are commercially labé, with the convenience of co-
extrusion possibilities with EVOH and LDPE (Galotb al, 2009). Although films
containing iron powder are strongly effective oxygscavengers, they may impart
undesirable flavor to foods with which are in cattéOzdemir and Floros, 2004). In
addition, the black colored iron powder alters ¢éor and transparency of packaging
materials, thus the application range in food pgoig may be limited. Another
systems described in Table 3, unlike to those based, do not require water activity
to be activated, and since oxygen absorbing maisriartually invisible in the films,
these films do not alter the look of the package.

Some patents claim the manufacture of non-moistdependent
polymeric oxygen scavenger in conjunction with septed UV triggering system, in
which the polymer serves as the scavenger itsetf,there are commercial products
based on this principle (Schmidt al, 2003; Speeet al, 2006). However, these UV
activation steps can reduce packaging line spéextge, profits. In addition, there is a
significant cost increases for oxygen scavengimsfiproduction due to the high costs
of photoinitiators, as well as operation and maiatee of the UV machinery (Bywat
al., 2011). The concept of using transition metals aslgsts for polymer oxidation
processes was introduced in the 1980's and manynmob, such as MXD6 and
polybutadiene, can be used as an oxygen scaveSgeefet al., 1994; Speeet al.,
1995; Muraliet al,, 2002, Akkapedet al.,2002; Deshpandet al.,2010). The problem
with many of the oxidizable polymers that can bedufor flexible packaging is that
once the oxidation process starts it continued thi base polymer has degraded into
small migratory compounds. Migration of oxidatiorogucts coming from scavenging
action of the materials can be also migrate frorstesps based on other organics
oxidizable compounds, as seen in Table 3. Becdasible packages only rely upon
thin multiple layers of polymers to provide all theoperties necessary for package
performance, more complex structures have to beldped to prevent any degradation
compounds from migrating into the food within theckage. This challenge has been
difficult to overcome for flexible packaging untibw.
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Table 3. Examples of the current oxygen scavengezchnologies

Composition Mechanism Patent N° Reference
Iron zeolites Yoshikawaet
#2 5
(sachets) Fe> Fe” +2e US2825651 al., 1978
1 ) Hekal, 2008;
ron particles HO+%Q+26>20H | ys7 43570482 Harish and
P » EP1640408 B1 Tammaji,
Iron modified 2Fe(OH)+% G + H,O0 > Lagardnet
bentonites Fe,0y 3H,0 US 2011142899 (A1) ) "5011
Oxidation of organic cationg Claubercet
interchanged in the US6,610,772B1 *
al., 2003
nanoclays
Oxidation of benzophenone Chinget al
derivatives by action ofa | US2005/0085577A1 9 "
- . - 2005
Oxidizable organic | photoinitiator
compounds Oxidation of unsaturated Bacskaiet al
carboxilic acids, anhydride§ US5,641,825 "
. 1997
in presence of catalyst
Oxidation of cyclic olefin, Chinget al.,
allylic and benzylic groups, US5,627,239 1997; Chinget
; W09948963
in presence of catalysts al., 2010
Quinone reduction (by UV
Reducible organic | light, heat, corona Roone
compounds discharge) followed by US2005/0098765A1 Y
. : . 2005b
(quinones) reaction with molecular
oxygen
Akkapediet
Passive barrier and US6,410,156 B1 al., 2002;
I polyamide oxidation US7,691,290 Deshpandet
Poliamides
o al., 2010
/transition metal - -
catalyst Nanocomposngs with
enhanced barrier US2005/0159526 | Bernardet al.,
properties and polyamide 2005
oxidation
Speetret al.,
Polybutadienes or Polibutadiene or polvether US5,350,622 1994; Speer
polyether/metal oxidation POly US5,425,896 etal.,1995;
transition catalysts US 6,423,776 Murali et al,
2002
Hydrogen NaBH, + 2H,0 > NaBO, Ruleet al
precursor/ Pd as +4H, US2010/0028499 2010 v
catalyst 1 O, + H, 2H,0
H, atmosphere and Lagaron and
2 P Y% O, + H, SH,0 P201230904 Busolo, 2012
catalyst
i Venkateshwa|
1,
Sulfites and NaHSQ + %2 02> US5,885.481 ranet al,
bisulfites NaHSQ 1999
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1.1.3 Antioxidants
The reactive oxygen species (ROS) is a collecterentto include

oxygen radicals and non-radical derivatives of @tygThe oxygen radicals are
superoxide anion (O2¢ hydroxy (HOe), peroxy (ROOQs), alkoxy (ROe), and
hydroperoxy (HOO?¢) radicals. Non-radical derivativare hydrogen peroxide {B%),
ozone (Q), and singlet oxygen’@,). ROS are formed enzymatically, chemically,
photochemically, and by irradiation of food. ltailso formed by the decomposition and
the inter-reactions of ROS. Formation of ROS ind®during storage and processing is
also closely interrelated among ROS. They are magdponsible for the initiation of
oxidation reactions in foods. They react with Igidoroteins, sugars and vitamins;
produce undesiderable volatile compounds; destesgrdial fatty acids, aminoacids,
and vitamins, and produce carcinogens. ROS changgidnalities of proteins, lipids
and carbohydrates by forming oxidized dimers amders (Choe and Min, 2005). ROS
effects on the food products causeless acceptanagagceptable to consumers, thus it
is extremely important to control the formationfi@fe radicals in foods to mantain food
quality and extend shelf life.

The most important ROS are hydroxy radical and lsingxygen.
Hydrogen peroxide and superoxide anion are impbpescursors for hydroxy radical
and singlet oxygen formation. Metal ions, heat, gadticularly the ultraviolet light
activate oxygen to produce singlet oxygen. Singlatgen is most often produced by
photosensitizers reactions in the presence of ght.liPhotosensitizers are dyes such as
curcumin, pigments such as chlorophyll, aromatidrbgarbons and, vitamins such as
riboflavin, and metals such as iron (Choe and MDB0D5; Byunet al, 2011). Thus, the
high reactive singlet oxygen can be formed inshie food packaging systems, when
headspaces contains oxygen, in presence of physicadrs such as UV light and
sensitizers as chemical factors, which can be fanitide composition of foods.

The lipid oxidation is a free radical chain processsisting of chain
initiation, propagation and termination steps (B&g 4). The key event in initiation is
the formation of a lipid radical, Re (Chaijan, 2008 his can occur by homolytic
cleavage of an R-H bond, or by hydrogen atom attétra from an unsaturated
molecule by an initiator free radical (In), wheéRél is any unsaturated fatty acid. The
hydroperoxides come from the reaction between uretd fatty acids and molecular
oxygen; they can combine with fats to form addisibreactive products during the
propagation step. The volatile secondary oxidapimducts such as aldehydes, ketones,
alkenes are formed at the termination step andesonsible of either loss of smell or
rancid odors (Pereira de Abretial, 2011). Lipid oxidation can be also influenced by
the concentration of pro-oxidants, endogenous @srrivon (that plays as catalyst),
enzymes, pH, temperature, ionic strength and ity composition.

Proteins and aminoacids are oxidized mostly by ¢wyglradical and
singlet oxygen. Singlet oxygen reacts with protedasitaining an electron-donating
double bond activated by amino or alkoxy groups pr@duce dioxetanes. The
dioxetanes are unstable to room temperature anéamity decomposed and produce
carbonyl compounds. Hydroxyl radical reacts witbtpins for producing crosslinked
products and carbonyl compounds. In the case ofcimu®ods it has also been
demonstrated that both lipid and myoglobin oxidatere coupled and capable of
influencing each other. Myoglobin is an iron (Ilopoporphyrin-IX complex found in
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the muscle of meat-producing animals. Dependingnugh@® concentration and the
oxidation state of iron and the structure of thenptex, color changes in muscle can
undergo and consequently affect the consumers e of meat (Figure 5). The
Fenton reaction, which is the principal mechanismrfiyoglobin oxidation, involves
the oxidation of ferrous-oxymyoglobin to ferric-mmstoglobin, causing the
undesiderable brown color of meat discolorationrdpits storage. At the same time,
ferrous iron (F&) reacts with molecular oxygen to produce supem»ddion (Q)
with concomitant oxidation to ferric iron (E® Hydrogen peroxide (3@.), which may
be produced by dismutation ofQcan react with Fé to produce highly reactive and
unstable hydroxyl radical (OHe), which could intBalipid peroxidation (Chaijan,
2008).

Initiation
Ine+ RH— InH + Re

Propagation
Re + 02-R0OO0-
ROO+ + RH— R+ + ROOH

Termination
2 ROO+*— ROOOOR— non radical products, O

Figure 4. Mechanism of lipid oxidation

Traditionally, antioxidants have been mixed intedoformulations or
alternatively, food is dipped into solutions contag these additives. However, these
approaches are limited by the inactivation of ade# and lack of selectivity in those
systems where microbial and oxygen spoilage alsorsc The antioxidant packaging
materials have emerged as an alternative methodtraditional preservations
technologies such as chilling, freezing, directitwid of chemical preservatives or
natural additives to food and vacuum or modifiech@phere (Zhotet al., 2010).
Antioxidants can be incorporated or coated ontodfeackaging materials, remain
stable there for a required time, and finally bleased from the packaging surface in a
controlled way to inhibit the oxidation of oxidiZzab components, pigments and
vitamins (Leeet al, 2004; Lee, 2005). Those molecules which coritatheir structure
at least one phenolic moiety with specific arran§@ydroxyl groups and double bond
conjunction that allows electron delocalization @am as radical scavenger (Michalak,
2006). It has demonstrated that polyphenolic comgdeucan scavenge free radical
from oxygen by donating one of their delocalizedctlons or hydrogen atoms due to
both their acidic nature and ability to transfeeattons while remaining relatively
stable (Inzé and Van Montagu, 1995; Arora, Nair Strdsburg, 1998).

Flexible and thermoformable plastic packaging nialgrcontainingt-
butylhydroquinone (TBHQ), butylated hydroxytolue(@HT), propyl gallate (PG),
butylated hydroxyanisole (BHA), among others, habeen developed and
commercially applied. However, toxic and carcindgesffects of BHA, TBHQ, PG,
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BHT have been demonstrated (Kahl and Kappus, 198&uchiet al, 2002) and their
use in food packaging have to be restricted, asrsthynthetics antioxidants that have
been long used. Because the growing concern aheutige of food chemicals due to
the possibility of migration of additives and theiegradation products into food that
may affect the sensory properties or even leadxizity, the replacement of synthetic
and toxic free radical scavengers by natural comgsunay provide added benefits
and positive consumer acceptation because thepareived as safer, healthier and
much less toxic than synthetic compounds (Lee, 26@3oet al, 2007; Arruaet al,
2010; Lopez-de-Di Castillet al, 2010; Gulcin, 2010). In this sense, the compsund
that are already known by their beneficial effeéts health, like tocopherols,
flavonoids, catechins, stilbenoids, and naturalraets containing them (rosemary,
green tea, oregano, etc.), have been consideredigfeeloping antioxidant active
packaging materials to improve food protection (L2@04; Lee, 2005; Camet al,
2008; Bolumaeet al, 2011; Lépez-de-Di Castillet al, 2011).
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(brown)

Figure 5. Schematic redox process of myoglobin

1.1.4 Other active systems

The removal of ethylene gas from the package headsslows
senescence, slows the rate of chlorophyll degmdatind prolongs shelf life of
climacteric fruits and vegetables. The most weliakn, inexpensive, and extensively
used ethylene absorbing system consists of potagsumanganate imbedded in silica.
The silica absorbs ethylene, and potassium permabgaxidizes it to ethylene glycol.
These systems are usually prepared in sachet fodnat to the toxicity of
permanganate. Another systems available to absohpleae are those based
impregnated- potassium permanganate- quaternaryoaimm salts- zeolites , bromine
activated charcoal, PdChs catalyst supported on active charcoal andzteggBrody
et al, 2001; Ozdemir and Floros, 2004; Freedonia Grg0p9).
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Moisture scavengers are other systems that have beeveniently
developed in recent years for controlling moistexeess in food packages for avoiding
microbial growth and prevent foggy film formatiomainly in low water permeability
packaging where water accumulation is more pronedindoisture scavengers, such
as silica gel, molecular sieves, natural clayscioal oxide, calcium chloride and
modified starch, or other moisture absorbing sultsts, can be incorporated into a
blanket or a pad of desiccant, prepared in sachehdt or incorporated into a
polymeric laminate. Depending on the final applmwatone or another format has to be
used. In packaged foods, flavor and odor absorbake in unwanted gaseous
molecules such as volatile package ingredientsmadad metabolites of foods,
microbial metabolites, respiration products, orftdfrors in raw foods. Flavor and odor
absorbers are usually placed inside packages obinedhwith other flavor permeable
materials. Although scavenging of malodorous caumstits is recommended to
improve the quality of packaged foods, this techgglshould not be used to mask off-
odors produced by hazardous microorganisms thadl gace consumers at risk.

1.2 Nanoclays
1.2.1 Structure and featuresf layered silicates

Layered silicates commonly used for nanocompogiteparation are
natural or synthetic minerals, consisting of vemyntlayers that are usually bound
together with counter-ions. They are constituteddiyahedral sheets in which silicon
is surrounded by four oxygen atoms, and octaheshakts in which a metal like
aluminum is surrounded by eight oxygen atoms ($ger€ 6). The crystal lattice of 2:1
layered silicates consists of two-dimensional lay@here a central octahedral sheet of
alumina is fused to two external silica tetrahedyahe tip, so that the oxygen ions of
the octahedral sheet also belong to the tetrahehexdts (Ray and Okamoto, 2003;
Okamoto, 2005; Pavlidou and Papaspyrides, 2008) Teneral formula for
dioctahedral smectites is (M"nH,0)(Re,*)(Sisx " AlLZ)O1o(OH),, wherex andy
indicate the layer charge resulting from substitugiin tetrahedral and octahedral sites,
respectively; R refers to a generic divalent octahedral catiofi;rdfers to a generic
monovalent interlayer. A wide range of cations oanupy tetrahedral, octahedral and
interlayer positions. Commonly ‘Sj AI** and F&" are found in tetrahedral sites. The
montmorillonite, one of the dioctahedral smectiteas the formula (Y-nH,O)(Al.
v "Mg,”)Si,**01(OH),, and consists of platelets with an inner octaHedager
sandwiched between two silicate tetrahedral layEnge difference in valences of Al
and Mg creates negative charges distributed withénplane of the platelets that are
balanced by positive counter ions, typically sodiems. In its natural state, this clay
exists as stacks of many platelets. Hydration efgbdium ions causes the galleries to
expand and the clay to swell; indeed, these platelan be fully dispersed in water
(Paul and Robeson, 2008).

Most of the technological uses of smectite areteeldo reactions that

take place in the interlayer space.*N&", C&*, and Md", which balance the negative
2:1 layer charge, are commonly hydrated and excatetilg (Brigattiet al, 2006).
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Figure 6. Structure of a 2:1 layered silicate
(taken from Pavlidou and Papaspyrides, 2008)

1.2.2 Organomodified layered silicates

In their pristine state layered silicates are onhjscible with
hydrophilic polymers, such as poly(ethylene oxide)poly(vinyl alcohol) (PVA). To
render layered silicates miscible with other polymmatrices the normally hydrophilic
silicate surface has to be converted to an orgdhopime, making the intercalation of
many engineering polymers possible (Ray and Okan2@03; De Azeredo, 2009).
The exchangeable ions can be substituted by orgations to form an organoclay.
Alkylammonium ions are mostly used, although otlwrium” salts can be used, such
as sulfonium and phosphonium (Pavlidou and Papaigs/r2008). The ammonium
cation may have hydrocarbon tails and other gratfeched and is referred to as a
“surfactant” owing to its amphiphilic nature. Thextent of the negative charge of the
clay is characterized by the cation exchange cgp@CEC) (Paul and Robeson, 2008).
The characteristic clay mineral-organic reactioh&amwlinites and 2:1 clay minerals
(i.e. montmorillonites) allow the modification dfi¢ surface character of clay mineral
particles and the colloidal behavior of clay digpens in industrial applications. Polar
molecules form intercalation complexes with smestitwhile neutral molecules can be
adsorbed on by chemical interactions (hydrogen soimh—dipole interaction, co-
ordination bonds, acid—base reactions, chargefegrend van der Waals forces).

Organic modification of clay minerals is currenttiirected to the
tailoring of clay minerals for different applicati® such as thickening agents,
nanocomposites preparation and catalysts, amongrtiThe interlayer cations of
smectites can be exchanged in solution by orgamicc@ganometallic cations and in
the solid state. Commonly, cation exchange reastara performed by mixing aqueous
dispersions of clay mineral and a solution of gatiosurfactants including primary,
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secondary, tertiary, and quaternary alkylammoniumalkylphosphonium cations.
These result in expansion of the interlayer spaeihich leads to an increase in the
basal spacing. As a result, the wettability and thermodynamical interactions
increase significantly. The arrangement of thergakated surfactant cations depends
on the layer charge and the alkyl chain length. lgvbhort chain of alkylammonium
ions are arranged in monolayers, longer chain atkyhonium ions in bi- or three-
layered structures with the alkyl chain axes patad the silicate layers (Figure 7). The
monolayer has a basal spacing about 1.4 nm, tagebilabout 1.8nm; and multilayer
up to 2.2 nm (Lagalet al, 2006; Ruiz-Hitzky and Van Meerbeek, 2006; Rag an
Okamoto, 2008).
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Figure 7. Alkylamonnium cations arrangement in theinterlayer space of smectites
(monolayers (a); bilayers (b);pseudetrimolecular layers (c); paraffin-type
arrangements of dialkylammonium ions (d,e)). (Takerirom Lagaly et al, 2006)

1.3 Nanocomposites
Composite materials are solids resulting from thenlgination of two or more
simple materials characterized by a continuousehas a dispersed phase (fillers such
as glass fibers, carbon particles, silica powdéay aninerals, among others). In
addition they have properties that are essentdifferent from the components taken
separately. The dispersed particles in the nanoositgs have at least one dimension
in the nanometer range, thus they are typically ecamanofillers. The dispersion
process that entails the transition from microgte$ to nanoparticles and a good
distribution of these nanoparticles in the matiiedgs dramatic changes in the physical
properties of composites because nanoscaled nathese a large surface area for a
given volume (Hussairt al, 2006). Since many important chemical and physica
interactions are governed by surfaces and surfemgepties, a nanostructured material
can have substantially different properties fronamer-dimensional material of the
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same composition. Typical nanomaterials currentlydar investigation include

nanoparticles, nanotubes, nanofibers, fullerenesl amanowires. Clay-polymer

nanocomposites could be considered as “one-namefsional” material because the
clay filler has one dimension at the nanometerescathough the clay filler has two
microscaled dimensions (Ruiz-Hitzky and Van Meekh@€06).

The properties of a nanocomposite are greatly emibed by the size scale of
its component phases and the degree of mixing leetwlee two phases. Depending on
the nature of the components used (layered silicat@anofiber, cation exchange
capacity and polymer matrix) and the method of arafion, significant differences in
composite properties may be obtained. In genemfered silicates have layer
thicknesses on the order of 1 nm and a very higle@dsratio (e.g. 10-1000). A few
weight percent of layered silicates that are prypaistributed throughout the polymer
matrix thus create much higher surface area foympei/filler interactions as compared
to conventional composites (Ray and Okamoto, 2008 physical mixture of a
polymer and layered silicate may not form nanocasites; thus previous
organomodification of the silicate may be requifed compatibilization between the
filler and the matrix as explained above.

1.3.1 Preparation and morphology of nhanocomposites

The preparative methods of nanocomposites areafiviisto three main
groups according to the starting materials and gssiog techniques: solution method,
in situ polymerization technique and melt processing (Raud Robeson, 2008; De
Azeredo, 2009; Duncan, 2011)

In the solution method, the nanoclay is swollenairsolvent before
being added to a polymer solution, then polymerearules are allowed to extend
between the layers of the filler. Finally, the smivis evaporated. The driving force for
the polymer intercalation into layered silicatesnfr solution is the entropy gained by
desorption of solvent molecules, which compensfieshe decreased entropy of the
confined, intercalated chains. This method is gémdthe intercalation of polymers
with little or no polarity into layered structuresnd facilitates production of thin films
with polymer-oriented clay intercalated layers (Ra Okamoto, 2003).

The in situ polymerization process involves the swelling of the
nanofillers by absorption of a liquid monomer. Aftthe monomer has penetrated
between the layers of silicates, polymerizationingiated by heat, radiation or
catalysts.

The melt method is the most commonly used methedtduhe lack of
solvents and because this is generally considerae mconomical, environmentally
friendly, more flexible for formulation, and invag compounding and fabrication
facilities commonly used in commercial practice. rirelt processing, the filler is
incorporated into a molten polymer and then forrived the final material (Brodgt
al., 2008; Paul and Robeson, 2008). The melt mefirodess involves annealing a
mixture of the polymer and OMMT above the softenpmjnt of the polymer. The
polymer chains diffuse from the bulk polymer meitoi the galleries between the
silicate layers. The polymer intercalation depecritscally on silicate functionalization
and constituent interactions. The greater the jmalhility or hydrophilicity of the
polymer, the shorter the functional groups in thdLS should be in order to minimize
unfavorable interactions between the aliphatic mhaand the polymer (Ray and
Okamoto, 2003).
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The types of polymer—layered silicate nanocompssikat can be obtained
depending on the preparation method as well anahare of the polymer matrix, the
layered silicate and organic cation are immiscifgenventional or microcomposite),
intercalated, and miscible or exfoliated (see Fg8) (Pavlidou and Papaspyrides,
2008; Bordest al, 2009; De Azeredo, 2009; Silvesteal, 2011).
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Figure 8. Classification of nanocomposites accordinto dispersion degree of the
organoclay with the corresponding schematic WAXS ath TEM (adapted from
Ray and Okamoto, 2003; Paul and Robeson, 2008)

In the case called “immiscible”, microcompositebe torganoclay
platelets are aggregated due to the poor physittacdon between polymer and filler;
they exist in particles comprised of tactoids ogragates of tactoids more or less as
they were in the organoclay powder. Particle aggi@tion tends to reduce strength
and produce weaker materials (Pavlidou and Papidssyr2008; Paul and Robeson,
2008). The intercalated structures are formed wthenextended polymer chains are
intercalated between the silicate layers. The tésa well ordered multilayer structure
of alternating polymeric and inorganic layers, withrepeat distance between them.
However, silicate layers are sometimes flocculadee to hydroxylated edge—edge
interaction of the silicate layers (Ray and Okam@@03). The exfoliated structures
involve the complete separation of platelets arsgphelised individually in the polymer
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matrix. Even though the goal of the formation psscand the desired situation for
most purposes is the complete exfoliation of tlay glatelets, this ideal morphology is
most often not achieved, but varying degrees gfedson are more common (Paul and
Robeson, 2008).

The homogeneous dispersion of most clays in orgpoigmers is not
easy due to the hydrophilicity of their surface n@atibilization between organic and
inorganic phases in nanocomposites can be achieitleelr by organomodification of
the nanoclays or blending with a functionalizedypmtr. The organophilization of
clays reduces the energy of the clay and improt®scompatibility with organic
polymers, thus a proper organophilization is a kgp for successful exfoliation of
clay particles in most polymeric matrices. (De Ay, 2009). Organomontmorillonite
(OMMT) has been systematically produced by exchapgdgnorganic cations of the
pristine montmorillonite (MMT) with organic ammomuions, commonly quaternary
ammonium cations, to increase the affinity betwdss hydrophilic aluminosilicate
clay and the organophilic polymer matrix, leadiogatmore regular organization of the
layers in the structures, and decreasing the wagitatke by the nanocomposite. Maleic
anhydride grafted polymers and functionalized waxae also often used as
compatibilizer for increasing the matrix polaritycafor improving platelets exfoliation.

X-ray diffraction (XRD) and transmission electrorncmoscopy (TEM)
are two complementary techniques generally usedhtracterize the structures of
nanocomposites (Ray and Okamoto, 2003; Ray and rBioas 2005; Pavlidou and
Papaspyrides, 2008; Silvestreal.,2011). Due to its ease of use and availability DXR
is most commonly used to probe the nanocompositetate and polymer intercalation
degrees. The spaces between structural layere Giltbate are determined by applying
the Bragg’s law: sif® = nA\/2d, whereA corresponds to the wave length of the X-ray
radiation used in the diffraction experimedthe spacing between diffractional lattice
planes and is the measured diffraction angle or glancing engly monitoring the
position, shape, and intensity of the basal reftestfrom the distributed silicate layers,
the nanocomposite structure (intercalated or eatiedi) may be identified (see Figure
8). The structure of the silicate is not affectednmiscible polymer/OMMT mixtures,
thus, the characteristics of the OMMT basal refters do not change. Interlayer
spacing of the organoclay increases with the iatation of the polymer, leading to a
shift of the diffraction peak towards lower angdgcording to Bragg's law. In an
exfoliated nanocomposite, the extensive layer sdjmar associated with the
delamination of the original silicate layers in {h@ymer matrix results in the eventual
disappearance of any coherent X-ray pattern froendistributed silicate layers. In
some cases an opposite shift may also occur, thatsually attributed to loss of
unbound surfactant from the gallery or to surfactdaegradation. In addition, the
influence of polymer intercalation on the ordettoed OMMT layers may be monitored
by changes in the full width-at-half-maximum (FWHMnd intensity of the basal
reflections. An increase in the degree of cohelaygr stacking (i.e. a more ordered
system) results in a relative decrease in the F\Wiikhe basal reflections upon hybrid
formation. On the other hand, a decrease in theedegf coherent layer stacking (i.e. a
more disordered system) results in peak broademnthintensity loss (Pavlidou and
Papaspyrides, 2008).

On the other hand, TEM allows a qualitative underding
of the internal structure and can directly provigéormation in real space, in a
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localized area, on morphology and defect structudse of TEM is often criticized
because it reveals the morphology in such a snegjion. However, this can be
overcome by taking images at different magnificadiand from different locations and
orientations until a representative picture of th@phology is established. Fortunately,
the elemental composition of the clay comparech#d of the polymer matrix is such
that no staining is required (Paul and Robeson8R08ince the silicate layers are
composed of heavier elements (Al, Si and O) than itllerlayer and surrounding
matrix (C, H and N), they appear darker in brigbtef images. Exfoliation is generally
never complete, but in the cases when it is esdbntiomplete, particles consisting of
two, three or more platelets about 1 nm thick cansben as dark lines when the
microtome cut is perpendicular to them (Silvestral, 2011).

Besides XRD and TEM techniques, other powerful mégpies have
been employed to understand and evaluate the wteuof nanocomposites. Among
these, small angle X-ray scattering (SAXS), sotates nuclear magnetic resonance
(NMR, *H and *°C), FTIR (Fourier Transform Infrared Spectroscopiggman and
neutron scattering, among others, are tools foniggi greater insight about the
morphology, surface chemistry, and to a very lichiégxtent, the dynamics of exfoliated
polymer clay nanocomposites. However, these teci@sigre not widespread or widely
used except in a few laboratories probably beckcking of facilities or experience in
interpreting the results (Ray and Okamoto, 2003l Rad Robeson, 2008; Okamoto,
2008).

1.3.2 Properties of hanocomposites
1.3.2.1 Gas barrier properties

Low gas permeation of nanocomposites due to theidos
path imposed by the nanofiller was long considemedone of their most important
technological advantages. The barrier propertiepalfmers can be significantly
altered by inclusion of inorganic platelets witihgle length-to-width (aspect) ratio that
create a maze or tortuous path that retards tliesiih of gas molecules through the
polymer matrix. Because the filler materials arseasially impermeable inorganic
crystals, gas molecules must diffuse around thaherahan taking a (mean) straight
line path that lies perpendicular to the film sagfaThe result is a longer mean path for
gas diffusion through the film in the presence ifiers (Figure 9) (Pavlidou and
Papaspyrides, 2008; Duncan, 2011). The degree baneement in the barrier
properties depends on the degree of tortuositytedehy clay layers in the diffusion
way of molecules trough the polymer film. The touis factor is determined by the
ratio of actual distance which diffusive molecutewalked to the shortest distance to
diffuse (polymer film thickness). This factor isfedted by the aspect ratio of clay
dispersed in the matrix.

Contrary to what one may think total exfoliationtlwrandom
orientation of the individual clay mineral partislenay not be favorable to low
permeability but the morphology of intercalated gpmunds. In these, the particles are
well oriented and remain parallel to each otheriZRiitzky and Van Meerbeek, 2006).
To take full advantage of the reinforcement oruosity clay platelets or particles can
provide to mechanical and thermal or barrier priggerof nhanocomposites, they must
be oriented in the appropriate direction and notecuor curved. While the mixing
process influences the degree of dispersion orliatifm, the type of processing used
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to form the test specimen (extrusion, injection aimad, etc.) strongly affects the
alignment of particles (Paul and Robeson, 2008).

4

Clay

Parmeant

Figure 9. Scheme of barrier to permeation imposedybnanoparticles imbedded in
a polymeric matrix (taken from De Azeredo, 2009)

1.3.2.2 Optical transparency
Microsized particles used as reinforcing agentstecdight,

thus reducing light transmittance and optical tja®n the other hand, layered silicate
platelets, albeit their micron lateral size, arst jinm thick. Thus, when single layers
are dispersed in a polymer matrix, the resultingocamposite is optically clear in the
visible region, whereas, there is a loss of intgnisi the UV region (for < 250 nm)
mostly due to scattering by the clay particles.y(Rad Okamoto, 2003; Pavlidou and
Papaspyrides, 2008).

1.3.2.3 Mechanical properties
Properly dispersed and aligned clay platelets hmaeeen to

be very effective for increasing stiffness. Regasdlof preparation method or type of
clay, the modulus and strength of the nanocomposre remarkably similar, and
proportional to the content of clay mineral. Theadauggest that the organoclay is
much more efficient than other mineral fillers itieasing the mechanical properties
of the polymer (Ruiz-Hitzky and Van Meerbeek, 2008anocomposites require less
mass of filler than traditional filler reinforce@mposites, thus nanocomposites exhibit
superior weight advantages. Furthermore, if théef#ts are aligned in the plane of the
sample, the same reinforcement should be seenl idirattions within the plane,
whereas traditional fillers reinforce only in thaedtion of their alignment (Paul and
Robeson, 2008).

1.3.2.4 Other properties
The increased flammability resistance of nhanocotitg®gan
be done by the formation of a stable carbon/namelgiaor nanofiber surface that
exhibits analogous characteristics to intumescepdticgs whereby the resultant
“char” provides protection to the interior of thgpecimen by preventing continual
surface regeneration of available fuel to contitheecombustion process. The primary
advantage noted with nanofiller incorporation ig tieduction in the maximum heat
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release rate (commonly determined by cone calorimetin other cases, the
incorporation of nanofillers reduces the flammapiby increase of the melt viscosity
that prevents dripping (Paul and Robeson, 2008 ®hset of the degradation
temperature can increase in some organoclay bassatomposites. Even though this
is not an indication of an improvement in the resise to ageing or oxidation of the
nanocomposite, this is generally regarded as aecpesce of the low permeability of
the nanocomposites preventing oxygen to reach thilgmer, and preventing the
volatiles generated during the decomposition of thelymer to leave the
nanocomposites (Ruiz-Hitzky and Van Meerbeek, 2006)

Crystal formation includes nucleation and crystabvgh.
However, although it is well established that naaten sized clay platelets are
effective nucleating agents, different effects haeen reported on the linear growth
rate and the overall crystallization rate, depegdin the type of polymer (Pavlidou
and Papaspyrides, 2008).

1.3.3 Food packaging applications of nanocomposites

The purpose of conventional food packaging systisnjisst to protect
the food, acting as a barrier between the food thedsurrounding environment. The
active food packaging not only acts as a passiveaater of the food avoiding the
contact with the environment but also interactshwitie food in specific ways for
keeping or even improving safety and quality. P@dymanotechnology is actually
developed mainly to improve barrier performancdgeing to gases. It is proved also
to enhance the barrier performance to UV lightwall as to add strength, stiffness,
dimensional stability and heat resistance. Theafsgolymer nanotechnology can in
fact extend and implement all the principal funosoof the package (containment,
protection and preservation, marketing and comnatiaio) (Silvestreet al, 2011).

Moreover, several nanoparticles can provide actiwd/or “smart”
properties to food packaging materials, such asm&rbbial properties, oxygen
scavenging ability, enzyme immobilization, or iration of the degree of exposure to
some degradation related factor. So, nanocompastesiot only passively protect the
food against environmental factors, but also inoocae properties to the packaging
material so it may actually enhance stability obds, or at least to indicate their
eventual inadequation to be consumed. At the momeamocomposites for food
packaging have been mainly developed for antimiatadpplications, but other main
promising applications comprise oxygen scavengetisylene removers and carbon
dioxide absorbers/emitters, among others (Ozdendr Floros, 2004; De Azeredst
al., 20; Silvestrest al, 2011).

The market leader in active packaging is Japar thi 45%
of the current market, followed by the United S¢a@d Australia. In Europe, however,
industrial applications are coming slow becausdegfslation restrictions regarding
nanotechnology, and the consumers low acceptard@iatrust derived from the lack
of knowledge (Silvestreet al, 2011). Consequently, most packaging incorpagatin
nanoparticles is currently receiving attention bhé tresearch stage rather than in
commercial applications. This great opportunity &mlvancement will continue to be
overlooked by the commercial packaging industryilutite cost of manufacture
becomes more affordable. Fortunately, nanoclayseptethe advantage of exhibiting
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low costs and have therefore, reached already fndusand commercial
implementation in the food packaging sector (Lagag®11).

1.3.4 Nanobiocomposites and sustainability

The use of plastics in food packaging has beerasing at accelerated
rates in the last decades driven by the markeddsreand consumers requirements.
These demand reduction in the cost of packagingnatg and versatility to fulfill the
technical approaches related to the active andligget food packaging. The use of
non-degradable plastic materials for these purpbsesa significant environmental
impact due to the persistence of plastic wastes taadpolluting character of the
disposal methods such as incineration or landfilisineration of plastic wastes not
only produces a large amount of carbon dioxide ¢oatributes to global warming but
also toxic gases and residues. Landfills constéutieibious option because destroy the
ecosystem of the place where they are locatedjditian they contaminate the soil and
groundwaters by leakage, generate methane and panisiems like dust, bad odors,
vermin and noise pollution. In the developing coi@st where the landfills are
improperly operated, the mentioned problems arenifiad with terrible consequences
for the environments and the public health. Othisadivantages of non-degradable
plastics are the limited fossil origin resourced #me generation of green house gases
during the manufacturing process. Taking into aotthis background, there is a need
to develop renewable, source-based, environmenthlyign plastic materials
(biopolymers), especially for use in short-term kzgng and disposable applications.
The manufacture of these biomaterials would noolver the use of toxic or noxious
components, and could allow for composting intouraty occurring degradation
products.

Currently, there is a growing tendency to use emirentally friendly
or “green” materials for replacing nondegradabletemals and reducing the
environmental pollution caused by large amountplaktic waste. Environmentally
friendly materials with applications in agricultutde building and food industries, or
biomedicine are the main objective of many reseamups. Biodegradable natural
polymers extracted from renewable resources (L&, Btarch, cellulose, PHB, among
others) are replacing the oil-based non degradpblgmers plastics mostly in the
production of biomaterials for packaging applicaidDarderet al.,2007). The use of
nanocomposites based on biodegradable polymers food packaging
(nanobiocomposites) not only protects the food ianteases its shelf life but can also
be considered a more environmentally friendly sofutbecause it reduces the
requirement of oil-based plastics as packaging radge

Current alternative biodegradable materials exhipdor
barrier and mechanical properties and these prepemeed to be improved
considerably before they replace traditional ptaséind thus help to manage the world
waste problem. Biopolymer materials are excellestticles for incorporating a wide
variety of additives and modified inorganic paeilto enhance the inherent properties
of the material as well as to introduce other figmlities, such as antioxidants,
antifungal agents, antimicrobials, among othere fzeredo, 2009). Biodegradability
of a packaging material can also be enhanced wighinttroduction of organoclay
nanoparticles into the biopolymeric matrix and edso be controlled with surfactants
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(Sozer and Kokini, 2009). The innovations in thevelepment of materials from

biodegradable polymers, the preservation of fdsazfed raw materials, complete
biological degradability, the reduction in the vole of garbage and compostability in
the natural cycle, protection of the climate thrdoufe reduction of carbon dioxide
released, as well as the application possibilitdsagriculture resources for the
production of green materials are some of the reEasdy polymers from renewable
sources have attracted the academic and indusitiéaést (Ray and Bousmina, 2005).

The Green Chemistrys a concept developed in early 90°s that
involves the design of environmentally benign priduand processes by addressing
the hazards related to global issues such as eimbhtinge, energy production,
availability of a safe and adequate water supmgdfproduction, and the presence of
toxic substances in the environment (Anastas anghkKoff, 2002). TheGreen
Chemistryis governed by twelve principles that can be ablio all those areas in
which chemistry and chemical processes are invohieduding nanocomposites.
Some principles of th&reen Chemistrghat have been adapted to the procedures of
nanobiocomposites preparation are:

» Use of biopolymers from renewable sources instdadilo
based polymers. In this sense, PLA is by far thestmexperienced and applied
biopolymer in nanobiocomposites preparation, bhers matrixes such as cellulose,
chitosan and PHA are being deeply evaluated (Oka,n2005)

* Preparative procedures that do not involve the ae
solvents (melt intercalation) (Paul and Robesorg82M®muncan, 2011; De Azeredo,
2011); or use of water and ionic liquids as solggrblutionin situ polymerization and
solution method) (Jiat al, 2011)

« Solvent recycling

However, the discovery and application of more
environmentally benign technologies at the reseatafje does not guarantee that they
will be adopted on an industrial scale (Anastas Kirdhhoff, 2002). Adoption of
environmentally benign processes in nanocompopitggaration may be facilitated by
flexibility in regulations, tax incentives for imgrnenting cleaner technologies, research
programs to facilitate technology transfer, andepatife extensions for cleaner process
optimization.

1.3.4.1 Biopolymers
Biopolymers have been widely investigated overl&st two
decades because they can be a viable solutionetovéiste disposal of foods plastic
packaging materialsThey are defined as those that undergo microbadad chain
scission leading to the mineralization. Specifinditions in terms of pH, humidity,
oxygenation and the presence of some metals avireddgo ensure the biodegradation
of such polymers. Most biodegradable polymers rexezllent properties comparable
to many petroleum-based plastics, thus biodegradadllymers have great commercial
potential to constitute plastic articles, but soofig¢heir properties such as brittleness,
low heat distortion temperature, high gas permagbibw melt viscosity for further
processing etc., restrict their use in a wide-ramjeapplications. Besides the
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modification of the biodegradable polymers, the arainforcement of pristine
polymers to prepare nanobiocomposites has alreemlyep to be an effective way to
improve these properties (Ray and Bousmina, 2088§aton, 2011).

Biopolymers can be classified as presented in EigLo.
Renewable sources-based biodegradable polymerarsaséd for the preparation of
nanocomposites are polylactides (PLA), poly(3-hygrdoutyrate) (PHB) and its
copolymers, thermoplastic starch, cellulose, gedatind chitosan.

On the other hand, unlike other petrochemical-bassihs, a
broad range of synthetic biodegradable resins basedliphatic polyesters and their
co-polymers break down rapidly into carbon dioxidater and humus in appropriate
conditions of composting. The most used oil-baseddgradable for the preparation of
nanocomposites are poly(butylene succinate), diiphapolyesters, poly(e-
caprolactone), and poly(vinyl alcohol).

Polylactides (PLA) are biodegradable polymers, made
primarily from renewable agricultural resourcestsas corn starch. PLA can be totally
amorphous or up to 40 % crystalline. As a consecgieRLA polymers can display a
broad range of mechanical properties (exhibitsilerstrength comparable to other
commercially available polymers), their glass tiams temperature may range from 50
°C to 80 °C, while their melting point can varyrindl30 °C to 180 °C. In addition to its
strength, biodegradability, and compostability, PLBolymers exhibit good
processability on standard plastic equipment (sitry injection, and film and fiber
forming), also are resistant to oil-based produate, sealable at lower temperatures,
and can act as flavor or odor barriers for foodstuPLA can be modified in a
controlled way by changing its stereochemical $tmec (during the polymerization
stage) and/or by blending it with selected polymersfilling it with inorganic
microparticles or nanoparticles (Marretsal.,2007).

1.3.4.2 Properties of nanobiocomposites

The problems associated with biodegradable polynages
performance, processing and cost. Although thesmra are somewhat interrelated,
problems due to performance and processing are ocomtn all biodegradable
polymers in spite of their origin. In particulaow heat distortion temperature, high gas
and vapour permeability, poor resistance to prt#chgrocessing operations have
strongly limited their applications. The applicaticof nanotechnology to these
polymers may open new possibilities for improvira only the properties but also at
the same time the cost-price-efficiency (Sorrenéhal, 2007).

Incorporation of nanoclays in biopolymers allowsesal
advantages in functionality:

(@) Improved mechanical properties both in solidl anelt
states compared to conventional filler composité®cause reinforcement in
nanocomposites occurs in two dimensional rather trve dimensional, and no special
processing is required to laminate the composites.
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Polysaccharides Proteins, lipids Alkanoates (PHA) Poly(lactic acid) (PLA] (PCL) (PEA) co-polyesters
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.
Others: pectins,
chitosan/chitin, gumg
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Figure 10. Classification of biodegradable polymers
(adapted from Cha and Chinnan, 2004; and Ray anduBmina, 2005)
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(b) They show improved barrier properties to snuabes
because of the formation, among other factors, mbee tortuous path in the presence
of exfoliated layered silicates.

(c) Thermal stability of biodegradable polymersoailscreases
after nanocomposites preparation, because the atéy as a heat barrier, which
enhances the overall thermal stability of the systes well as assist in the formation of
char after thermal decomposition.

(d) The compost degradation rate of some biodeptada
polymers is significantly enhanced after nanocontpgsreparation with organically
modified layered silicate and we can control thie @& biodegradability by judicious
choice of clay.

(e) Melt viscosity of pure polymer increases after
nanocomposites formation. This will help us fortter processing.

Typically, plasticizers such as glycerol, or vetpgaoils are
added to biopolymers with a melting temperatureseldo their decomposition
temperature to overcome degradation problems, franigg them into thermoplastic
polymers. These compounds also contribute to a&dispersion of the nanofiller in
the biopolymer matrix, resulting in an enhancemehtthe mechanical properties
(Darder et al., 2007).

PLA-clay nanocomposites have special importancausec of
the promising properties of polylactides and thesstality of high property
enhancements by filling with nanoparticles. PLAdead silicate nanocomposites using
organomodified clays (MMT, saponite, mica, monetiéanong others) have been
prepared by several methods such as melt extrasidnsolution casting (Plutt al,
2002; Okamotoet al, 2005; Cavaet al, 2006). Exfoliated and intercalated
morphologies are obtained, as well as improvednthérstability and mechanical
properties. The nanoclays act as nucleating agdatdlitating the polymer
crystallization. On the other hand, it was foundttthe addition of the natural to PLA
does not have any significant effect on both théduna to the poor interaction between
the untreated clay and the polymer matrix (P&ital, 2002; Marragt al., 2007).

The nanobiocomposites may be soon competitive with
existing oil based polymers. However, current patidun costs are still high and
restrict the use of biopolymers in a wide rangeapplications. Thus, the most
important factors to the formation of a biodegrddgimlymer based industries include
cost reduction of biodegradable polymers as welpaislic and political acceptance.
Finally, to achieve the required characteristicat tmeet wide specific applications,
nanobiocomposites formulation must be further netesd and modified so that
mechanical and other properties can be easily esdamepending on end-user
requirements.
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2. OBJECTIVES

The overall objective of this dissertation was therphological characterization
and evaluation of the active antimicrobial, oxyg@eavenger and antioxidant properties
of several active nanoclays, and further prepamatiof their corresponding
nanocomposites by applying common incorporatiorhrigues in polymers. The
morphology, active properties and migration behawbthese nanocomposites were
also assessed in order to establish their potémtifmlod contact use.

To achieve the overall objective, the following coete objectives were set:

. Chemical and physical characterization of the actimnoclays modified with
silver, iron and resveratrol, by using chemicallgsia techniques (X-ray fluorescence,
XRF), X-ray diffraction (WAXS), thermogravimetry (JA) and transmission electron
microscopy (TEM).

. Evaluation of the active properties of nanoclaystlgh antimicrobial activity,
oxygen depletion and free radical scavenging assays

. Nanocomposites preparation from active nanoclagsbéamdegradable and oil-
based polymers, using appropriate processing tgabaidepending on the polymeric
matrix (solvent casting or melt mixing).

. Morphological characterization of nanocompositesidoertain the dispersion
and distributionof the clays in the polymeric matriby WAXS and TEM;
determination of the changes in color and transgareaused by the incorporation of
clays and; and assessment of barrier properties #matmal stability (by
thermogravimetric analysis).

. Evaluation of the active properties of the nanocosites (antimicrobial,
oxygen scavenger and free radical scavenger)

. Detection and quantification of migrants from aeticomposites to food
simulants (migration tests) to determine their if@liy of use to constitute food
contact materials.
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3. NOVEL SILVER-BASED NANOCLAY AS AN ANTIMICROBIAL IN
POLYLACTIDE FOOD PACKAGING COATINGS

Abstract

This paper presents a complete performance stugylgfactide (PLA) biocomposites
obtained by solvent casting, containing a novelesibased antimicrobial layered
silicate additive of interest in active food biokaging applications. The silver-based
clay showed an strong antimicrobial effectivenegairsst Gram-negativ8almonella
spp Despite the fact that no complete exfoliationtlvd active clay in PLA as was
suggested by TEM and WAXS, the additive is dispergery nicely throughout the
PLA matrix to a so-called nanoscale, hence yieldiagobiocomposites. They resulted
in transparent films with enhanced water barried atrong biocide capacity. Silver
migration to a slightly acidified water medium, thaay be considered as a highly
aggressive food simulant, was also measured bymplerometry. Silver migration
was found to increase with exposure time due tstigiaation and/or possible partial
hydrolisis of the PLA matrix. The study suggestattkery low migration levels of
silver, i.e. within the specific migration levelsrfsilver ions as defined by European
Food Safety Agency (EFSA), can lead to sufficiesstiyong antimicrobial films, hence
supporting the application of this antimicrobialddtve in active food packaging
applications for maintaining food quality and sgfet

Keywords: Silver, PLA, antimicrobials, food packaging, mitjoa

1. Introduction

Antimicrobial materials and surfaces are becomingrdasingly important in
different areas such as healthcare, home and @@nsggiene, foods, active packaging,
automotive and textiles among other applicatiorugtdes. Antimicrobial technologies
are being investigated and developed to prevent ohgbreak of harmful
microorganisms. However, these systems need to icentesirable attributes such as
strong antibacterial efficacy, environmental safédyv toxicity, cost effectiveness and
ease of fabrication.

It is well-known that silver is a powerful antimidial agent that has been used
since ancient times. Recent technical innovationisfandings facilitate the availability
and incorporation of silver products in a wide rarg§ materials at the manufacturing
stage, providing novel antimicrobial formulatior@urrently, a specific form of silver
does not exist for every application, procedurenatrix. In this sense, nanotechnology
is being a key factor due to the capability of matng metals, compounds and
materials into the nanosize, which often change# tthemical, physical and optical
properties, as well of these of the matrixes inclthare incorporated. Stable silver
nanoparticles can be obtained by way of using $elstarch as both the reducing and
stabilizing agent (Vigneshwaraet al, 2006), or being synthesized via the regular
borohydride reduction of Agions (Lok et al 2007; Ohet al 2004). Silver
nanoparticles can also be synthesized in the antellar space of a pretreated kaolinite
with DMSO by UV radiation or chemical induced retlon (Dékanyet al, 2003;
Dékany et al, 2004), in layered laponite suspensions via pledtaction (Huang and
Yang, 2007), or supported on micro and mesoporbougtares after ion exchange
followed byin situreduction (Yanget al, 2008; Lvet al, 2009).
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Silver (I) nitrate adducts with diverse electromied steric characteristics can be
synthesized witlN andP-donor ligands (Pettinagt al., 2007). Thus, Ag/Si@coating
solutions have been prepared to serve as antinédroéfinement of temperature
sensitive materials like fabrics or wood (Mahlégal, 2009). Moreover, a suspension
of silver nitrate in an ammonium salt medium hasrbeeported as a precursor of stable
nanoscale AgBr particles (Zhargal, 2007).

On another line of work, many efforts have alsorbearried out for the
development of inorganic materials, such as zexliter supporting Agions due to
their capability to incorporate and release iopieces. Colemaat al. Colemaret al,
2009) prepared Agand Zri exchanged tobermorites and demonstrated thatrhey
marked bacteriostatic effect and they can be peigntised as antimicrobial materials
for in situ bone tissue regeneration. Thermal stability of Agpported clinoptilolite
and possible applications were tested by Akdeniz(@lkii (Akdeniz and Ulkii, 2008).

Reports based on silver modified clays by a catischange method have been
published before. Oyat al (Oyaet al, 1991) reported the antimicrobial properties of
Ag*-exchanged montmorillonite on 1991. Keller-Besrestl (Keller-Besreset al,
1995) prepared a silver loaded montmorillonite gossible topic uses in the treatment
of burns. They demonstrated the coexistence of bitler metal particles and Ag
ions, and they also observed significant differsnae the final silver content in clays
using exchange resin procedure (up to 10 wt%) weitfard to regular CEC exchange in
solution (up to 1 wt%). Quintanat al. (Quintanaet al, 2008) studied the effects of
calcination and mechanical grinding on silver exged Na-MMT and its
antimicrobial performance. They reported metallives nanoparticles on the clay
aggregates, and pointed out that the antibact@eésformance is affected by the
availability of the ionic silver to be in contacitivthe bacteria. Prawt al. (Prauset
al., 2009) compared the antimicrobial activities ofetylpyridinium,
cetyltrimethylammonium, silver ions and metallic Iver immobilised on
montmorillonite. They demonstrated that antibaatedompounds are effective just
when they are released from the inorganic caraied, they concluded that intercalated
silver ions are the most effective antibacterignstnts while metallic silver does not
show any antibacterial effects.

Applications wise, one of the most important patntuses of antimicrobial
materials is currently in active packaging of foddépez-Rubioet al, 2008). In the
food packaging field there is also an ongoing trémdsubstitute petroleum-based
plastics by renewable plastic packaging with pagémesser impact in the carbon-foot
print of food packaging operations. Within the nemble family of polymers,
poly(lactic acid) is a very promising alternativaterial due to its excellent mechanical
properties, transparency and commercial availgbilllowever, some of its properties
such as gas and water permeability and heat distotsmperature are considered to be
too low for widespread applications (Avéroes al, 2009). In this context, the
incorporation of nanolayered additives in polymemiulations is thought to lead to
enhanced barrier due to synergistic tortuosity, staly nucleation and chain
immobilization effects (Cabedet al.,2004; Lagaroret al, 2005). Various organoclay
systems based on montmorillonite (MMT) and différenganomodifiers have been
reported in the formulation of novel PLA/clay narmtmmposites by solvent
intercalation, melt intercalation or masterbatchrfolation (Avérouset al 2009). As
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an example, PLA based composite films containingnahand organomodified MMT
commercial grades were prepared by Rkeinal. (Rhim et al, 2009) and the authors
reported enhanced barrier and antimicrobial progeim the materials.

This study reports on the formulation of novel rn@inocomposites of PLA
containing a new commercial food contact compliaitver-based clay additive.
Morphology, barrier, silver migration and biociderfprmance are also reported. The
implementation of such active clay-based technolmgyplastics and bioplastics can
potentially lead to the formulation of novel antomabial films and coatings with
synergistic enhancement in physical properties.

2. Experimental
2.1 Materials

An experimental patent pending organosilver-basddTMayered silicate
with general market denomination Bactiblock®, wappdied by Nanobiomatters S.L.
(Paterna, Spain) as a white powder with particde §150 of 4.5 microns. This nanoclay
is reported by the manufacturer to be complianthwite current food contact
legislation in its complete formulation and to pidevactive antimicrobial performance.
Elemental analysis of the received sample was pedd by energy dispersive X-ray
fluorescence, EDXRF (PW2400, Panalytical) and vegrted to yield 3.4% of silver
content in the sample. Further details about sapygparation or composition were not
disclosed by the manufacturer.

Tryptone soy broth, tryptone soy agar and Muellentéh broth, for
antimicrobial analysis, were purchased from Condladratories (Madrid, Spain).

A chloroform synthetic grade and nitric acid 68%r revgpurchased from
Scharlab (Barcelona, Spain). A semicrystalline |aaityde (PLA) film extrusion grade
produced by NatureWork% (US) (with a D-isomer content of approximately 2gs
used. The molecular weight had a number-averagesauialr weight () of ca.
130,000 g/mol, and the weight-average moleculaghtgiM,) was ca. 150,000 g/mol.

2.2 Antimicrobial test

A pathogenic microorganism of food origiBalmonella spp(CECT 554,
from Spanish Type Culture Collection, Valencia, iBpavas used to determine the
antimicrobial activity of silver-based clay. Theash was stored in Tryptone Soy Broth
(TSB) with 20% glycerol at -80°C until needed. Fexperimental use, the stock
cultures were maintained by regular subculture gar aryptone Soy Agar (TSA)
slants at 4°C and transferred monthly. A loopfubatteria was removed to 10 mL of
TSB and incubated at 37°C overnight. A 10@liquote from the overnight culture was
again transferred to TSB and grown at 37°C to titberponential phase of growth.
This culture served as the inoculum in the susbé#jyi study, starting with
approximately 10 CFU/mL in the tests tubes. These CFU counts wecarately and
reproducibly obtained by inoculation of 0.1 mL d#tculture having an absorbance
value of 0.2, as determined by optical density @ 6m by ultraviolet visible (UV)
spectroscopy.
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To perform the antimicrobial tests, 0.25 to 10.06 of silver-based clay was
added to the 10 mL Mueller Hinton Broth (MHB). Aft& h, the clay sample was
inoculated with 0.1 mL oBSalmonella sppculture. Control experiments without clay
and natural unmodified clay were performed undeneaonditions. Samples and
control were incubated to 37 °C for 24 hours. Afterds, 0.1 mL of each one was
sowed in agar-triptone-soybean (TSA) plates andhbated for 24 h at 37°C. Finally,
viable cells were counted.

2.3 Preparation of films

Nanobiocomposites of PLA with 1, 5 and 10 wt.-%nahoclay were prepared
by a solution casting method. Initially, a solutiohPLA in chloroform was prepared
by stirring on a hot plate at 40°C until completssdlution of the pellets occurred. A
dispersion of clay in chloroform was promoted bylgmg 1 min of homogenization
(Ultra-turrax T25), then this was added to a 5SwtP¥A solution in chloroform. The
resulting mixture was stirred for 10 min at roormperature and cast onto Petri dishes
to obtain ca. 100 microns thick films after solvenaporation at room temperature.
Pure PLA films were also prepared by the same piaee

2.4 Morphologyevaluation

The structure and dispersion of the silver-basedtmorillonite (MMT) clay
in the PLA matrix were evaluated by wide angle X-szattering (WAXS) as well as
by transmission electron microscopy (TEM). WAXS fiittogramswere acquired
using a Bruker Advance D8 diffractometer, equippétth Cu Ka filament (0.1546 nm,
45 KV, 45 mA), time step of 8s at a scanning rdt®.6 °/s. Transmission electron
micrographs (TEM) were made in a JEOL1010 trandomns&lectron microscope
equipped with a digital Bioscan image acquisitigatem on microtomed layers of the
samples. The accelerating voltage was 90 KV.

2.5 Silver migration

Samples in duplicate of 0.75 g of PLA containing5land 10 wt.-% of
nanoclay content films were cut and placed intigsés of 30 ml. An aliquote of 20 ml
of HNO; 2.0x10° M was added to each tube and mixed in an orHieker (JP Selecta
Rotatherm 3000435) at 150 r.p.m. and room temperdr time intervals ranging
from 1 to 8 days. Once the test time was accongdighe films were removed and the
solutions analysed by voltamperometry. The samglesved after six days a strong
silver ion signal and the testing was stopped &teays.

Voltamperometric analysis of the samples were peréd in apAutolab
instrument (Eco Chemie B.V., Netherlands), equippeéth a working electrode, a
reference electrode and an auxiliary electrode. aydied method was adapted from
Radheshkumar and Munstedt (Radheshkumar and Miins28®6). An aliquote of 1
ml of each sample solution was added into 24 mKNO; 0.1N contained in the
electrolytic cell. Voltamperograms were recordetiveen 0 and 0.5V (10 scans, scan
rate 0.1) in normal differential pulse method. Rwasly, Ag" standard solutions 0.5-50
mg kg" in acidic media were measured to establish areaiim curve.
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2.6 DSC analysis

The thermal properties of PLA-silver-based clay atdocomposites were
analyzed by differential scanning calorimetry (DSChe tests were performed on
samples of approximately 5 mg in a Perkin Elmer DSChe thermal program
consisted of a first heating scan from 30°C up ®0°C, at a scanning speed of
10°C/min under MNatmosphere. The samples were then cooled bad®®@iB order to
eliminate the thermal history and reheated to 19I°& heating rate of 10°C/min. The
thermograms were subtracted similar runs of an yime.

The crystallinity (X%) of the PLA composites was estimated using the
equation 1:

0
f

AH
%X, = x100 (eq. 1)
AH
whereAHs is the enthalpy of fusion of the studied specimmdAch’ of 91 J/g is the
estimated enthalpy of fusion of a 100% crystallfieA-L at the equilibrium melting
temperature (Pydet al, 2004).

2.7 Water vapor permeability (WVP)

The water vapour permeability of the films was d®ieed according to the
ASTM method E96, using aluminium cells with intdraad external diameters of 3.5
and 6 cm, respectively. Films samples were prelyodised in a vacuum oven, at 50°C
during 4 h in order to remove solvent residues.hEsample film was sealed to a
permeation cell containing liquid water, and thée permeation cells were placed
under controlled environmental conditions (40°C &% relative humidity) and
weighed regularly until steady-state was reachde Water vapour transmission rate
was easily determined from the slope of the celighteloss vs. time plot following
equation 2.

WVP=(G*L)/(A*p) (eq. 2)

whereG is the slope of weigh loss vs. time straight linejs the film thickness, and

Ap is the vapour partial pressure differential actbssfilm. All tests were conducted in
duplicate, and aluminium films were used as blattkevaluate water vapour loss
through the sealing.

2.8 Antimicrobial tests on films
Salmonella sppCECT 554 was used to evaluate the antimicrobiaviacof
PLA nanobiocomposites. Bacterial strain and grovahditions were indicated above.

The antimicrobial activity of PLA nanobiocompositesas determined
according to theéStandard test method for determining the antimi@blctivity of
immobilized antimicrobial agents under dynamic eahtconditions(ASTM E2149),
with some moadifications. Films samples were presipuried in a vacuum oven, at
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70°C during 1224 h in order to remove chloroform residues. Speosnof 0.75 an
1.5 g were introduced in test tubes containing 20aiphosphate buffer solution p
7.4. Subsequently, tubes wer@dnlated with 1° cells/mL of each microorganism in
mid-exponential phase and incubated in a wrist actlaker (150 rpm) at 25°C fi
24h. Then, a 0.1 mL aliquote of buffer solutionnfr@ach tube was s-cultivated on
TSA plates. Finally, plates were teafter overnight incubation at 37°C. Three repd
experiments per condition were performed. The tesutre expressed as CFU/mL ¢
the percent reduction was calculated based on #weedse of final counts fro
appropriate untreated controls.

3. Results and discussion
3.1 Characterization of the silvelpased nanocle

A typical TEM image of the silv-based nanoclay used is shown in Figure 1.
Silver nanoparticles can be very easily spottedpd®rical dark nanodots of varic
diameters rising upot20 nm, which seem unevenly distributed in size dispersior
across the platelets surface of the clay. It iy Vigely that the silver either in the for
of nanoparticles are randomly distributed acrossvthole morphology of the clay, b
the obserable particles appear to have grown bigger in sofhtiee platelets

Figure 2 shows the antimicrobial evaluation testsried out agains
Salmonella sppon increasing clay weights. In the presence eihd 10 mg of thi
active nanoclay, and after 24 kcubation, the number of bacterial colonies decie
significantly, by up to eight orders of magnitudé&haregard to the control, suggesti
a strong antibacterial performance for the nandaedi As the quantity of cla
decreased, i.e. for the 0.5 an@®mg samples, the sil-based system was found to be
less efficient. Thus, by careful observation of Ufgg 2, it is suggested that t
minimum inhibitory and biocide concentrations of timaterial againsSalmonella spp
lay in fact between 0.5 and 1 nuf the silve-based clay under the current testing
conditions.

Figure 1. Typical TEM images of the silve-based nanoclay. The scale marker is
0.2 microns for the left picture and 0.1 microns fothe right picture, which is a
magnification of the former.
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Figure 2. Antimicrobial activity of the natural clay and of the silver-based nanoclay vs.
content againstSalmonella sppdetermined after incubation (37°C, 24 h).

3.2 Characterization of the PLA nanobiocompositénfs

After obtaining nanobiocomposites of PLA with varsoactive filler contents,
the obtained cast films retained the transparendyagparent optical properties of the
PLA to a large extent. The active clay seemed widpersed across the matrix as
judged by naked eye observation (see Figure 3nRtos Figure, flms of 5 and 10
wt.-% of filler showed a whitish aspect (wich mag felated to partial crystallization of
matrix), and only the sample with 10 wt.-% filleordgent shows comparatively lower
transparency.

In order to check the additive dispersion to a sebon scale, TEM images
were taken in the microtomed specimens of the uargamples (see Figure 4). This
Figure suggests that a homogeneous dispersionittuhw complete exfoliation of the
clay particles in the matrix was attained by theticy method. Conventional casting
processes involving homogenization and stirringoiganic solvents are not usually
yielding high levels of exfoliation in PLA. Nevesless, in all cases most platelets
exhibit sizes in the thickness dimension whichlzw 100 nm. Albeit, some authors
consider 300 nm as the upper lever for a nanotda®,nm is more widely recognized
as the upper limit for a nanomaterial. In spitetag, some bigger tactoids are observed
with increasing filler loading, particularly forehl0 wt.-% filler sample.
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f R 4
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Figure 3. Optical microscopy pictures of cast spegiens of PLA
nanobiocomposites taken in (1) Neat PLA, (2) PLA cdaining 1 wt.-% nandfiller,
(3) PLA containing 5 wt.% nanofiller and (4) PLA containing 10 wt.-%
nanofiller.

In many studies WAXS is often used, together withM[ to support th
discussion regarding dispersion of the nanoclaydeims of intercalation and/
exfoliation. Figure 5 shows the WAXS diffractogramk the nanoclay, the neat PLA
and the various biocomposites. The si-based MMT clay has a very intense clay
basal peak at 2.4 @2, a less intense second one associated to thedsecder at 4.!
(28), and an even smaller third peak at 7.08) which is associated to the third order.
This is in good agreement with a previous charaaton work (SancheGarciaet al.,
2008. It is clear that a long intercalating molecules teen used in the formulation
this clay, since the unmodified MMT shows thesal peak at much higher angles, i.e.
typically from 6.9 to 8.4 (@). Curiously, the second order peak at 4.8 shodsuble
peak maximum, which in agreement with previous warggests that there may be t
different populations of very similarly intercaldtelay platelets in the material, due
most likely the unevedistribution of the silver particles formation aside in the cla
(Dékanyet al, 2008).
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Figure 4. TEM images of PLA nanobiocomposites containg: (a) 1 wt.-%
nanofiller, (b) 5 wt.-% nanofiller, and (c) 10 wt.% nanofiller. Scale markers are 2
microns for (a) and (b) and 1 micron for (c)

The unfilled PLA seems completely amorphous as tméybroad amorphous
halo is observed in the diffractogram. On the otfaard, the biocomposites show broad
small clay peaks at 2.4 and 4.@)2lue to the presence of the modified MMT clay,
which support that there is a significant fractioh the clay not intercalated nor
exfoliated in the solvent cast biopolymer, in agneat with the TEM observations of
Figure 3. It is curious to observe how the claykseseem comparatively much more
intense for the 10 wt.-% filled composite, suggastihat a bigger proportion of the
composite is less dispersed than for the 1 or /wfilled biocomposites. As a result,
most of the clay additive has in fact undergoney dakttoic size reduction and no
extensive intercalation or exfoliation. From praxsowork, melt compounding, rather
than solving casting, is a more favorable procgssoute to disperse this type of
nanoclays in biopolyesters since a higher degrebear can be established during melt
processing (Sanchez-Gara al, 2008). Interestingly, a strong reflection doésoa
appear at 16.7 @ and smaller ones at 14.59§2and 19.20 (@) in the clay containing
samples, which seem weaker in the 10 wt.-% fille@tdmposite. These features are
attributed to some filler-induced crystallizationthe biocomposites (Yasunived al.,
2008).
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Figure 5. WAXS diffractograms overposition, from the bottom to the top, of the
neat PLA, PLA containing 1 wt.-% nanoclay, PLA conaining 5 wt.-% nanoclay,
PLA containing 10 wt.-% nanoclay and silver-based anoclay.

3.3 Thermal analysis

The thermal properties of the neat PLA and of thaabiocomposites were
determined by DSC during the second heating rushduld be noticed, that the DSC
experiments were intended to determine (after altion of the thermal history) the
effect of the filler in the thermal properties bétcomposites and, therefore, correlation
cannot be directly established with the obtainediéaproperties or the WAXS results,
which were measured in the as formed samples. Tlableows the melting peak,(),
the cold crystallization peakT{), the glass transition temperatur@g)( and the
cristallinity (%) of the samples of the second headlotherm. From this table, thg T
and the T, were seen to remain rather unchanged with inargaller content.
Crystallinity, was only seen to increase slighttythe biocomposites with increasing
filler content in excess of 1 wt.-% filler loadinglowever, the cold crystallization
temperature increased with filler loading suggegtihat the presence of the filler
hinders to some extent the cold crystallizatiorcpes during heating.
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Table 1. Thermal parameters obtained from the heatig thermograms for PLA-
Bactiblock®101T1.51 composites

Sample Tg (°C) Tc (°C) Tm (°C) | AHf (J/g) % Xc
59.115+ | 124.620+ | 151.370 %

PLA 0.219 1.379 0.001 4.743 521

PLA+1% 59.000+ | 126785+ | 151.70% | 5 . o 4.04
Bactiblock®101T1.51 0.099 1.498 0.467 : :

PLA+5% 59.915x | 131450 | 152790+ | .00 7 36
Bactiblock®101T1.51 0.304 0.234 1.075 : :

PLA+10% 60.240+ | 130.700% | 162700« | _ - 7 g5
Bactiblock®101T1.51 1.061 0.144 0.467 : :

3.4 Water vapour permeability
Table 2 shows the lowest water permeability valmesisured for the films as

a function of filler content. In permeability of méndustrial samples, the lowest
permeability value is often the one selected toasgnt each sample. Nevertheless, the
permeability variations between specimens of différ samples were for these
particular specimens below 3%. From Table 2, it benseen that all composites
reduced water vapour permeability. The permeabilitguction was, however, seen
slightly smaller with increasing filler content, stdikely due to filler agglomeration
and the higher likelihood for the creation of prefdial paths for diffusion. The water
barrier improvement is here attributed to the pneseof the nanoclays but also to some
crystallinity as observed by WAXS in the biocompesi

Table 2. Water vapour permeability of PLA and its locomposites

Sample Puzo [(M*g)/(m*s*Pa)] | Reduction (%)
Unfilled PLA 1.62E-11 + 6.01 E-13 -
PLA + 1 wt.-%
silver-based clay 9.72E-12+5.66 E-13 40.01
PLA + 5 wt.-%
silver-based clay 1.26E-11+5.16 E-13 22.30
PLA + 10 wt.-%
silver-based clay 1.30E-11+ 1.96 E-13 19.87

3.5 Silver migration from PLA nanocomposites

According to the norm UNE-ENV 13130-2 (AENOR, 200%}hich is a
procedure for the evaluation of the specific migmatof plastic substances that can
come into contact with foods, water is considere@dood simulant for a wide range
of food products such as bread, fresh fruits angetables, meat and fish, among
others. The use of slightly acidified water solati@ontaining in the norm 3% acetic
acid) is also used as an even more aggressivesfondant. In our case, acidified water
solutions about 0.03% of HNQs the necessary media for avoiding the oxidatbn
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Ag® cations once they migrate from composite to watéius a proper
voltamperometric evaluation of silver ions in tiguld phase can be carried out.

The European Food Safety Authority (EFSA) has rédgesvaluated the use of several
silver-based substances intended to come into ciowith foods, and defines a general
specific migration limit of 0.05 mg of silver peglof food (EFSA Journal, 2004; EFSA
Journal, 2005; EFSA Journal, 2006; EFSA Journa,720In this study, this particular
value and units were adopted as reference for singamigration from the films.

The peak corresponding to silver oxidation is ledaaround 0.35V in the
voltamperogram. The corresponding calibration cursed to correlate the latter peak
height with the actual silver content in the salatis presented in Figure 6. Using this
calibration, the peak height (see Figure 7 as am@le) was used to determine silver
migration from the films into slightly acidified wer medium. Using the described
methodology, Figure 8 shows the migration curvessibfer ions with increasing
exposure time for the various biocomposites. FroenRigure 8, an undetectable silver
migration, which is below 0.05 mg per kg of foothalant, is observed after one day of
exposure for the 1 and 5 wt.-% filler loaded coniteas With increasing exposure time
beyond one day, migration becomes detectable atiérr@onstant, i.e. below 0.5
mg/kg. However, at longer times, i.e. after six glathe migration profile seems to
accelerate in a rather exponential fashion. Culypube 1 and 10 wt.-% loading
samples exhibit lower migration in the acceleratgime. The overall results suggest
that plasticization of the PLA matrix by the slightcidified aqueous simulant may
trigger the migration of the noble active metalnfrinside the sample. By the other
hand, a partial hydrolysis of PLA would have ocedrrand facilitate the migration
process. The protons supplied by nitric acid wobéle contributed to hydrolysis
catalysis, however it has been considered thatifgpacid strength is not enough to
catalyze a severe hydrolytic degradation into fewsd
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Figure 6. Calibration curve for silver content usirg voltamperometric analysis
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Figure 7. Voltammograms showing the silver releasérom PLA-1 wt% silver-

based nanoclay

In general, PLA degradation can take several moitgarwalet al.,1998). It
has been reported that the relative hydrophilicftthe clay layers play a key role in the
hydrolytic degradation of the polymer chains of PLAanocomposites with
organomodified montmorillonites (Duboé al., 2004). In the case of this study, the
clay filler would have had an effect on the partilgradation of PLA. However,

further tests have to be performed in order toysthi effect.
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Figure 8. Silver release (ppm) vs. time from silvebased nanoclay composites
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As a summary, it should be noted that the maximugration levels detected
for the solvent cast biocomposite films could beedlf fold higher beyond one day of
exposure, but over 100 fold higher in the accederaegime than allowed by the EFSA
restriction limit. This indicates that for this piaular material, when applied as a
solvent coating, lower quantities of filler migheé lecommended. Nevertheless, it is
clear that PLA is a hydrolysable and not waterstasit material which may not be the
polymer of choice for direct food contact packagimdgigh humidity applications.

3.6 Antimicrobial activity of the nanobiocomposites

Table 3 gathers the antimicrobial tests carriediout.5 and 0.75 g of the
nanobiocomposites. For the 1.5 g samples, all biposites exhibit a very strong
biocide capacity (99.99% CFU reduction) agaiSstimonella spp suggesting the
expected strong antimicrobial power of the biocosiigs. Lower sample quantities
were also tested, i.e. 0.75 g, and all the sanpi@ged again to show a strong biocide
performance, except the 1 wt.-% filled specimen,ictvhshowed bacteriostatic
performance. It is therefore interesting to obseahat after 24 hours of incubation,
which from observation of Figure 8 leads to a netedtable silver migration for 1 and
5 wt.-% filled samples, the samples still presentimicrobial properties strongly
suggesting that it is feasible to use silver as@ive biocide agent in food packaging
applications while complying with the existing lefgition.

Table 3. Antimicrobial activity of 0.75g and 1.5g 6bnanobiocomposites PLA+1 wt.-
% 101T1.51 samples againsbalmonella spp.

Salmonella spp.
Sample weight:| Sample weight:
15¢g 0.75g
Sample FinalCFU/ml FinalCFU/ml
Control 1.05E07 2.44E07
Unfilled PLA 1.72E07 4.64E07
PLA+1%101 T1.51 0 5.24E04
PLA+5%101 T1.51 0 Not evaluated
PLA+10%101 T1.51 0 Not evaluated

4. Conclusions

A complete evaluation of a novel food contact coyimg experimental silver-
based MMT grade, traded as Bactiblock®, was caroiedin PLA. The silver-based
clay showed a strong antimicrobial effectivenesairagy Gram-negativ&almonella
spp. with minimum inhibitory concentration and minimubactericide concentration
below 1mg 10mt. Nanobiocomposites with different filler loadingere obtained by
casting from chloroform solutions and despite thedyoptical properties exhibited by
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the films and the apparent dispersion of the aatimeoadditive, no clear intercalation
or exfoliation of the clay was achieved as suggedig WAXS. In any case, a
nanodispersion of the clay was still attained lacfionation and high dispersion of the
original tactoids across the PLA matrix as suggeste TEM. An improved barrier to
water was measured for the biocomposites, which @khibited strong antimicrobial
performance. Regarding silver migration to an slighcidic aqueous medium, it was
observed that after six days of contact, migratibsilver was accelerated suggesting
that plasticization and/or possible partial hydsidyof the PLA films took place. The
potential of this novel active nanoadditive for dfooontact applications is demonstrated
provided that dosage, matrix and foods are adelyustlected and screened to
ascertain compliancy with the stringent specificgmation restrictions for silver
migration defined by the EFSA.
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4. ANTIMICROBIAL BIOCOMPOSITES OF MELT-COMPOUNDED
POLYLACTIDE FILMS CONTAINING SILVER-BASED ENGINEERE D
CLAYS

Abstract

This paper reports on two polylactide (PLA) compesi obtained by melt
compounding containing two silver-based biocide tmanillonites. The active clays
are differentiated by the biocide agent oxidatitetes i.e. in one sample silver is in
ionic form and in the other as native nanoparticlesboth cases, composites with
enhanced thermal stability and good dispersion diattibution of the antimicrobial
compounds were obtained. The active engineerechocgys and the corresponding
biocomposites showed strong antimicrobial actiatyainstS. aureus The biocidal
effect was larger for the ionic silver sample, apexted. The results support these
composite material’s potential as antimicrobial iidds in PLA active packaging
applications obtained via melt compounding.

Keywords: Silver, polylactides, antimicrobials, composites.

Introduction

Consumers are becoming increasingly concerned abmutpotential toxicity of
microorganisms to which they are daily exposed. Tagprehensiveness to
contamination by consuming infected food goodgjuwring routine medical procedures
or surgery, or just by contact to exposed surfas®s accessories in public places is
increasing as food poisoning alerts and infectidigeases emerge. In addition to this,
and more specifically concerning food products, stoners demand minimally
processed and low additive food goods with higlsHrkke quality, while at the same
time modern distribution chains require extendeclfdife packaged products.
Antimicrobial agents which include organic acidsacteriocins, spice extracts,
chelating agents and metals, and others, have bestad in the last years for
developing biocide materials to respond to thegeests-’ Since ancient times silver
is well known for its antimicrobial effects, althgiuit was not until the end of the .9
century that the first scientific papers describithg medical uses of silver were
published. Among metallic ions like silver, coppeon and zinc, the silver ion has the
strongest antimicrobial activityThe bactericidal mechanism of silver is not yetlwe
understood but silver ions are thought to be idgorbed on the microbial cell surface
and then incorporated within them by active tramgpahich inhibits metabolic
enzymes and their functionCationic silver can also bind with the negativeharged
components in proteins and nucleic acid, therelgiog structural changes in bacterial
cell walls, membranes and nucleic acid that aféaility.> On the other hand, silver
nanoparticles (< 100 nm) exhibit similar effects bacteria as silver iors. The
antimicrobial activity of silver nanoparticles méwe related to several mechanisms
including, oxidative stress induction due to reaxtbxygen species generation (ROS)
which may cause the cell membrane structure detjomdand ion release from the
nanoparticle surfac®. It has been demonstrated that metallic silver redemse silver
ions in aqueous environments and inhibit microksiafivity® Silver's antimicrobial
activity is attributed to the silver cation AgSilver as a metal is inert and can be
oxidized to the metallic silver to the active spsciAg through a water-induced
oxidation proces:*® Hence silver-based antimicrobial polymers, i.avéhto release
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Ag"* ions to a pathogenic environment in order to Hectize!" **In addition to its
strong antimicrobial activity, silver is safe torhan beings at relatively high dosages
and relatively inert as native metal. The amodrgilver that can be safely consumed
by humans (i.e., the reference dose, RFD) isyn@/kg/day. Two liters of drinking
water/day would already provide around 200 mg bfesj and the metal is found in
variable quantities in other foods as well. Follogvingestion, silver is poorly absorbed
from the intestine. Studies in mice, rats, monkeys] dogs indicate that only 10
percent of the ingested dose is actually absoréed the absorption rate in man of 18
percent after a single administration. Regardlesshe administration route, silver
excretion from the body is mainly gastrointestiaald urinary. The metal half-life
varies with the administration route. Approximat2§ hours after oral administration,
up to 1.7 days after inhalatidh. The acute silver toxicity is dependent on its
bioavailability. It was found that marine living itlys (i.e. oysters, gastrops and
arthropods) can incorporate silver, but the quamtitwhich this occurs depends on the
biological availability of silver and age, sizexsgeneral health and metabolism of the
organism Also, water temperature, salinity, disedlwxygen, turbidity, and presence
of other compounds may influence bioaccumulatfon!” In general, silver
accumulation by terrestrial plants from soils isvJaeven if the soil is amended with
silver-containing sewage sludge or the plants apevig on tailings from silver mines,
where silver accumulates mainly in the root syst€mgiditionally, this antimicrobial
effect does not cause rejection by consumers, intipie. All of these features have
made silver one of the most studied and applieidnézrbbial agents in recent years.

Cationic and metallic silver are currently used agimicrobial agents in many
matrixes, by direct addition or well supported ighicles in order to produce active
materials in different areas, such as polymersh@sled and biopolymers), coatings and
paints, fabrics, paper and ceramics. Some silvetagoing fillers such as zirconium
phosphate, zeolites and bentonitic clays, have bsed in successful silver carriers for
preparing antimicrobial materials. The synthesid @mtercalation of metallic silver
nanoparticles in kaolinite and montmorillonite, ansilver modification of
montmorillonites, have facilitated studying both tadéc silver and ionic silver in
modified clays:®** Silver based engineered clays have the advantabaving been
designed to be incorporated in polymeric matrixé8The uniform silver distribution
across the matrixes, and thus, antimicrobial caypais achieved by dispersion and
distribution of the silver containing clay tactoittroughout the polymer matrix. In
addition to its activity against pathogenic micrgamisms, engineered clays show other
synergetic advantages regarding another commesygsééms based on silver, i.e. their
inherent ability to enhance polymer physical chemastics such as gas, water and
aroma barrier and mechanical properties, amongotté?>

Currently an important antimicrobial material usein the active packaging of foods,
where there is an increasing demand for environatignfriendly, low cost and oil
independent packaging materials. As it is well knpwil-based resins are being slowly
replaced by renewable bioplastics, facilitated bgtimuous oil price fluctuations due to
the various geopolitical factors of the producingumtries. Polylactides are an
important biodegradable polymers derived from reafde resources. It has relatively
low cost and interesting physical properties, whielm be tailored by adding fillers
such as nanoclays and oth#ts.
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A previous paper detailed the characterization padormance of PLA containing
silver based clays was designed to be disperssdhient cast biopolymers for coating
applications, not in thermally processed polymess packaging: # The use in
thermally processed materials yielded coloured amsites. The current paper deals
with the morphology; thermal properties and antiaal performance of both cationic
and metallic melt compoundable silver containingamoclays added to PLA. Melt
mixing is the most commonly used way to proceskagiog polymers and hence the
applied interest of this work. Thus, antimicrobRLA composites based on silver
containing clays are expected to meet the curreatls of the food packaging market
regarding product quality and safety extension wititentially lower environment
impact due to its renewable character.

Experimental
Materials
Nanobiomatters S.L. (Paterna, Spain) supplied thexperimental proprietary
antimicrobial silver-based organomodified layereiticate additives, trademarked
Bactiblock®.
Bactiblock® R1.51 is a cation exchanged ionic silweganomodified montmorillonite.
Bactiblock® T1.51 is an organomodified montmoriilen which contains silver
nanoparticles in the platelets. Both clays are mogwdified to help
dispersion/distribution into PLA. These additivee avhite powders with a 3 micron
D50 particle size. We will refer to them as R1.5 &1.51, respectively. They also
provided corresponding unmodified clay (natural tnoorillonite) for comparative
purposes. No additional information regarding tiditive components was supplied.
Tryptone soy broth (TSB), tryptone soy agar (TSAJ dMueller Hinton broth (MHB),
for antimicrobial analysis, were purchased from @ohaboratories (Madrid, Spain).
The TSB was said to contain in grams per literisfilted water at final pH equal to 7.3
+/- 0.2 at 25 °C:

» Pancreatic digest of casein: 17.0

» sodium chloride: 5.0

* papaic digest of soy bean: 3.0

» dipotassium phosphate: 2.5

* glucose monohydrate: 2.5

A semicrystalline polylactide, film extrusion gragdeoduced by NatureWork% (USA)
with D-isomer content ca. 2%, was used. The nuralberage molecular weight ¢\
was circa 130,000 g maland the weight-average molecular weight,({Mas circa
150,000 g mot.

Preparation of films

PLA composites with 2.5 weight percent filler camteas well as the blank without
filler, were prepared by internal melt mixing usimagBrabender PlastogrdptEC
(Duisburg, Germany). Before mixing, both PLA and tays were dried overnight in a
vacuum oven at 60 °C. Mixing conditions were 180 8C rpm for 3 min. Composite
films were prepared by compression moulding usinGaaver 4122 hydraulic press
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(Indiana, USA) at 180 °C and 4000 psi. Films wemergched, and film thickness was
about 100 microns.

Chemical analysis

Chemical analysis of unmodified montmorillonite ath@ corresponding silver based
grades were performed to determine silver contgntiding energy dispersive X-ray

fluorescence, using an EDXRF Bruker Tiger S8 (Brukspafiola, Madrid, Spain).

Pressed clay powder pellets were prepared usirig boid as a support. Each sample
was vacuum dried overnight at 105 °C, weighed togretwith the support and ground
in planetary mill (Retsch RS200, Haan, Germany)@® rpm for 20 s. Then the

specimens were pressed with 80 Ton pressure fer 20

Thermogravimetric analysis (TGA)

The PLA composite thermal stability was assessetjus TGA Q500 (TA Instruments
Spain, Barcelona, Spain) with analysis softwareveisal 2000 V4.4A. Composite
samples were analyzed from 30-600 °C, at a ral®SfC /min, under a nitrogen flow.

Morphology evaluation

The structure and dispersion of R1.51 and T1.51 ioldhe PLA matrix were evaluated
by wide angle X-ray scattering (WAXS) as well as Iansmission electron
microscopy (TEM). WAXS diffractograms were acquingging a Bruker Advance D8
diffractometer (Bruker Espafiola, Madrid, Spain)uipged with Cu K filament
(0.1546 nm, 45 KV, 45 mA), time step of 8s at ansitiag rate of 0.5 °/s. Transmission
electron micrographs (TEM) were made in a JEOLlQffnhsmission electron
microscope (Jeol Europe, Croissy-sur-Seifgnce) equipped with a digital Bioscan
image acquisition system on microtomed layers. ddeelerating voltage was 90 KV.

Antimicrobial tests

A pathogenic microorganisn$. aureus(CECT 86T, ATCC 12600) was used to
determine the antimicrobial activity of the silMesised clays. The strain was stored in
Tryptone Soy Broth (TSB) with 20% glycerol at -80 @ntil needed. For experimental
use, the stock cultures were maintained by regsldculture on agar Tryptone Soy
Agar (TSA) slants at 4 °C and transferred montAlyoopful of bacteria was removed
to 10 ml of TSB and incubated at 37 °C overnigh.O®ul aliquote from the overnight
culture was again transferred to TSB and growr7&tC3to the mid-exponential growth
phase. This culture served as the inoculum in tiszeptibility study, starting with
approximately 1DCFU mi* in the tests tubes. These CFU counts were actyiae
reproducibly obtained by inoculation of 0.1 ml d&ietculture having an absorbance
value of 0.2, as determined by optical density @ 6m by ultraviolet visible (UV)
spectroscopy.

To perform the antimicrobial tests of R1.51 and511.0.01 or 0.1 g of clay was added
to the 10 ml Mueller Hinton Broth (MHB). After 5 hos, the clay sample was
inoculated with 0.1 mL ofS. aureusculture. Control experiments without clay and
samples with unmodified clay were performed unterdame conditions. Control and
samples were incubated at 37°C for 24 hours. Afieds; 0.1 ml of each was sowed in
agar-triptone-soybean (TSA) plates and incubated?fbh at 37 °C. Finally, viable
cells were counted.
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Susceptibility tests of PLA and active compositesrav performed following the
standard JIS Z 2801 (ISO 22196). The tested migausm wasS. aureus(CECT
86T, ATCC 12600). Each piece 5x5 tmas inoculated with circa 1 x 1€FU and
incubated at 37 °C, 100%RH, for 24 hours. Viabléscwere determined by the agar
plate count method. Four specimens of each sangie t@sted.

The antimicrobial activity value of the samplestédsby the Standard JIS Z 2801 was
determined through the following equation:

R= log (B/C) 1)

Where B = average of the number of viable cellbaafteria on the untreated test piece
after 24 h; C= average of the number of viablesceflbacteria on the antimicrobial test
piece after 24 h. If R 2.0, it is considered that the sample presentsdggroperties.

Results and discussion

Characterization of the silver-based engineereg<la

Semi-quantitative chemical analysis of the silMays showed silver contents of 2.8 to
3.1% in the composition, with highest level of silin the grade T1.51. According to
the results in Table 1, no silver is present agetqd in the unmodified clay.

Table 1. Semi-quantitative silver content of clays

Sample % Ag
Unmodified clay Not detected
R1.51 2.8+0.3
T1.51 3.1+0.3

Figure 2 shows typical TEM images for the silveséd clays and the comparative
unmodified clay. The unmodified clay (Figure lapd®l.51 (Figure 1b) do not differ
significantly, they show the same appearance otilaegmineral sheets. However,
micrograph of T1.51 (Figure 1c), which contains afle silver, shows silver
nanoparticles as spherical dark nanodots up ton2@iameter. It can be inferred that
the largest metallic silver nanodots are locatedhensurfaces and edges of the clay
mineral sheets, because particles may have leswtiions for grow?’ In addition,
nanoparticles could have a preference to link tnesepecific sites of the clay sheets as
evidenced by the uneven distribution across thg jplatelets. This observation agrees
with those previously reported for silver based taillonite and kaolinité: *
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(@) (b)

Figure 1. Typical TEM image of the (a) unmodified tay; (b) R1.51 and; (c) T1.51.

Figure 1 shows the XRD patterns for R1.51, T1.5d e unmodified clay. The basal
reflection of unmodified clay (montmorillonite) iscated at 5.7° @, and cristobalite
as an impurity is evidenced by the reflection aB2dnd 36.0° (@). The intercalation of
organomodifier and silver (cation or metallic naadjtles as well) increased the
intensity of the (0 0 1) reflection, and greatlyhanced the structural organization of
the clay; the basal peak shifted to 2.38)(2vhich corresponds to the opening in the
basal distance from 15.4 to 38.5 A. Based on tH#&adtograms one could not
distinguish the changes produced by organomodificgtom those occurred by silver
modification. Typically, the surface modificatiori cays increases the basal spacing
according to the chain length of the organomodffieOn the other hand,
montmorillonites modified with silver have been ogjed to maintain the distinctive
diffraction peak of the unmodified clay, but shage intensity is markedly different
by the structural changes occurred during the oitioeplacemerf Thus from the
above, it can be deducted that the pealBat23° corresponds to the organomodified
clay characteristic diffraction peak.

Considering that the structural changes in orgarified montmorillonite take place
during the modification with Ag ions, it is posslio estimate the location of the silver
in the galleries or on the surface of the platelassalready observéd However, as
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seen in the TEM micrographs (Figure 1), silver mmarticles can grow without limits
up to 20 nm (200 A) on the surface and edges of pila¢elets, so given the
abovementioned space between adjacent layers mdkéied clay, the larger particles
are clearly not confined between the galleries. Jiher based clays R1.51 and T1.51
have distinctive multiple diffraction peaks at heglangles, which are likely ascribed to
the second and third order features of the basalf, muggesting high regular platelet
stacking in the modified clay. The reflections otailic silver particles in T1.51 could
not be detected between 38-428)(2
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Figure 2. XRD patterns of silver based clays and caparison with corresponding
unmodified clay

Antimicrobial tests of silver clay$he Gram-positivés. aureusvas selected for testing
antibacterial activity of the silver based claysdugse it is a common pathogen in food.
S. aureuscauses foodborne illness by growing in temperawibesed food and
producing a heat stable toxin. Consumption of titmsén (not the bacteria) can cause the
food intoxicatior?® Unlimited bacterial growth as control was evaluatedhutrient
broth without clay. As seen in Table 2, the baategrowth was not inhibited by the
unmodified clay. The silver based clays, R1.51 arid51 exhibited a different
antibacterial performance. While silver's antibaiete mechanism is still not well
understood, it is believed to be different for siions than for silver nanoparticles.
Silver ions can react with cell proteins as welpasetrate inside the bacterial cell and
the DNA molecule loses its replication ability léagl to cell deatH® # Silver
nanoparticles are expected to be more efficienttduteir larger surface area which
provides better contact with the microorganismsiaparticles get attached to the cell
membrane and penetrate inside the bacteria, attagkieferably the respiratory chain,
but silver ion release from nanoparticles enhattoesntibacterial activity? 2°

The results in Table 2 indicate that the clay wsilver nanoparticles, T1.51, has a
bacteriostatic effect when 0.1g of clay was usdtgn@as no effect was observed at the
lowest sample weight (0.01g). This can be explaibgdnsufficient incubation time
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(24 h) to allow sufficient A§ion release from silver nanoparticles. On the otiznd,
silver cations in R1.51 are able to inhibit comelgtthe bacterial growth. The
antibacterial activity of R1.51 can be explainedtiiy Ag ions released from the clay,
as already reported.

In the case of the clay R1.51, silver is complethailable in its biologically active
ionic form. Thus, although this clay is more effeetand it can be suitable for potential
applications where high Agconcentrations are required immediately, it isoals
expected to undergo slow migration over tithélthough T1.51 has low bactericidal
effect after 24 hours, its increased activity aiger exposures should not be discarded,
because it is fully documented that the controlieléase of active Agcations from

silver nanoparticles occurs in the medium to leergtunder humid conditiorts* *°

Table 2. Growth of S. aureusin the presence of unmodified clay
and silver based clays

Sample weight: 0.1 g Sample weight: 0.01g
Sample CFU/ml CFU/ml
Control* 1.88E+08 1.40E+08
Unmodified clay 3.00E+08 1.14E+08
R1.51 0.00E+00 0.00E+00
T1.51 3.80E+05 3.00E+08

* Without clay

Characterization of the PLA nanobiocomposite films

Morphology evaluation.Silver based clay intercalation into the PLA matmas
assessed using both XRD and TEM. Depending oretfexéd silicate sheet exfoliation
the nanocomposite’s structure can be classifiem different categories. In a polymer /
clay blend or microcomposite the polymer chains warable to penetrate the layered
silicate structure. In intercalated nanocomposttes layered silicates form stacks
(tactoids) and the polymer chains can penetratéullx exfoliated nanocomposite is
produced when mineral clay layers are found aslesisigeets throughout the material
and the basal plane peak is no longer observed AYS\*

Figure 3 shows the TEM images of composites sampkede from R1.51 and T1.51.
In all cases, tactoids with different sizes randoutiktributed in the PLA matrix are
observed. Exfoliation of the clay layers has, tfames not occurred and the structure
can be best described as a reduced tactoid sizé&ummixintercalation and some
exfoliation morphologies. Complete exfoliation &ely achieved during melt blending
even when an appropriate surface modification agt bhear forces combine during
twin screw extrusiof However, in the systems studied here, it can lid et a
reasonable clay dispersion and distribution in® FLA matrix was achieved. Figure
3b shows the spherical dark particles corresponttingetallic silver on the platelets
for the T1.51 clay composite.

Figure 4 illustrates the differences between né#t &8d the two different composites
prepared from the R1.51 and T1.51 clays. The neatghows the typical amorphous
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halo with a reflection at 29.5°. On the other hathé, composites exhibit in addition
the same amorphous halo, and the basal peaks yf, ddat they were not shifte
Particularly relevant is ther$t order of the basal peak at low angles sugggstiat the
clays retained the tactolike structure once incorporated into the polymerhese
results suggest that the morphology obtained cporeds to a microcomposite. For 1
T1.51 clay compositehe 2.3° peak corresponds to a 38.'d-spacing. For the R1.51
clay composite the 2.2° peak corresponds to a &¢d-spacing. These spacing values
are similar to those reported for organo-PLA composites, between 31.5-35°A3

(a) (b)

Figure 3. TEM images of PLA composites with 2.5 wght percent filler content:
(@) R1.51; (b) T1.5
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Figure 4. XRD patterns of neat PLA and PLA composits with 2.5 weight percent
R1.51 and T1.51

Thermogravimetric analysisSilver based composite thermal stability was comgar
with neat PLA by thermogravimetric analysis (Figuse Table 3). The composites
demonstrated enhanced thermal properties overure gplymer. As seen in Table 3,
the composite’s degradation onset shifted to higbemperatures, specifically 17.9 °C
and 16.5 °C for composites made from R1.51 and I XéspectivelyThus, it has been
theorized that thermal stabilization in these dggtems is from the increased diffusion
pathway of combustion products caused by the cagrk™ In this case, the silver
oxidation state does not affect the polymer degdradabehavior, as both systems
exhibited similar thermal behavior.

Table 3. DTG data of PLA-silver based clays compdsis

Sample Onset (C) Peak CC) % Weight change
Neat PLA 329.4 367.9 99.4
PLA + 2.5 wt.-% R1.51 347.3 375.1 98.1
PLA +2.5wt.-% T1.51 345.9 368.9 97.3
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Figure 5. DTGA of neat PLA and PLA composites witi2.5 weight percent R1.51
and T1.51

Antimicrobial activity of the nanobiocompositdable 4 shows that PLA composites
containing R1.51 and T1.51 exhibited a R value >»wBich means that the biocidal
properties previously demonstrated by both redw®dl non reduced silver clays are
retained in the PLA matrix. The antimicrobial perfance of silver-based
antimicrobial technologies is governed by silvem i@lease from the matrix, which at
the same time depends on the water diffusion throtng polymer matrix, as was
already observed in polypropylene-silver compositasd in PLA-silver based
composites prepared by solvent casfing®* For metallic silver contained in T1.51,
albeit some of the original silver in the clay abide already in its ionic form, water
sorption is needed to produce additional activeesilcations by oxidation of the
nanoparticles surface. Hence, the best resultseishort-term antimicrobial activity are
expected for the samples in which silver is iriatsic form as observed in Table 4.

It was already demonstrated that antimicrobial paly materials based on silver
nanoparticles exhibit long-term performance (i.evesal weeks) because of the
controlled Ag release mechanism, which is activated under hwuittitions, thus
cation exchange from the environment with silvemirthe insoluble inorganic carrier
located at the surface of polymer matrix occurs, dratterial concentration on silver-
containing surface decreases® The controlled release of Agcan be a clear
advantage in any long-term antimicrobial applicasidi.e. contact surfaces, medical
devices, and food-manufacturing equipméht).
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Table 4 . Comparative antimicrobial activity agairst S. aureusof
PLA-silver based composites and neat PLA

Sample R
Neat PLA 0.00 + 0.25
PLA + 2.5 wt.-% R1.51 5.10 £ 0.00
PLA + 2.5 wt.-% T1.51 2.90 £ 0.25

Conclusions

Two experimental organomodified silver containingnmorillonites in which the
silver is different —ionic vs. nanoparticles- werealuated in melt compounded PLA
film composites. Antimicrobial tests in the claywowed strong biocidal effect against
the growth ofS. aureusThe resulting composites containing 2.5 weightemet filler
exhibited good optical properties, filler dispergistribution and excellent
antimicrobial performance. Differences between cosites containing metallic or
cationic silver were observed in the antimicrobiests, suggesting that the clay
containing nanoparticles has less active ionic isgeavailable immediately after
compounding, as expected.
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5. OXYGEN SCAVENGING POLYOLEFIN NANOCOMPOSITES
CONTAINING AN IRON-BASED KAOLINITE OF INTEREST IN A CTIVE
FOOD PACKAGING APPLICATIONS

Abstract

A synthetic iron containing kaolinite was evaluassdan oxygen scavenger additive for
food packaging plastics having an active performaat ca. 43 ml of oxygen/g of
additive. The corresponding active composites wel#ained by double-screw
extrusion of HDPE and LLDPE resins and 10 wt.-%h&f iron-based kaolinite. The
resulting composites exhibited significant oxygeawenger activity (up to 4.3 ml of
oxygen/g composite), being the kinetics of absorptnore pronounced in the case of
the LLDPE composites due to its higher water angger permeability compared to
HDPE. Oxygen permeability tests carried out aftemsumption of the active role of
the additive suggest that the iron containing g@#ays in fact a dual oxygen fighting
role, i.e. active performance (trapping and reactiith molecular oxygen) as well as a
passive barrier performance (allegedly imposingaaentortuous path to the diffusion
of the spoiling gas). Migration tests into two fosinulants were finally carried out
which indicated that iron (accounting for the aetiingredient) and aluminum
(accounting for the clay migration) are hardly dtdble in the migration media. This
study suggests that there is significant poterfoal the use of this novel oxygen
scavenger additive to constitute active packagingatue in the shelf-life extension of
oxygen sensitive food products.

Keywords: Oxygen scavengers, nanoclays, polyolefins, adtivd packaging

1. Introduction

Oxygen is one of the major factors in food spoilagenong the many adverse
effects provoked by oxygen penetration on food bederages are oxidative rancidity
of unsaturated fats, loss of vitamin C, browningfreEh meat, oxidation of aromatic
flavor oils and pigments and fostering the growttaerobic spoilage microorganisms.
These undesirable effects on the product qualilicate that the elimination or
exclusion of oxygen is one of the main targetspi@serving foods and beverages. Up
until now, antioxidants, absorbers, interceptorsl @cavengers have been used to
remove oxygen or to prevent this from entering itih@ packaging environment.
Specifically, oxygen scavengers are materials whighce incorporated into the
packaging structure, bind chemically to this and aapable of eliminating large
volumes of oxygen that either permeate throughptiekaging or from the head space
(1-3). Oxygen scavenging commercial technologies based on enzymatic and
chemical systems. The latter ones are, for exanig@eed on catechol, ferrous salts,
active zero-valent iron, ascorbic acid and titani@ong others (2- 4).

Many of the commercially available oxygen scavemgeontain iron and are
marketed in a sachet format (5), to prevent impgrttolor, odor and taste to the
product. Considering that the use of sachets Hav@adtential risk of being misused by
the consumer or being ingested, as well as to ountde the product by leakage from
the sachet, the use of packaging materials thataoincorporated the active agent
within the packaging monolayer or multilayer sturetseems more suitable, acceptable
by the consumer and safer. The incorporation o¥esoging agents into packaging
materials such as polymers present some advantagds as the potential use in
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retortable packaging, elimination of food produditartion that may occur when a
sachet contacts the food, and potential cost savihge to increased production
efficiency and convenience. In this sense, thevagpiackaging research is currently
focused in the incorporation of oxygen scavengenmuunds into packaging materials.

The iron-zero valent nanoparticles have not onlyndpeconsidered as oxygen
scavenging agents, but they have also been apfaretemediation and removal of
toxic metals and organic contaminants of waste mwat@-13) or for inactivation of
bacteria and fungus (14). However, the incorpomatif iron-based proprietary
montmorillonite in polymeric matrixes has not beeported until recently, when
polymers and especially biopolyester-based nanoositgs were described as an
efficient biodegradable oxygen scavenger matedabbtential use in food packaging
(15). The use of active nanoclays to produce actiegerials has advantages such as
raw material availability and low cost, and relatisimple processability and
dispersion. Also, the incorporation of active ndags into polymers could additionally
improve the passive barrier due to the alteratibthe diffusion path imposed by the
clay platelets in the polymer matrix (16-17).

The use of polyolefins for containers and bottl@sthe food packaging market has
increased significantly in recent decades duedo tbw cost, chemical inertness, good
mechanical properties and light weight. Howeveis timcrease in usage has also
created many challenges associated with waste raar&g and the corresponding
environmental impact. Even though polyolefins ao¢ Ibiodegradable, increasing the
shelf-life of products packed in polyolefins couldsult in both reductions in the
consumption of oil-based resources (reduction lkbased polymer consumption) and
also in the polymer mass per packaged used, ieesdhcalled downgauging. In this
context, this work presents the development of hoeenposites containing an iron-
based kaolinite incorporated into polyolefins to oguwce oxygen fighting
nanocomposites to increase the shelf-life of oxygensitive products. Besides the
scavenging activity, other properties of the résglhanocomposites were determined,
such as barrier properties and migration of thévacagent into food simulants, to
evaluate their potential in polyolefin based acfoed packaging applications.

2. Materials and methods

A proprietary natural kaolinite and its correspargdiexperimental iron containing
homonymous grade were kindly supplied in powdemfdsy Nanobiomatters S.L.
(Valencia, Spain). The black colored iron-basedikée exhibited a particle size of 27
microns in the so-called d90. No further detail®wbthe additive composition or
modification process were disclosed by the manufact

High density polyethylene, HDPE Rigidex® HD5226EAngos Polyolefins,
Hampshire, UK), and linear low density polyethyleh&DPE, Dowlex™ NG5056G
(Dow, USA) were used as polymeric matrixes for prém the nanocomposites.

2.1 Active nanocomposites preparation
The active polyolefin composites were preparedxtsusion. Since the presence
of potential moisture can result in porosity in f®cessed material, this has to be
removed by pre-drying the additive before processib8). Before the extrusion
process, the iron kaolinite was dried at 60°C undduced pressure during 4 hours.
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Polymer pellets were melt-blended with the irondmhskaolinite (10 wt.-% filler
content) in a ZE25X42DUTX co-rotating twin-screwtmeder (Berstorff, Hannover,
Germany). Composite strands were chopped into sgrathules using a pelletizer.
Finally, the pellets were stored in high barrieagic film bags (PET/aluminum
foil/LDPE) under vacuum prior to their use.

2.2 Optical microscopy
Films of 1cni samples were observed in a digital microscopyesystNikon
Eclipse 90i) fitted with a 12 V, 100 W halogen larapd equipped with a digital
camera (Nikon DS-5Mc) attached to the microscopgges processing and analysis
were performed using the Nis Elements BR 2.30 swofw(Nikon Instruments Inc.,
New York, USA).

2.3 XRD patterns
The dispersion of the iron-based kaolinite in thelymeric matrixes
(intercalation) was evaluated by wide angle X-regttering scans. The diffractograms
were acquired using a Bruker Advance D8 diffractnéWisconsin, USA), with Cu
Ka filament (0.1546 nm, operating at 45 KV and 45 mtihe step of 8s at scanning
rate of 0.5 °/s. The basal spacing d was calcukgetlying the Bragg's law (eq. 1):

A =2d sinB (eq. 1)

whereA is the wavelength of the radiation ahés the measured diffraction angle.

2.4 Thermogravimetric analysis (TGA)
Thermal stability of HDPE and LDPE nanocompositeserassessed using a
TGA Q500 equipment (TA Instruments, USA) with arsgdysoftware Universal 2000
V4.4A. Samples were analyzed from 30 to 600°C unisvgen flow.

2.5 Oxygen scavenging capacity
Oxygen scavenging capacity of iron kaolinite ansl ftanocomposites was

determined by measuring the oxygen content in #edé&pace as a function of time.
The clay (0.05g) and film pieces of the compos(fieS g) were placed inside gas-tight
septum-equipped vials of 40 ml capacity. Each &lab contained another one full of
water to achieve 100% RH. Blank vials with unmaetifikaolinite and with pieces of
film of the neat polymer matrixes were also prefdass controls. The vials were
subsequently closed and placed in a room at 2480mbidified atmosphere was used
for this test, just atmospheric air. The headspaeeentage of oxygen (%Owas
determined using a PBI Dansensor CheckPoint (PBhsBrasor AS., Ringsted,
Denmark) at different time intervals.
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2.6 Oxygen transmission rate (OTR)

The oxygen transmission rate (OTR) was measuredguan Oxtran 100
equipment (Mocon, MN, USA) at 24°C and 80% relatinidity. The samples were
previously purged with nitrogen before being expotethe oxygen flow. The oxygen
permeability was calculated from the oxygen tramssion rate at equilibrium
conditions by eq. 2:

PO, = (OTR * L) /Ap (eq. 2)

whereOTR is the oxygen transmission rate,s the sample thickness, adg is the
partial pressure gradient across the sample.

2.7 Migration tests

Migration tests from neat processed HDPE and HDBR-ased kaolinite films
were performed following the European Standard UBNE43130-1 19) in a certified
laboratory (Red Control S.L., Valencia, Spain). Haenples (film pieces of 6 dnof
area and 200 microns thick) were immersed in watel isooctane as food simulants
for aqueous and fatty foods, respectively, at fhecic conditions established by the
standard (see Table 1). Each sample was evalugtétplicate. After completing the
exposure time, film samples were removed from thgeids, and the simulants were
stored for further determination of iron and aluarmby inductively coupled plasma
mass spectroscopy (ICP-MS Agilent 7500CX).

Table 1. Applied simulants and conditions in the ngration tests

Simulant Simulant volume | Temperature Time
(ml) (°C) (days)

Water 100 40 10
Isooctane 100 20 2

3. Results and discussion
3.1 Characterization of the active kaolinite

A typical TEM micrograph (see Figure 1) of the kaité additive in which
rounded morphologies of iron have been attainestén in Figure 1. From this figure,
kaolinite platelets can be easily discerned in Whifon metallic particles are located
inside the material and also on the edges. An geeiran particle diameter of ca. 115
nm is observed with particle diameters varying frédnto 220 nm. These observations
agree with results reported earlier for the foromtof iron nanoparticles (14, 20) as
well as for the generation of kaolinite-supportedozvalent iron nanoparticle$,(0.
As a result, the iron particles present within they are in average at the verge of the
definition of a nanomaterial, which upper limit isize is typically set at 100
nanometers. This is the reason why the terminologgyoadditive or nanocomposite,
the latter a nanoadditive inserted in the plastatrix, is used throughout the paper.
Additionally, the iron particles are used to modife clay. Modified clays also-called
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nanoclays are known to undergo delamination in® rfanoscale during process
with plastics.

Figure 2 shows the changes in the biplane of kaolinite after modification
with iron as determined by WAXS. The unmodified kaite diffractogram shows th
basal peak relection at 12.4%)2and the reflection of residual illite at 8.99). After
modification with iron, the reflections kaolinite and illite disappeared most likely as
a consequence of the structural disorder produgeth® intercalation of the actiy
metallic compound in accordance with previous war®).

Figure 1. TEM image of iron kaolinite

The data referringo the oxygen depletion generated by the iron d¢oimg
kaolinite at 100%RH is presented in Figure 3. Tiagural kaolinite did not exhib
scavenging activity (results not shown), which @ong$ that the structural iron (0.72
in the nanoclay as inditad by the manufacturer), in the form of iron comnpds
within the clay, is not active, as expected, foygen scavenging purposes. 1
absorption of the active kaolinite was tested &24BH
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Intensity (a.u.)

Unmodified kaolinite

Iron kaolinite

Scattering angle,@

Figure 2. Comparative zoom in the basal plane regioof diffractograms
of iron kaolinite and unmodified one

The reason for testing at high humidity is thatl@ver moisture levels, the
activity of iron is known to reduce its kinetics absorption, since iron needs moisture
to scavenge oxygen according to eq. 3. The actediriite showed strong efficiency at
short times, i.e. the first day of exposure thévadkaolinite was able to uptake 30 ml
of oxygen per gram of additive and up to 43 mirad@ days. The mechanism of action
for iron is well-known (5) and is extremely effigiesince it is expected that 1 g of iron
should inactivate 300 ml of oxygen in the presesfamoisture.

4 Fe + 3Q + 6H,0 2> 4 Fe(OH) = 2Fe05-3H,0 (eq. 3)

The lower efficiency of the additive compared torgoiron is related to the
relatively low targeted loading of ion (cited buitrdisclosed by the manufacturer) into
the clay formulation. The low iron loading was @etthe formulation in order to
achieve better dispersion, passive barrier and goeli flowability and strength to
make thin films, but the manufacturer claims thelite can be tailor made to aim
specific oxygen scavenging requirements. Additiypalow efficiency regarding
theoretical absorption values are also ascribethéoformation of iron oxide as a
coating on iron particles. Thus, it has been fothmt iron oxide shells can have an
almost invariable thickness independent of theigarsize 20). Therefore, the mass
contained inside the larger particles can be irggible once the shell is oxidized.
However feasible the latter argument might bes ialso known from basic corrosion
theory that iron oxide does not adhere well touthderneath iron material, i.e. it does
not undergo self-passivation, and hence oxidatiay m principle continue below the
shell. However, this process may be prevented byfdlt that the iron particles are
confined inside a plastic matrix, which could impeaide shell delamination. As a
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result, having iron particles in the nanorangeplaserved for this additive, is thought to
be beneficial to enhance efficiency due to enhansedace to volume ratios,
particularly in composites where iron particles eoafined.

Milz and Perry §) studied some commercial iron-based oxygen scarsng
in the form of sachets, and they concluded thafaict the limiting factor in the
scavenging process is the rate of oxygen diffusiothe surface of the scavenger. In
this process, oxygen molecules may diffuse thrathghmembrane and, then, through
the solid material and the scavenging reactionstgface when oxygen meets metallic
iron centers. This process is expected to be nificéedt as iron particle sizes become
smaller as mentioned above, but also at highetiveldumidity conditions, because
the presence of moisture is an important goverkingtic factor in the process. As a
result, it is expected that smaller particles anadv@anoparticles uniformly distributed
along the surfaces and edges of the nanoclay dispesurfaces must show high
efficiency. A comparative on this will be shownfimther studies.
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Figure 3. Oxygen scavenging behavior of iron containg kaolinite at 100 %RH
(conditions: 0.05 g of clay; 24°C, in air)

3.2 Morphology and thermal properties of the actimanocomposites

Optical microscopy images of the active polyoledfimmposites (Figure 4)
showed a good distribution of the additive in thatmx but not a good dispersion
(exfoliation) of the nanoclay. The nanoclay wasnsee exhibit a heterogeneous size
distribution most likely due to some agglomeratiback of nanoclay dispersion may
be related to insufficient sheer during processimgl/or affinity with the matrix.
Insufficient sheer forces can be due to ineffectilmible-screw extrusion choice of
processing parameters and/or due to insufficieay dwelling after modification.
Agglomeration can also occur when a relatively Hagding of the nanoclay is added
to the matrix, as it is the case here. Figure 4sesponds to the HDPE-iron kaolinite
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nanocomposite, wine due to the high filler content, aggregates areéd after me-
mixing, which can achieve up to an average of 4@roms in diameter. The irc
kaolinite is black colored, which together with @ignificant load used causes the d
color of the matrix The situation is similar in the LLDI-iron kaolinite composite
(Figure 4b), where some of the clay agglomeratethénmatrix to an average size
about 44 microns. Of course smaller size clay glagi and some exfoliation a
intercalation of the natlay should have also been achieved from pre\
observations on how nanoclays perform during dc-screw extrusion processes (21-
24). It should also be borne in mind that opticatroscopy observations from a -
view are prone to reveal the non-naie of the platelets, i.e. length and width, iis
technology due to the parallel laying of the pletel in the flow directior
Unfortunately, in this case transmission electrdorascopy (TEM), which is usuall
used to study the morphology of cleontaining nhanocomposites, was not of value due
to the high clay loading and high metal contentjcivhmade difficult the electror
beam transmission through the specimens and prbwigmningless observatio

(a) (b)

Figure 4. Optical microscopy images of HDPI-iron kaolinite composite (a);
LLDPE- iron kaolinite composite (b’

Figures 5 and 6 show the WAXS diffractograms of élitive HDPE an
LLDPE composites, respectively. As the iron coritagnkaolinite basal peak was r
observed in the diffractogram of the active additfsee Figure 2), there are no patte
related to @y in the diffractograms of the composites eitfdre absence of kaolini
reflections in the composite diffractograms does ttwerefore, imply exfoliation int
the polymeric matrix. Optical microscopy imagesg(ie 4) showed that iron kaolini
does ggregate or remained aggregated to some extewleitise polyolefin matrixe:
Thus, complete exfoliation by miscibility of theoir containing clay in the polymer
matrixes is not expected. As mentioned above, efoh cannot occurs unless there
agood thermodynamic affinity between the nanoclay e matrix and/or the stress
imposed during meltrixing are intense enough to break up the aggregatd shee
the stack of platelets into individual ones. Adutilly, a high filler loading necesy
here to increase the active performance, may exiteedolubility limit of the additive
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in the matrix, resulting in agglomerates. If tad®ior agglomerates are internally
disordered or not well aligned to one another,gbak intensity will still be low and
may not appear to be completely absetf) (in the diffractogram as may be the
situation here.

Intensity (a.u.)
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HDPE-iron kaolinite composite
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Figure 5. Diffractograms of the HDPE-iron kaolinite composite and of the neat

HDPE resin
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Figure 6. Diffractogram of the LLDPE-iron kaolinite composite and
of the neat LLDPE resin
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The thermal stability of the composites was assebyeTGA. The TGA runs
were done in duplicate to study whether the presefiche iron additive can affect the
thermal stability of the polyolefin matrix (see Bigs 7 and 8). In all cases, the thermal
stability was characterized by the peak onset amfpont, so-called s of the
degradation process (see Table 2). The total waigAhge in the specimens and the
mentioned temperatures are also gathered in TalffeoPn this Table, it can be seen
that similar mass drops occurred above 450°C ftlr bomposites, suggesting that the
inorganic content is higher than 9% in the additiveom the results, the high filler
content used (almost 10 wt.-%) in the polyolefinmpmsites did not provoke or
accelerate degradation of the matrixes; in factttieemal stability seemed to increase
few degrees in the onset temperature as well aheindegradation midpoint. Some
authors 24-295 have claimed that structural iron in montmoriltenresulted in
increased thermal stability due to the iron capadittrap free radicals.
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Figure 8. DTG curves of LLDPE-iron kaolinite compasite and neat LLDPE

Table 2. TGA data for the neat polymers and theiiron containing kaolinite

nanocomposites
Sample Total weight Onset Tos
change (%) | temperature (°C) (°C)
HDPE 100 458.2 479.4
0,
HDPE+10 wt. % 90.5 462.9 480.9
iron kaolinite
LLDPE 100 448.7 469.2
0,
LLDPE +10 wt.% 90.6 452.1 475.6
iron kaolinite

3.3 Passive barrier and active properties of thelyotefin composites against
oxygen

The barrier properties of polymers can be signifigaaltered by inclusion
of inorganic platelets of sufficient aspect ratioditer the diffusion path of permeant
molecules, their solubility and other structuralrgraeters 16-17). In the case of
polyolefins containing active iron kaolinite, oneush assume that two effects take
place simultaneously. The first one correspondshi generally assumed, more

tortuous gas permeation path that the kaolinitéefdts imposed onto the polymeric
matrix. This is the so-called “passive barrier’eett

The second one corresponds, of course, to the sdisduiron metallic
centers contained on the surface and edges ofatblenke platelets, trapping molecular

117



5. Oxygen scavenging polyolefin nanocompositesainimg an iron-based kaolinite of interest
in active food packaging applications

oxygen and hence causing the reduction of gas ymessermeating through the
composite. In order to evaluate the passive effacbxygen, the oxygen transmission
rate through inactive HDPE+10% wt.-% iron kaolinfilens, as well as through neat
HDPE films were assessed. Inactivation of the-lvared composite was achieved by
continuous exposure to room ambient conditionsl untti further oxygen scavenging
activity was detected.

The oxygen transmission rate through inactive filwes measured at high
relative humidity conditions in order to determife passive barrier effect of the iron
kaolinite. Table 3 shows that the barrier effecdt jby incorporation of the nanoclay
can reduce the oxygen permeability by 28 %.

Table 3. Oxygen permeability of iron-based HDPE coposites (24°C, 80% RH)

Film sample P(m'm/m?sPa) | Improvement (%)
HDPE 6.46 x E® -
o —
HDPE+10 wt. _/o iron kaolinite 465 x E® 28.0
(active)
o —
HDPE+10 .vvt. /o iron kaolinite 532 x E8 17.7
(inactive)

Regarding the active role, the comparative oxygeavenging activity of
LLDPE and HDPE - iron containing kaolinite compesi{for the same filler content at
100% RH) during 60 days is presented in Figure Be TLDPE-iron kaolinite
composite is up to twice more active that its ceypart based on HDPE at the same
conditions. After 60 days at 100% RH, the LLDPE posite absorbed ca. 4.3 ml of
oxygen/g composite while the HDPE composite absbdze 2.4 ml/g composite. The
ability of oxygen molecules to encounter iron matenters and moisture inside the
composite will determine the final absorption cletedstics of the composites. Thus,
the differences in absorption kinetics are mairdgréned to the different inherent water
and oxygen permeability properties of the two typkeresins (see Table 4). Since water
is needed to trigger the oxygen absorption reactlmmore permeable LLDPE clearly
exhibits the faster activity after 60 days of exjres

Table 4. Comparative reported barrier properties fa an LLDPE and a HDPE (26)

Water vapor transmission rate | Oxygen permeability
Polymer [gmm?sY [m®m m?s!Pal
LLDPE 2.3-4.6x10 8.9-17.9x10°
HDPE 1.5-2.2x18 4.5-9.0x10°
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Figure 9. Oxygen scavenging behavior of polyolefir+ 10 wt.-% iron containing
kaolinite, at 100% RH, 24 °C.

These results confirm that the active iron contajnkaolinite does have a
dual effect in oxygen inactivation from within tlk®mposites, that is, it promotes a
simultaneous passive and active barrier and ir@dbn mechanisms against the
deleterious oxygen permeant.

3.4 Migration data from the active HDPE composite

One of the main issues concerning the food safepackaging materials is
the non-intended migration of packaging constitsein active oxygen scavengers,
migration is not required to exert the active rael therefore should be avoided.

The typical valid route to assess this mass tramgpocess is to evaluate
the specific and global migration of the substanotsfood simulants to avoid dealing
with the complexity of analysis in real foods. larBpe the “Commission Regulation
(EU) N° 10/2011" 27) for food contact materials has approved the disg®th iron and
clays as substances allowed to be in direct comtaitfood, with a specific migration
limit of 48 mg/kg of packaged food for iron and lwiho specific migration limit for
some layered clays. In any case, the global mmguatif permitted substances from
plastics to be into contact with foodstuffs shobkl less than 60 mg/kg of packaged
food (28). Nonetheless, this legislation has recently beimgnded and now deals with
the specific case of listed substances that haga begineered as nanomaterials. Thus,
in the case of the so-called nanomaterials interideébod contact, whether listed or
not listed, the amendment states that they habe tie-assessed by the EU authorities
regarding its potential toxicity, and hence no #jeor global migration limits are
defined at the moment.

With this framework in mind as an example oraaseference for migration, the
release to water and isooctane of iron and alumjragirepresentatives of active iron
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and nanoclay, respectively, from the active HDPEpgosites was investigated. The
obtained migration data is gathered in Table 5.

Table 5. Characteristics of iron-based composite s@les and migration data from
water and isooctane as food stimulants as determiddoy ICP-MS

Average migration

Food . .
Sample Simulant (mg/kg simulant)
Fe Al
HDPE-Blank Water <(1.10+0.00)xT0| <(3.62+0.00) x18

HDPE+10 wt.% iron

kaolinite Water (1.58+0.02) x1® | (33.1+21.8) x18

HDPE-Blank Isooctane  <(1.10+0.00) x40 <(3.62+0.00) x18

HDPE+10 wt.% iron
kaolinite

*The symbol < means that the obtained data is b#h@walue the testing laboratory is
certified for.

Isooctane| <(1.10+0.00) xF0| <(3.62+0.00) x18

From this, very small/negligible migration valua® dound for both constituents,
which for the case of isooctane are similar to ¢hosasured in the blank polymer,
suggesting that migration is hardly detectabletf@se components. In any case, the
migration of the additive components is much lésstthat currently permitted by the
EU legislation for the no-nanoform. Migration wasripaps more detectable in water
than in isooctane, since water is a more likelyweol for both substances. On the
overall, migration of the nanoadditive into foodBosld be anticipated close to
negligible, even in direct contact.

4. Conclusions

The oxygen scavenging capacity of an experimergabimon-containing kaolinite
grade, designed for thin film applications, as valits polyolefinic nanocomposites
was evaluated for the first time. The clay was seetontain metallic iron in the form
of nanoparticles with an average particle diamefeabout 115 nm intercalated and
deposited on the surface and edges of the clagletat It was shown, that the iron
kaolinite exhibits a rapid oxygen uptake at 100%, Rifiup to 43 ml per gram of
additive. Active polyolefin composites with 10.-wtfiler content were manufactured
by extrusion into HDPE and LLDPE. The iron kaoknitontained in the active
composites was seen to play a dual oxygen fightitey As a passive barrier due to the
tortuous path that imposes to gas diffusion; artbisély, the iron contained in the
kaolinite traps and reacts with the molecular oxygeausing the active reduction of
gas pressure through the composite. Humidity isyaféctor in the kinetics for oxygen
depletion, the active composites are able to upbatereen 2.4 and 4.3 ml of oxygen
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per gram of composite, in what it thought as a ddpacy with the permeability to
water and oxygen of the polymeric matrix. Iron aildminum migration from active
composites to food simulants (water and isooctat®w very small or negligible
migration levels, especially in isooctane.
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6. POLYLACTIDE (PLA) FILMS CONTAINING AN OXYGEN SCA VENGING
IRON-BASED MONTMORILLONITE

Abstract

The morphology and oxygen scavenging activity ofeao-valent iron containing
montmorillonite and its composite with PLA have besvaluated. The iron particles
carried by the clay were seen to be of up to 150anthwere responsible for the high
absorption behavior exhibited by the developed taddiThe active clay was seen to
absorb up to 62 mL of oxygen/g clay, at 100% RH 248C. The zero-valent iron
montmorillonite was incorporated by melt mixing dntpolylactide to obtain a
composite with significant oxygen scavenging prtiper(of up to 4.2 mL of oxygen/g
composite). The thermal stability of the iron comip® was reduced by the catalytic
effect of iron on polylactide degradation processesvever, other thermal parameters
were not affected and the water vapor permeabiléy slightly improved.

Keywords: Oxygen scavenger, polylactide, composites, adtivd packaging

Introduction

In active food packaging there are positive syrgtiginteractions between the product,
the package and the environment. These interachomdeneficial to food products
because they translate into shelf-life extensiomtivé packaging techniques for
preserving or improving the quality and safety atlkaged foods can be divided into
three classes: absorbing systems, releasing systethother specialty systems based
on temperature UV light or microwave control. De@hents in active packaging
include prevention or delay of oxidation processesl microbial growth, carbon
dioxide absorbers/emitters, ethylene removers, gnathers. The oxygen scavengers
constitute one of the most widely spread activekaging technologies, as they
contribute to keep the optimal concentration of gety inside packaging in order to
preserve the quality (appearance, odor, tasteextdre), nutritional values and prolong
the shelf-life of oxygen sensitive products.

Oxygen permeating through packaging films (evenhwiigh barrier packaging
materials) or trapped inside foods cannot be effity removed by the use of MAP or
vacuum packaging. The oxygen scavengers can abisentesidual oxygen present in
the headspace of packaging below 0.01%, thus daidaif products is minimized,
hence reducing proliferation of molds, aerobic beatand insects The development
of oxygen scavenging systems has followed two Jimkpending upon whether the
oxydizable substance was designed to be a parhefpackage (incorporation of
scavenging agent into the packaging film) or toimserted into it with the food.
Packaging inserts are commonly based on the ogmitaif iron-based compositions.
The evaluation of some commercial iron-based oxygeavengers in the form of
sachets confirmed that the oxygen molecules difthseugh the membrane and the
solid material, thus the scavenging reaction tgdase when oxygen meets metallic
iron centers. The scavenging reactions are of dirder and the dominant factor is the
rate of oxygen diffusion to the surface of the stmer*® It was found also that the
increase of oxygen depletion rate results in higheface area of corrosion products
and decrease of Qliffusivity though active particles, as consequemdeloss of
porosity? Sachets can also contain sulfur compounds, oxydaggmes, catechols,
glycols, ascorbic acid and photosensitive dijedlevertheless, the current research
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trends make also use of other technologies sudngasmometallic complexes,inclusion
in cyclodextrin complexes, and also biological eyss'>** The incorporation approach
includes self-adhesive labels, adhesive devicefseer sachets included within foods.
Even though the performance of oxygen-absorbingpetacis satisfactory for a wide
range of food storage conditions, important linitas restrict their use. The esthetics
of inserts (that causes low consumer acceptarfoe)¥obd product distortion, the risks
of possible ingestion or rupture, as well as thmisuitability for use with beverages,
led researchers to develop package-based solutiims. most promising way to
overcome these issues is the introduction of thiweaoxygen scavenger directly into
the polymeric matrix even though the design andptealuction of a functional and
efficient active package can be difficult to caoyt because of the complexity of the
systems: *® 4 The incorporation of active systems into the pgikg materials
allow some extra advantages such as the potergmlwith retort packaging, and
potential cost savings due to increased produdftiniency and convenience. Active
agents can be melt extruded with other polymerferim a film or coating and used to
produce the barrier/active package all as one tsireic Modified oxygen-scavenging
packaging materials includes monolayer and mukilayaterials, as well as reactive
closure liners for bottles and jars, and the scawvgnactive agents consist of inorganic,
organic or polymeric materials. The active ageonppr selection depends on the matrix
selection, on the food characteristics and on tief-dife required.14 Most of them
include iron compounds, such as free flowing peliEgntaining iron powder blended
with low density polyethylene as carrier resin,hwihe convenience of co-extrusion
possibilities with EVOH, but there are other comair systems based on ascorbic
acid, sulfites, catechol, some nylons and liganttallic salts, photosensitive dyes and
enzymes; "+ 1516

More sophisticated technologies include a combamatof a natural free radical
scavenger ¢-tocopherol) and a transition metal, the cataly@iaction of oxygen and
hydrogen onto a catalyst surface, or aerobic migammisms such asocuria varians
and Pichia subpelliculosaas active components of hydroxyethyl cellulose and
polyvinyl alcohol environmentally friendly oxygemavenger films’?° Some patents
claim the use of UV light as an activator trigggrthe oxygen scavenging reaction, and
there are commercial products based on this pfm€ig> However, these UV
activation steps can reduce packaging line speedidance, profits. In addition, there
is a significant cost increase for oxygen scavemdiims production due to the high
costs of photoinitiators, as well as operation amaintenance of the UV machinery.
On this basis, the development of ease applicatmn, cost and efficient oxygen
scavenging systems is valuable to the food packagitustry.

Iron-based scavengers consist on the oxidatiomoof into Fe(OH) and they require
water for their action at ambient or chilled temgiares® Recently, the iron scavenging
reactions have been described as electrochemicebgs in which the water adsorbed
on the surface of iron forms electrolyte solutighat accelerate the electrochemical
reaction™

Fe> Fe?+2e (anodic reaction, eq. 1)
H,O+% Q+2€>20H (catodic reaction, eq. 2)
Fe?+ 2 OH > Fe(OH) (eq. 3)
2 Fe(OH) + %2 G, + H,0 » Fe,05-3H,0 (eq. 4)
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The abundance and environmental-friendly characteclays are advantages to use
them as supporting materials obn-zero valent nanoparticles for applications of
remediation of waste waters, for the productiorilane retardant materialand also
for heterogeneous cataly3fs®® However, the use of iron nanoparticles as actjents
and their support on clays as vehicle for the maan of active composites was not
described until recent§’*’ It has been demonstrated the oxygen absorpticacitgof
iron-based kaolinite as well as the activity ofdtaresponding polyolefins composites
for potential use in food packaging. The use of ied clays to produce active
materials has advantages such as raw materiabhbil#jt and low cost, and relative
simple processability and dispersion. Also, theoiporation of active clays into
polymers could additionally improve passive barrdare to the alteration of the
diffusion path imposed by the clay platelets otdits.*"*°

Polylactide, PLA, is one of the polymers most wydeised for the preparation of
biocomposites. The combination of PLA with naturarganic solids such as clays
provides reinforced biocompatible and biodegradabiaterials with enhanced
properties (barrier, storage modulus, flexural mosluand heat distortion). Melt
intercalation as well in situ polymerization aregedures employed to produce these
green biocomposites that show improved thermomeabaind gas-barrier properties.
The biodegradability of the reinforced PLA bioplastdepends on the nature of the
layered silicates and the organic modifi€r§he development of biocomposites based
on PLA is particularly useful to reduce waste amdidish environmental pollution by
replacing non-degradable materials without compsinmgi quality and properties that
consumers demand. In this sense, incorporationtdfeaclays with oxygen scavenging
capabilities to PLA will generate active biocompesi for potential application in
packaging of products sensitive to oxidation.

In this work, we report on the characterizationaotero-valent iron montmorillonite
with strong oxygen scavenging capacity, and itsseghent incorporation into PLA to
produce bio-based active packaging materials wihgen absorption activity and
reinforced properties compare to neat PLA.

Materials and methods

A natural montmorillonite and its corresponding azgalent iron grade marketed as
O,Block®0S, were supplied in powder form by Nanobitiers S.L. (Valencia,
Spain). The dark black colored iron montmorillon{tee-MMT) exhibited a d(0,9)
particle size oR5 um, as disclosed by the manufacturer.

Polylactide 7000D, film extrusion grade, D-isomentent ca. 2%, was purchased from
NatureWork$" (Minnesota, USA). The average molecular weight jMsv150,000
g/mol.

Active composites preparation

Composites of PLA with 10 wt.-% natural clay andM®IT, and its blank without

filler, were prepared by melt mixing using a Plassplf EC (Brabender, Duisburg,
Germany). Before mixing, both PLA and clays werediovernight in a vacuum oven
at 40°C. Mixing conditions were 180°C, 60 rpm dgr&min. Films of blank PLA and
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of the resulting composites were prepared by cossma moulding using a Carver
4122 hydraulic press (Carver, Indiana, USA) atdhme melt mixing temperature and
4000 psi of pressure, then were cooled down by chieg. Typical composite film
thickness was 150 microns average.

Optical microscopy

Films samples about 3 cm x 3 cm were observed itigdal microscopy Leica
DM2500M (LeicaMicrosystems GmbH, Wetzlar, Germany) fitted with2aV, 100 W
halogen lamp and equipped with a Leica DFC295 aigiamera attached to the
microscope. Images processing and analysis werdorperd using the Leica
Application Suite software version 3.7.0.

WAXS patterns

The structure of Fe-MMT was evaluated by wide an¥leay scattering scans

(WAXS). The diffractograms were acquired using ak&r Advance D8 diffractometer

(Wisconsin, USA), with Cu K filament (0.1546 nm, operating at 45 KV and 45 mA)
time step of 8s at scanning rate of 0.5 °/s. Thealbspacingl was calculated applying

the Bragg’'s law (eq. 5):

A=2dsind (eq.5)

where/ is the wavelength of the radiation afids the measured diffraction angle.

TEM imaging

The morphology of composites was evaluated by inésson electron microscopy

(TEM) using a JEOL1010 microscope (Jeol Ltd., Tokiapan) equipped with a digital

Bioscan image acquisition system. For clay obsemat diluted clays suspensions in
ethanol were prepared: two drops of suspension paueed onto a carbon coated grid
to evaporation. The observations on composites werrmed on ultra thin sections
of microtomed composites slices. The acceleratolitage was 90 KV.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of clays and tHeARcomposites were performed
using a TGA Q500 equipment (TA Instruments, New tl@adJSA) with analysis
software Universal 2000 V4.4A. Samples were rumfi20-1000 °C, at heating rate of
10 °C/min, under nitrogen flow.

Oxygen scavenging capacity

Oxygen scavenging capacity of materials was detexdhiby measuring the oxygen
content in the headspace as a function of time.p&ssof 0.05 g clay were placed
inside gas-tight septum-equipped vials of 40 mLac#y. The vials also contained
another one of 1 mL full of water to achieve 100%. Each sample was measured by
triplicate, and blank vials with unmodified montritlonite were also prepared as
controls. The vials were subsequently closed amateanl in a room at 24 °C. No
modified atmosphere was used for this test, justoapheric air. The headspace
percentage of oxygen (%Owas determined using a PBI Dansensor CheckPBBL (
Dansensor AS, Ringsted, Denmark) at different fimervals. The same procedure was
followed to evaluate the activity of composites imagighing 0.5g of film.
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DSC analysis

The thermal properties of composites and changaseoting neat PLA were analyzed
by differential scanning calorimetry (DSC). Thetsewere performed on samples of
approximately 5 mg in a Perkin EImer DSC7 (Perkim& Inc., Massachusetts, USA).
The thermal program consisted of a first heatingnsttom 30°C up to 190°C, at a
scanning speed of 10°C/min under &imosphere. The samples were then cooled back
to 3C°C in order to eliminate the thermal history ande@tied to 190°C at a heating rate
of 10°C/min. The thermograms were subtracted tdaimuns of an empty pan.

The crystallinity (%X) of the PLA composites was estimated using thego 6:

AH
%X, = — x100 (eq. 6)
AH

0
f

whereAH; is the enthalpy of fusion of the studied specin@AH; of 91 J/g is the
estimated enthalpy of fusion of a 100% crystallfieA-L at the equilibrium melting
temperaturé?

Water vapour permeability (WVP)

The WVP of the films was determined according te &STM method E96, using
aluminium cells with internal and external diamstef 3.5 and 6 cm, respectively.
Each sample film was sealed to a permeation cellatoing liquid water, and then the
permeation cells were placed under controlled emnrental conditions (40 °C and
80% relative humidity) and weighed regularly ustdady-state was reached. The water
vapour transmission rate was easily determined fitwenslope of the cell weight loss
vs. time plot following equation 7.

WVP = (G*L)/(A*dp) (eq. 7)

whereG is the slope of weigh loss vs. time straight liheis the film thickness, andp

is the vapour partial pressure differential acrbes film. All tests were conducted in
duplicate, and aluminium films were used as blattkevaluate water vapour loss
through the sealing.

Results and discussion

Characterization of Fe-MMT

One of the characteristics of the Fe-MMT is its plepaque black color due to the
content of zero-valent iron, which is consistenthwprevious works on iron metallic
supported bentonite and kaolinfte®’ The TEM micrograph of Fe-MMT (shown in
Figure 1) revealed the typical spherical iron zeatent particles as already reported,
with particle size up to 150 nm, in some cases within-like morphology due to the
inherent magnetism of particles located on theasarfand also on the edges the
montmorillonite platelet§®?* “***The formation of iron dispersed nanoparticleston t
surface and edges, as well as the chain-like mdéogkicare characteristics of zero-
valent iron clayg! 2% %
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Figure 1. TEM images of F-MMT

The XRD diffraction patterns and scattered angfedays are shown in Figure 2. T
d-spacing of 0.78 nm (5.75°9Rof the natural clay corresponds to the 001 ré&fiecof
MMT at normal conditions. In the case of-MMT, a flat pattern (no basal peak) is
evidence of some disorder of the lattices as aemprence of modification with irol
The broadening of the basal peak or its disappearas a consequence of the i
modification was already observed in previous wi*®> The interpretation of large-
spacings is unclear, but they can be the resuhestructural disorder produced by the
penetration of iron nanoparticles into the galleidé montmorillonite

PLA-Fe-MMT composite evaluation

Morphology and thermal propertie# typical microscopy mage of the opaque and
black colored PLA-F&8MAMT composite with 10 w-% of filler content is presented in
Figure 3a. The clay particle size varied betweerandl 38 microns. The TEI
micrograph of the composite (Figure 3b) exhibitstda-like structures where the clay
is distributed but not dispersédn general, the microcomposite structure indic#es
insufficient shear and the presence of iron pasianay impair the complete cl
platelets exfoliation during the melt compounding. completely delaminate
morphology is considered important bese it maximizes the polymer—clay
interactions, it may also bring legislation barsierelated to the existence
nanoparticles®
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Figure 2. Powder comparative XRD patterns of naturaclay and FeMMT
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Figure 3. Images of PLA + 10wt.-% iron clay: (a) optical microscopy (scale
marker is 50 microns); (b) TEM (scale marker is 50(hm)

The stability to thermal degradation of PLA comp®siontaining 10 w-% of zero-
valent iron clay was analyzed by thermogravimedrialysis (TGA) ad compared with
processed neat PLA and PLA composite with natuegl @=igure 4). The values for tl
onset of degradation are summarized in Table &lllnases, with a heating rate of

°C/min, both unfilled PLA and its composites vdlaé completel in a single step,

beginning at about 331°C for neat F. It can be noticed that the addition of clay can

cause a reduction in the thermal stability aroupd due to hydrolytic and adiaba
degradation. The most important effect in the cosiipothermalstability was due to
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the presence of iron, causing the rapid degradatid?LA (more than 60°C lower than
neat and processed PLA). It has been reportedirttratcan catalyze chain transfer,
trans-esterification, anhydride formation and dgpwrization reactions in PLA; and
that these effects influence more drastically themisture or hydrolysed monométs'®

The very relevant degradative effect of iron on Pt@uld be explained by the high
capacity of transition metals to coordinate estepugs and accelerate the
transesterification and depolymerization reacti@mve 240°C. As a result, the

presence of iron in the clay may promote further thduction in the thermal stability
of PLA composites.

Table 1. Data from DTG curves for PLA composites

Composite Peak Onset (°C) Weight change (%)
(10 wt.-% filler)
Processed PLA 331.4 -
PLA+ 10 wt.-% natural clay 327.5 8.2
PLA+ 10 wt.-% Fe-MMT 269.5 10.2

-«—— Processed PLA

<+——PLA + 10 wt.% natural clay

PLA + 10 wt.% Fe-MMT

Deriv. Weight (%/C)

-1 T T T T T T
100 150 200 250 300 350 400 450
Temperature (T) Universal V4.5A TA Instruments

Figure 4. Comparative differential thermogravimetric curves of processed neat
PLA and PLA clay composites

The effect of distributing the zero-valent ironycland natural clay on the crystallinity
and thermal parameters of PLA was investigated B DGlass transition temperature
(Tg), cold-crystallization temperaturd @), melting temperatureTn) and crystallinity
data are summarized in Table 2. Tigevalues were not seen to change with regard to
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pure PLA. The cold crystallization peak of both qmsites appeared at a similar
temperature as in neat PLA. Cold crystallizatiors Hseen reported to be more
significantly influenced by a high dispersion anitibution of the filler!® The
crystallinity values were lower than those for nP&atA, which means that Fe-MMT
unlike the natural clay, does not act as a nuclgadigent. Crystallization depends on
the size of the inclusions, the filler dispersionl anteractions between the constituents.
In this case, it seems that there were some riésiricto polymer chains crystallization
by adding Fe-MMT into PLA. These results indicatett the effects in physical
properties are, therefore, not likely the resulerystallinity development.

Table 2. DSC transition phases and crystallinity ofnelt mixing PLA and its

composites
Sample T4 (°C) T. (°C) T¢ (°C) % X
Neat PLA 57.13 116.10 149.43 6.29
PLA+10 wt.-% natural clay 57.12 117.85 148.27 5.40
PLA+10 wt.-% Fe-MMT 56.61 114.1d 147.10 0.5¢

Water vapor permeability (WVPRiopolymers have in general several shortcomings i
terms of barrier, thermal and mechanical perforreait comparison to oil-based
plastics currently used. The used of clay-basedtiads to overcome, particularly,
barrier properties, is one of the most active arebsesearch® Clay layers can
constitute a barrier to gases and moisture oncg dhe introduced into the polymer
matrix. This has been shown to significantly imprdvarrier properties by forcing the
permeant molecules to follow a tortuous path, miping one of the main limitations
of biopolymeric films® “° The barrier properties of non-interacting gasesomposites
depends on the aspect ratio of the silicate pagtiahd the extend of the distribution of
these particles within the matrix The WVP of PLA composites containing iron clays
(or other metals) have not been reported beforeehier food contact complying PLA-
organomodified MMT composites were seen to exhabiieduction of 27% in water
permeability>? In this study, the incorporation of 10 wt.-% oéthctive clay into PLA
was seen to lead to a reduction in the water vapeumeability between 11.35 and
12.43% (Table 3).

Active properties (oxygen scavenging capacifyle oxygen absorption activity of Fe-
MMT and its PLA composite was measured by the depieof the headspace oxygen
inside vials at 100% RH (Figure 5). The naturaydal not show activity over time as
expected (results not shown). As previously obgkfee an iron based kaolinite, the
Fe-MMT showed strong absorption kinetics the fi2dt hours in a high humidity
environment®*’ The Q absorption volume increased very quickly to 58 @g clay,
near the saturation value, after 48 h of exposDoenplete saturation was seen after 30
days, when oxygen absorption stabilized at 62.8331 clay. The presence of water is
required for triggering the uptake reaction, whishextremely efficient since it is
expected that 1 g of iron inactivates 300 mL ofgety in the presence of moist(iré®
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The scavenging effect can be explained by the sldfu of the oxygen molecules
through the clay, thus the reaction occurs whergemymeets metallic iron centéré?
The higher kinetics exhibited during the first hmoif exposure of Fe-MMT can be due
to irreversible @ absorption by oxygen diffusion through the clays Aeaction
proceeds, porosity is reduced because corrosiodupte (FeOs;) are formed thus
diffusivity of gas is consequently reduced, limifithe scavenger kinetics reactfon.

Figure 5 also shows the variation of the oxygenteanin the headspace of vials
containing PLA-Fe-MMT composites with 10 wt.-% bEtactive filler, as a function of

time. Both neat PLA and the unmodified clay comfeosiid not show oxygen

absorption activity as expected (results not showitje Fe-MMT composite also

showed high absorption kinetics in the first 24 tsoaf exposure, then it was able to
absorb 3.7 mL of oxygen from the head space withia first 15 days, and the
stabilization occurred after 30 days, at a satomatralue of ca. 4.2 mL oxygen/g
composite. The absorption process is in this casgraled, among other factors, by
the diffusion of moisture and oxygen through theARhatrix, which can be limited by

the intrinsic water vapour and oxygen transmissaias and the degree of crystallinity
of the material. It was already established thathigher the permeability of the matrix
to the diffusion of gases and moisture, the higther absorption kinetics of the

systems’

Table 3. Water permeability of neat PLA and PLA-FeMMT composites films

Sample Permeability % Permegbility
[(g*m)/(m2 *s *Pa)] reduction
Neat PLA 1.500E-11
PLA+ 10 wt.-% natural clay 1.330E-11 11.35
PLA+ 10 wt.-% Fe-MMT 1.684E-11 12.43
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Figure 5. Oxygen scavenging behavior of Fe-MMT ands PLA composite
containing 10 wt.-% of the active filler (Conditions: 100% RH; 24 °C)

Conclusions

The morphology, thermal and barrier properties #redoxygen scavenging activity of
an iron zero-valent montmorillonite (Fe-MMT) and @6 PLA composite were
evaluated. The Fe-MMT exhibited strong oxygen sngireg kinetics behavior, at
100% RH and 24 °C, being able to absorb up to 62.8f oxygen/g clay. The high
absorption kinetics exhibited by the clay was dwuehe presence of zero-valent iron
particles with an average particle size of 150 orist which were seen to be primarily
located inside the layers and onto the surfacehefday as observed by TEM. By
adding 10 wt.-% of Fe-MMT into PLA by melt mixing, was possible to prepare an
active composite with a good clay distribution asrdhe matrix and with strong
absorptive behavior (up to 4.2 mL oxygen/g com@)sitThe thermal stability of the
PLA-Fe-MMT composite was seen to decrease by & 60comparison with the neat
PLA, since iron has been reported to catalyze stegeadation processes. Finally, the
water vapor barrier was seen to increase to sortentein the composite due to the
blocking presence of the laminar filler.

Acknowledgements
The authors would like to acknowledge to Mrs. Mde Carril (Nanobiomatters, S.L.)

for technical support.

References
1. Ahvenainen, RNovel Food Packaging Technique3RC Press: New York, USA,

2002; pp 27-30.

135



6. Polylactide (PLA) films containing an oxygen eeaging iron-based montmorillonite

2. Tewari, G., Jayas, D., Jeremiah, L.E. and HolleynR J. Food Sci. Tech2002 37,
209-217.

3. Miltz, J. and Perry, MPackag Technol S¢2005 18, 21-27.
4. Polyakov, V.A. and Miltz, 1. Food Scj.2010,75, 2, 91-99.

5. Rooney, M.L. InOxygen scavenging packaging in Innovations in FBadkaging;
Han, J.H. Ed.; Elsevier Academic Press: London, 2005 pp. 123-135.

6. Kerry, J.P., O"Grady, M.N. and Hogan, S\Meat Sci, 2006 74, 113-130.

7. Brody, A., Bugusu, B., Han, J.H., Sand, C.K. &mcHugh, T.J. Food Sci.2008
73, 107-116.

8. De Azeredo, H. M. Gzood Res. Int.2009 42, 1240-1253.

9. Restuccia, D., Spizzirri, U.G., Parisi, O.Lril, G., Curcio, M., lemma, F., Puoci,
F., Vinci, G. and Picci, NFood Contro] 201Q 21, 1425-1435.

10. Damaj, Z., Naveau, A., Dupont, L., Hénon, Eog&z, G. and Guillon, Gnorg.
Chem. Comm2009 12, 17-20.

11. Whiteside, S. and Byun, Carbohyd. Polym2012 87, 3, 2114-2119.

12. Altieri, C., Sinigaglia, M., Corbo, M.R., Buotwore, G.G., Falcone, P. and Del
Nobile, M.A. Lebensm. Wiss. Techn&004 37, 9-15.

13. Anthierens, T., Ragaert, P., Verbrugghe, Schohen, A., De Geest, B.G., Noseda,
B., Mertens, J., Beladjal, B., De Cuyper, D., Dikr, W., Du Prez, F. and
Devlieghere, Flnnov. Food Sci. Emerg2011, 12, 594-599.

14. Galdi, M.R., Nicolais, V., Di Maio, L. and Inceto, L. Packag. Technol. Sci.
2008 21, 257-268.

15. Galotto, M.J., Anfossi, S.A. and GuardaFaAod Sci. Technol. Int2009 15, 159-
168.

16. Brody, A., Strupinsky, E.P. and Kline, L.R. Wctive packaging for food
applications Brody, A.; Strupinsky, E.P.; Kline, L.R., Eds.RC Press: New York,
USA, 200%, pp 131-194.

17. Byun, Y., Darby, D., Cooksey, K., Dawson, Pd afthiteside, SFood Chem.,
2011 124, 615-619.

18. Rule, M., Tattum, S.B. and Valus, R.J. US Pagg@plication 2010/0028492010

19. Busolo, M.A,; Lagaron, J.M. Spanish patent @ggibn P201230904£012

136



6. Polylactide (PLA) films containing an oxygen seaging iron-based montmorillonite

20. Del Nobile, M.A., Altieri, C., Sinigaglia, M., Cody M.R., Buonocuore, G.G. and
Falcone, PLebensm. Wiss. Techn@004 37, 9-15.

21. Albert, C.F. and Rooney, M.L. US Patent 6,832,2004
22. Schmidt, R.P., Solis, J.A. and Ching, T.Y. Uiet 7,052,628006

23.Mu, H., Gao, H., Chen, H., Tao, X., Fang, X. and Ge&~ood Chem.2013 136,
245-250.

24. Sun, Y.P,, Li, X.Q., Cao, J., Zhang, W.X. amidng, H.P Adv. Colloid Interfag.
2006 120, 47-56.

25. Wu, F., Liu, Y.X., Zhang, X., Guo, L. and DemgS.Ind. Eng. Chem. Re2008
47, 7141-7146.

26. Fan, M., Yuan, P., Zhu, J., Chen, T., Yuan, He, H., Chen, K. and Liu, Dl.
Magn. Magn. Mater.2009 321, 3515-3519.

27.0zim, C., Shahwan, T., Efli, A.E., Hallam, K.R., Scott, T.B. and Lieberwirth
Appl. Clay Sci.2009 43, 172-181.

28.Frost, R.L., Xi, Y. and He, HIl. Colloid Interf. Sci.201Q 341, 1, 153-161.

29. Schahwan, T., Uziim, C., Eroglu, A.E. and Ligleh, I. Appl. Clay Sci.201Q 47,
257-262.

30. Hou, M.F., Ma, C.X., Zhang, W.D., Tang, X.Y.ark Y.N. and Wan, H.FJ.
Hazard. Mater2011, 186, 1118-1123.

31. Shi, L.N., Zhang, X. and Che, ZWater Res.2011, 45, 886-892.

32. Nawani, P., Desai, P., Lundwall, M., Gelfer,YM.Rafailovich, M., Frenkel, A.,
Tsou, A.H., Gilman, J.W., Hsiao, B.S. and KhalidP8lymer,2007, 48, 827-840.

33. Wei, Q., Cai, Y., Wu, N., Zhang, K., Xu, Q., Gao,,\8ong, L. and Hu, YSurf.
Coat. Techn.2008 203, 264-270.

34.Yuan, P., Annabi-Bergaya, F., Tao, Q., Fan, M., 4y Zhu, J., He, H. and Che, T.
J. Colloid Interfac.2008 324, 142-149.

35.Manjanna, JAppl. Clay Sci.2008 42, 32-38.

36. Busolo, M.A. and Lagaron, J.MANTEC 2010 Conference Pape®01Q SPE
Publications, Society of Plastic Engineers. Newto@.

37. Busolo, M.A. and Lagaron, J.MlInnov. Food Sci. Emerg.,2012
doi:10.1016/j.ifset.2012.06.008.

137



6. Polylactide (PLA) films containing an oxygen eeaging iron-based montmorillonite

38. Utracki, L.A. InClay containing polymeric hanocomposijt&apra Technology
Limited: Shropshire, UK2004 vol. 2, 620-630.

39. Cabedo, L., Gimenez, E., Lagaron, J.M., GavRrand Saura, J.Polymer,2004
45, 5233-5238.

40. Paul, D.R. and Roberson, L.Folymer 2008 49, 3187-3204.
41. Ruiz-Hitzki, E., Darder, M., Aranda, Rdv. Mater, 2007, 19, 1309-1319.
42. Pyda, M., Bopp, R.C. and Wunderlich,JBChem. Thermodyr2004 36, 731-742.

43. Yuan, P., Fan, M., Zhu, J., Chen, T., Yuan, e, H., Chen, K. and Liu, DI.
Magn. Magn. Mater.2009 321, 3515-3519.

44. Yao, M. and Diao, MWWater Researcl?009 43, 5243-5241.

45. Li, S., Wu, P., Li, H., Zhu, N., Li, P., Wu, Wang, X. and Dang, Z. (2018)pl.
Clay Sci, 2010 50, 330-336.

46. Papaspyrides, C.D. and PavlidouPf&gr. Polym Sci.2008 33, 1119-1198
47. Cam, D. and Marucci, MPolymer 1997 38, 1879-1884.

48. Bocchini, S., Fukushima, K., Di Blasio, A.ngj A., Frache, A. and Teobaldo, F.
Biomacromolecule201Q 11,2919-2926.

49. Pluta, MJ.Polym Sci. Pol. Phys2006 44, 23, 3392-3405.

50. Sanchez-Garcia, M.D., Gimenez, E. and Lagardn,J. Plast. Film. Sheet2007,
23, 133-148.

51. Maity, P., Yamada, K., Okamoto, M., Ueda, Kd d@kamoto, K.Chem Mater.,
2002 14, 11, 4654-4661.

52. Cava, D., Gimenez, E., Gavara, R. and Lagardn. J. Plast. Film Sheet2006
22, 265-274.

138



7. ANTIOXIDANT POLYETHYLENE FILMS BASED ON A RESVER ATROL
CONTAINING CLAY OF INTEREST IN FOOD PACKAGING
APPLICATIONS

Abstract

The phenolic antioxidant resveratrol, which is mally produced by plants under stress
conditions, was seen to exhibit high thermal stigbélnd strong antioxidant capacity in
2,2-diphenyl-1-picrylhydrazyl (DPPH) assays. Théatdant behavior was compared
to the benchmark food contact permitted butylatgdréxytoluene (BHT). Active
linear low density polyethylene (LLDPE) compositagere manufactured by
immobilization of resveratrol in the polymeric matand also by pre-incorporation of
the resveratrol into a food contact permitted mamthonite clay prior to melt mixing
with the polymer. Migration tests from active filnis water and isooctane showed
extremely low migration levels in water (below 0.8/kg) and was not detectable in
isooctane. The resulting composites not only shosteshg antioxidant activity, but
also antimicrobial activity. TheThiobarbituric Acid Reactive Substancesethod
(TBARS) was also applied to assess the comparative oxébghavior in air of fresh
meat in direct contact with the LLDPE film contaigi the active clay. The results
suggested that this technology could potentiallged the shelf-life of red meat over a
few days by a mechanism of free radicals trappimgj the subsequent arrest in food
oxidation processes.

Keywords: Free radical scavengers, resveratrol, antimiatpBbod packaging, active
packaging.

1. Introduction

The oxygen and its reactive oxygen species, RGSremponsible for most of the
degradation reactions of packaging materials aradtl fproducts, either directly or
indirectly. Direct oxidation reactions on foodstiffause losses of organoleptic and
nutritional properties (degradation of oils, fgpggments and vitamins), while indirect
action of Q includes food spoilage by aerobic microorganisdmshe case of meat and
processed meat products, lipids and myoglobin @xidan muscle foods occurs in a
concurrent manner and each process appears to cenlttae other (Chaijan, 2008).
Oxidative deterioration myoglobin causes surfacecaloration which gives an
unattractive brown color, and the fat degradati@uses rancidity (Nerin, 20086).
Aldehydes are the major contributors to the offifies of meat; proteins are damaged
by the action of free radicals producing the lo$stheir functions. Free radicals
generated during the lipid oxidation, plus tramsitimetals (if they are also present),
promote the accumulation of oxidized proteins.

Ultra low oxygen environment (<0.05 wt. %) in whiokeat is stored is critical for
the extension of shelf life and subsequent adeduatening of the meat when exposed
to oxygen (Brandoret al, 2009). Packaging options such as skin vacuumagupicg
and low Q modified atmosphere packaging (MAP) with anoxisgmcan significantly
extend the shelf life of raw fresh meat (Zhou, X d.iu, 2010); however, restrict the
access of oxygen inside the package is not effedtivesidual oxygen levels are high
enough to promote food spoilage. Oxygen scavengtess are claimed to reduce the
headspace oxygen to < 0.01 wt.-% within 1-4 daysain temperature, and most of
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them are marketed as sachets containing ferrowe d@rody, Strupinsky and Kline,
2001). However, while the scavenger sachets aeetefé in removing oxygen, the rate
of removal would appear not to be fast enough tater the anoxic conditions to
prevent metmyoglobyn formation in meat (Brandsinal, 2009). On the other hand,
the use of sachets can create safety issues ljeatal ingestion or food contamination
by leakage from the sachet. In order to presene rfeat tissue, antioxidants
(carotenoids and polyphenols) can be incorporatemhuscle through dietary delivery
(Descalzo and Sancho, 2008). In addition, wherpgittants are used, the kinetics of
oxidation can be reduced even in the presence yferx such as during modified
atmosphere packaging of red meats. In fact, diddition of natural antioxidants as
preservatives to meat, such as carotenoids, tocolgh@xtracts (i.e., rosemary, sage,
oregano, thyme, ginger, and mustard) and vitamihaE been proven efficient in
delaying oxidation (Shibamotet al, 1995: Mitsumoto, 2000; Grurgt al, 2006).
Limitations in the use of additives or the low guamce of them as well as the
potential changes in flavor and odor that they poedreduce the possibilities of using
preservatives, especially natural ones.

The incorporation of scavenging agents into thekpgiog material (i.e. polymer
films) offers several advantages such as eliminatb the potential safety risks of
sachets, the use with retort packaging, and peatentsts saving due to increased
production efficiency and convenient (Brody et 2001). Nowadays, the food industry
has shown increasing interest in the developmemiobfmeric films with antioxidant
properties (Arrua et al. 2010). In this sense,cxidiants, free radical scavengers and
oxygen scavengers can be incorporated into theag@ui materials to produce active
materials, reduction of the oxygen and ROS effentthe products. Common synthetic
antioxidants have been incorporated into packagmagerials for many years. Their
function is to interrupt the free radical chain a@ns by reacting with ROS by
hydrogen donation, hence preventing the ROS attacthe unsaturated molecules
present in foods. Antioxidant materials are paléidy interesting in those systems
where an specific quantity of oxygen is benefiéal making some packaged products
appear fresher and more desirable to the consumemed meat fresh appearance. The
antioxidants which are incorporated into plastickzeing materials could exert the
dual role of protecting the polymer as well as plaekaged food from oxidation (Lee,
2004). The antioxidants can be incorporated intmeonar multi-layer structures (Brody
et al., 2001), or coated on the packaging layenaie stable there for the required time
and finally be released from the packaging surface controlled manner (Lee, 2004).
Flexible and thermoformable plastic packaging mnialer containing t-
butylhydroquinone (TBHQ), butylated hydroxytolue(8HT), propyl gallate (PG),
butylated hydroxyanisole (BHA), among others, habeen developed and
commercially applied. However, potential toxicitpdacarcinogenic effects of BHA,
TBHQ, PG, BHT have been reported (Kahl and Kapp993; Miyauchi et al., 2002)
and their use in food packaging had to be restticks was the case with others
synthetics antioxidants long used. Because of tavigg concern about the use of
food chemicals due to the possibility of migratminadditives and of their degradation
products into foods that may affect the sensoryperiies or even lead to toxicity, the
replacement of synthetic and toxic free radicalveogers by natural compounds is
thought to provide added benefits and positive aores acceptance because they are
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perceived as safer, healthier and much less tbgie synthetic compounds (Lee, 2004,
Pezo et al., 2007; Arrua et al., 2010; Lopez-dé&Bstillo et al., 2010; Gilcin, 2010).

Antioxidant compounds can occur naturally in plamt£an be synthetized by them
as a response to oxidative stress produced by sshegvironmental conditions (Inzé
and Van Montagu, 1995; Michalak, 2006). Naturaliaadants coming from plants
include phenolic acids, stilbenes, flavones, camitds, catechins, hydrolysable
tannins, among others, and they form an array téxidants that may act by different
ways, and even can have a synergistic effect battheam (Shahidi, 1997; Dapkevicius
et al, 1998). Antioxidants which contain in their strure at least one phenolic moiety
with a specific arrange of hydroxyl groups and deufond conjunction that allows
electron delocalization act as radical scavengénzé(and Van Montagu, 1995;
Michalak, 2006).Resveratroltrans-3,4,5-trinydroxystilbenés a naturally occurring
polyphenol phytoalexin in the fruits and leavesedible plants, peanuts, mulberries,
grapes and many others, but the@lygonum cuspidaturor Giant Knotweed root is the
richest in resveratrol content (Cravodébal.,2012).Resveratrol is considered as one of
the most active and bioactive antioxidant and icharacterized by its known and
proven beneficial effects on the human body such aasi-cancer, antiviral,
cardioprotective, neuroprotective, anti-aging, -amftammatory and life-prolonging
effects (Gdlcin, 2010; Let al.,2012; Cantos-Villaet al, 2012). Several studies have
shown that polyphenolic compounds, such as reseératan directly scavenge
molecular species of active oxygen (superoxide,-@ydrogen peroxide 3D,,
hydroxyl radical'OH, or singlet oxygertO,) by donating one of their delocalized
electrons or hydrogen atoms due to both their acmditure and ability to transfer
electrons while remaining relatively stable (Inzéla/an Montagu, 1995; Aroret al.,
1998). It was suggested thaisveratrol can be used for minimizing or prevemtipid
oxidation in pharmaceutical products, retarding floemation of toxic oxidation
products, maintaining nutritional quality, and mmoding the shelf-life of
pharmaceuticals due to its proved antioxidant &gt(@Gulcin, 2010). In the same way,
resveratrol could also reduce the adverse effetcfsee radicals on food during its
storage and until its consumption.

The growing interest in using natural antioxidaats food additives and food
packaging materials has led not only to improvenmnsolation and characterization
techniques of these compounds from spices, exteamtsessential oils, but also their
incorporation to packaging materials. Natural atitiants from rosemary, oregano and
barley husks have been extracted and immobilizeddaging into polypropylene and
polyethylene to manufacture active films (Neeiral.,2008; Camcet al.,2008, Pereira
de Abreuet al, 2011); cellulose acetate solutions containintyrbsine and L-ascorbic
acid have been cast onto polypropylene substraterémucing control release systems
(Gemili et al., 2010); caffeic acid can be grafted to polypropyldoeobtain high
antioxidant films (Arrueet al.,2010); EVOH composites containing quercetin, cdtech
and green tea extract have been manufactured bgtdiddition of the antioxidants
during extrusion (Lépez-de-Di Castilt al.,2010; Lopez-de-Di Castillo 2011). In this
sense, antioxidant packaging prototypes made fratural compounds are being tested
to preserve quality and properties of raw meat:ypapylene films containing
immobilized rosemary and oregano extract has bested for reducing the oxidation
process in fresh meat (Nerét al, 2006; Camcet al., 2008; Bolumaret al., 2011);
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phenolic compounds from barley husks have also hesu to prepare an active
material by coating onto a LDPE film (Pereira derébet al, 2011). On the other
hand, the combined effect of antioxidants with otaetive functions such as oxygen
scavenger or antimicrobials have also been testetl raported as advantageous
properties of active food packaging materials. Ative system made from EVOH
containing iron (ll) as oxygen scavenger aaeocoferol as antioxidant showed
capacity for reducing oxygen concentration in tleadspace of packaging systems
(Byun et al, 2011); and nisin and-tocoferol were coated onto paper using a binder
medium of vinyl acetate-ethylene copolymer to prepa dual antimicrobial and
antioxidant packaging for the food industry (lLegeal, 2004).

The abundance and environmentally friendly charactfe clay minerals have
advantages for their use as active agents supgortiaterials that allow better
dispersion of these inside the polymeric matrixstlyielding more efficient materials
(Busolo and Lagaron, 2010; Busolo and Lagaron, ROI® this sense, the use of
resveratrol as an active ingredient in the devekmnof antioxidant engineered clays
for manufacturing active packaging materials isoenmercial proprietary technology
(Lagaronet al.,2011). These systems, where clays play a role hgles of active
compounds, present the advantage of clay avathabdnd low cost, synergistic
enhancements in the final properties of the cont@asatrix (i.e. thermal, mechanical
and barrier properties) and good processabilityesEhadvantages, plus the active
antioxidant activity, allow composite materials lwihteresting both passive and active
properties of interest in active food packagingli@ations.

The current study reports on the development aadackerization of resveratrol as
an antioxidant component directly incorporated imtelt compounded active films of
interest in food packaging applications, both ecli addition and supported on clays.
The study reports on the characterization of tleentfal, antioxidant and antimicrobial
properties of the composite materials as well asthen antioxidative properties in
contact with fresh red meat.

2. Materials and Methods

The natural antioxidant compound, resveratrol 98%racted from thé&olygonum
Cuspidatum root, was purchased from Solchem (Barcelona, $pain natural
montmorillonite (MMT) and its corresponding expeeintal grade containing
resveratrol (GBlock® series), from now on RS-MMT were supplied by
Nanobiomatters S.L. (Paterna, Valencia, Spain). RBeMMT exhibited an average
particle size of 6 microns. The commercial antiexid butylated hydroxytoluene
(BHT), provided by Guinama (Valencia, Spain), wdsoatested for comparative
purposes.

2,2-Diphenyl-1-picrylhydrazyl radical (DPPH), thiatbituric acid and isooctane
(density 0.69 g/mL), all reagent grades, were paseld from Sigma-Aldrich (St. Louis,
Missouri, USA). Trichloroacetic acid, methanol afumic acid HPLC grade were
purchased from Panreac (Barcelona, Spain). Mili@emwaas used for migration tests.
Linear low density polyethylene (LLDPE) Dowlex NGEIG from DOW (USA) was
used to manufacture the corresponding composites.
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2.1 Composites preparation
Two grades of active composites of LLDPE with reaw®l were

manufactured. The composite C1 (1 wt.-% resvenawak obtained by direct addition
of resveratrol to the polymer. The composite C2 pr@pared by incorporation into the
polymer of a suitable amount of RS-MMT in orderachieve 1 wt.-% of the final
content of resveratrol. The two antioxidant comfessiwere manufactured in a co-
rotating twin screw extruder (Berstorff, Hannov&ermany) at 180°C (flat profile).
Composite streams were cooled down in a quenchatly, land most of the water
carried along the filaments was wiped by deflectiods placed immediately after the
bath. Residual moisture was removed by evaporatiith air blowers.Composite
strands were chopped into small granules using letiger. Finally, pellets were
maintained in a high barrier plastic film bag (P&Uminum foil/lLDPE) under
vacuum. Neat LLDPE was also processed under the samditions and used as a
blank.
Films from processed LLDPE and the active compssii@re manufactured in a
monolayer cast film line machine E25P (Collin, Mehni Germany) at 180°C. Typical
film thickness was 60 microns.

2.2 Optical properties

The color of the composite films was determinechveitKonica Minolta CM-
600d spectrophotometer with Color Data software SMOW. To obtain the
parameters*, a*, b*, the films samples were placed on a standard shitace. Two
samples of each film were measured in triplicate.

The films were also observed in a digital microgcopica DM2500M (Leica
Microsystems GmbH, Wetzlar, Germany) fitted with2aV, 100 W halogen lamp and
equipped with a Leica DFC295 digital camera attdcke the microscope. Image
processing and analysis were performed using theal&pplication Suite software
version 3.7.0.

2.3Morphology evaluation
The structure of the RS-MMT and its intercalaticgree in the LLDPE was
evaluated by X-ray diffraction, XRD. The diffractagns were acquired using a Bruker
Advance D8 diffractometer (Wisconsin, USA), with @& filament (0.1546 nm,
operating at 45 KV and 45 mA), time step of 8s atanning rate of 0.5 °/s. The basal
spacingd was calculated applying the Bragg's law (eq. 1):
A=2dsind (eq.1)

where/ is the wavelength of the radiation afids the measured diffraction angle.

2.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was employed for evabmatof the thermal
stability of the samples, determination of reswalatcontent in the modified
montmorillonite and, for confirming the inorganidldr content in the composite C2.
For these purposes, a TGA Q500 equipment (TA Insnts, USA) with analysis
software Universal 2000 V4.4A was used. Analysipurfe antioxidants, RS-MMT and
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blank and antioxidant LLDPE films were carried anter nitrogen flow, from 30-800
°C, at a heating rate of 10 °C/min.

2.5 FT-IR analysis

Fourier Transform Infrared spectroscopy (FT-IR) waplied to evaluate the
concentration of resveratrol in the composite (ie FT-IR spectra of pure resveratrol
was collected at 24°C and 40%RH by coupling the AddRessory Golden Gate of
Specac Ltd. (Orpington, UK) to a FTIR Tensor 37 ipment (Bruker, Rheinstetten,
Germany).Based on the absorptive features, the band at t610was chosen for
further concentration evaluation in the composite C

The Beer-Lambert law was applied,

A= ¢l c (eq. 2)

where A is the absorption of the sample at 1010"camd| andc are the
thickness of film and the concentration of resvelain the composite, respectively.
The extinction coefficient of resveratrol was determined by the slope of theight
line A/l as a function o€, plotted from the absorption data vs. standard aunagons.

The calibration line was plotted from absorbancta d# blank LLDPE and
corresponding composites containing 0.1; 0.5 amd.®24 of resveratrol (M1, M2 and
M3, respectively). These were prepared by melt mgixi using a Brabender
Plastograpf EC (Duisburg, Germany). Mixing conditions were 920100 rpm during
3 min. Films of these composites and from C1 pele¢re obtained by compression
moulding using a Carver 4122 hydraulic press (IndjdJSA) at the same melt mixing
temperature and cooled down by quenching. Filnktigss in each case was measured
by using a thickness gage Mitutoyo Absolute (MiyitoJapan). Typical film thickness
was 150 microns.

The FTIR spectra of blank LLDPE, M1, M2, M3 and Gamples were
collected in a FTIR Tensor 37 equipment (BrukergiRbtetten, Germany). The Beer-
Lambert law was applied, using the resveratrol giigm band at 1010 cf

2.6 Free radical scavenger capacity

The DPPH inhibition assay (Yen and Duh, 1994) witme modifications was
used for evaluating the free radical scavengingisctof the antioxidant compounds
(BHT and resveratrol), the clay RS-MMT and, of flims. Samples were weighed by
triplicate in cap vials, then an aliquot of DPPH solution BB in methanol) was
added to each one. Vials without samples were pispared as controls. Table 1
shows the weight of sample used in each casedw almaximum resveratrol content
of 1,000 ppm, depending on the nominal contenhefantioxidant in the sample.

All the samples were prepared and immediately dt@teroom temperature
during 24 h in darkness. After this the absorbasfce solution was measured at 517
nmin a UV-VIS Helios Omega spectrophotometer (TheBogentific, USA) Samples
containing the clay were previously centrifuged,letior the samples containing the
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films, these were removed from the solutions. Resuvere expressed as % inhibition
to DPPH, as follows:

% Inh DPPH = (1 — (AumpidAcontro)) * 100 (eq. 3)

Table 1. Sample weight for DPPH assays

Sample Sample weight | V (mL) DPPH Maximum concentration
(mg) solution of antioxidant (ppm)
Resveratrol; 0.1;1.0; 10 1.0 100; 1,000; 10,000
BHT
RS-MMT 11 3.0 1,000
C1 100 1.0 1,000
Cc2 39 1.0 1,000

2.7 Antimicrobial tests
Susceptibility tests of LLDPE, C1 and C2 films weerformed following the
standard method JIS 72801 (ISO 22196). The testedoorganism wasS. aureus
(CECT 86T, ATCC 12600). Each piece 5x5%cwas inoculated with ca. 1x1@FU
and incubated at 37°C, 100% RH, during 24 hourabMicells were determined by the
agar plate count method. Four specimens of eaghdfypample were tested.

The antimicrobial activity value of the samplesé¢esby the Standard method
JIS Z 2801 was determined through the followingagigqun:

R=log (B/C) (eq. 4)

Where B is the average of the number of viable cells oftéda on the
untreated test specimen after 24 h, @nd the average of the number of viable cells of
bacteria on the antimicrobial test piece after 26 R> 2.0, the sample is considered to
exhibit biocide properties.

2.8 Migration tests
Migration tests from blank and C2 films were pemi@d following the
European Standard Method UNE-EN 13130-1 (AENOR,520W/ater and isooctane
were selected as food simulants for aqueous ang fabds, respectively, and
migration of resveratrol to each simulant was tsteaccordance with the standard
method (see Table 2). The samples (film piecesarifj were totally immersed in the
simulants contained in rounded bottom glass vialk20 mL capacity, vials were then
closed with glass caps and stored in a thermostagn at the required temperature
during specific time intervals. Each sample was lwatad in triplicate. After
completing the exposure time, film samples wereowad from the liquids, and the
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simulants analyzed. The determination of resveratréood simulants was performed
using an Aquity UPLC® system with a triple quadrigpdetector (Waters, Mildford,
USA). The column was a Mediterranean Sea 18n(510 cm x 0.21 cm; Teknokroma,
Valencia, Spain). The mobile phase consisted onxéure of eluent A (formic acid
0.1%) and eluent B (methanol). The analysis wadopeed using the following
program of eluents: 0-5 min from 0 until 30% eluBn 5-15 min, from 30 until 95%
eluent B; 15-30 min; from 95 until 30% eluent B.€eT$éeparations were carried out with
a flow rate of 0.3 mL/min.

Table 2. Tested simulants and conditions in the migtion tests

Simulant Simulant volume| Temperature Time
(mL) (°C) (days)

Water 100 40 10
Isooctane 100 20 2

2.9 Evaluation of antioxidant activity of the aetifims on beef. TBARS method

Antioxidant activity tests were performed by usiagtive film C1 and
comparing with blank LLDPE film. Fresh beef meatadts of about 20 g were
packaged individually and aerobically into bags enad LLDPE (control) and C2
films. The bags were inserted in glass jars wittigdit closure, and stored at 4 °C. Each
film was used to prepare triplicate samples, ancheaf them was evaluated in
duplicate. Samples were removed after 11, 14 anday3 to follow up the progress of
oxidation.

The thiobarbituric acid index (TBARS) was deterndirazcording to a method
described elsewhere (Vyncke, 1970). TBARS is exggésas mg malonaldehyde/kg
sample. A sample of 20 g of meat was homogenizeéld ¥60 mL of trichloroacetic
acid 7.5 wt.-% for 1 min. The suspension was tliggréd and 5 mL of the filtrate were
added to 5 mL of TBA reagent (0.02 M 2-thiobarbkituacid). The mixture was
immersed in a boiling water bath for 40 min, themoled with water and the
absorbance was measured at 538 nm.

3. Results and discussion

3.1 Optical properties of LLDPE films

The resveratrol was an off-white powder, while tbgveratrol containing clay,
RS-MMT, exhibited the typical creamy color of thenonite clays. Once resveratrol
was loaded into LLDPE (C1), a transparent film With a slight brownish appearance
was obtained. Both C1 and C2 films were homogenesmisobserved by visual
inspection, which indicates that the additives wauficiently well distributed during
the extrusion process. The color parameters oéxtreided films are presented in Table
3. The luminosity was more affected by the incogpion of RS-MMT than for the case
of resveratrol, as can be seen from the decreade bf values. The* values for C1
and C2 were almost the same, while the higherafighe b* value was obtained in C2,
which exhibited a deep brownish tone.
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This type of coloring has been associated in ther pliterature to
caramelization reactions of sugars that remaimtiozidants as impurities, and also by
the partial polymerization of phenolic compound®gkz de Dicastillceet al., 2011).
However, in composites this coloration is typicalysociated to the usage of clays as

b

fillers.
Table 3. Color parameters of LLDPE composites films
Sample L* a* b*
Standard white surface 94.64 1.54 6.84
LLDPE blank 94.16 £ 0.06 1.45+0.01 -6.33+0,0
C1 91.37+0.15 1.58+0.02 -1.93+£0.32
c2 81.71+0.28 3.02+0.04 8.83+0.51

(©)

Figure 1. Top view optical microscopy images of LLDPEZ), C1 (b) and, C2 (c) films
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The optical microscopy pictures taken in the contpesare shown in Figure
1. The pictures of the LLDPE films were taken usi@i)x magnification in order to
obtain both a qualitative measure of both the ithistion of resveratrol in the bulk
polymer (for C1) and of the clay in C2. Figure hews the typical appearance of the
blank LLDPE extruded film; in the Figure 1b the vematrol appears as a thin,
translucent, tetragonal or bar-shaped crystalsdfatbe up to 80 microns long. These
kind of crystalline structures are typical of remteol (Zhanget al, 2012). A
possibility is that resveratrol was added at lexaddsve its intrinsic solubility in the
molten polymer, thus a saturated solution was predun the compounding process
(Koontz et al, 2010), and partial precipitation of crystals wred during quenching.
The C2 film (Figure 1c) shows uniform distributioh the RS-MMT, even though the
clay shows some aggregates of up to 35 microns. Wiorth noting that clays during
compounding reduce size most typically in the thads direction.

3.2 Morphology evaluation

The degree of intercalation of resveratrol in RS-MMs well as the structure
of the C2 composite were assessed using X-ray igeds Moreover, the blank film of
LLDPE and the composite C1, where resveratrol wascdy added, were also
evaluated for comparative purposes. Figure 2 disptlae X-ray diffraction patterns of
resveratrol, of the natural clay and of the RS-MMI&y. Resveratrol was highly
crystallized and showed intense and sharp reflestioetween 6 and 20°, being the
most intense that at 6.6°6)2(Zhanget al, 2012). No impurities of crystalline nature
were detected. The basal peak of the natural &ax6(°, B) shifted to 6.05° and
became less intense after modification with redvelraA lack of expansion of the
interlayer space may result by the predominant rpdiem of resveratrol onto the clay
surface (Lagalyet al., 2006); albeit changes in the clay structure whicuse
narrowing of the basal distance can be also relat¢lde modification process itself or,
to the presumable loss of water from interlayerrhgidn complexes (Brigatiet al,
2006).

The Figure 3 illustrates the differences in the XR@Atterns related to
composite processing. Even though optical microga@pdenced crystalline material,
no resveratrol reflections were observed in th&atifogram of C1, possibly due to its
low concentration (ca. 1 wt.-%). In the case of @hich contains RS-MMT, the
patterns of the LLDPE were also reproduced, bubtiecorresponding to the clay was
shifted towards higher angle (6.48)2which suggests lack of polymer intercalation.
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Figure 3. Comparative WAXS patterns of LLDPE and of tte composites C1 and C2
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3.3 FTIR analysis
The FT-IR spectrum of resveratrol (Figure 4) présércharacteristic bands
such as a broad feature corresponding to the Gitthing (3190 ci) and these of the
C-C aromatic double bonds stretching at 1605,08H bending at 1385 chand ring
stretching at 1010 chm These features agreed with the already data tegpor
(Kumpungdee-Vollrath and Ibold, 2012hanget al, 2012). The ring stretching band
at 1010 crit was selected to confirm the active concentratiotihé C1 composite.

\ 1010cmt ‘\‘
T I |
\ |
bl

0.4 059

0.30

1060 1020 980 940

Absorbance units
0.20

0.10
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I
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Figure 4. FT-IR spectrum of resveratrol. The inseshows the absorption band at
1010 cnt, wavelength selected for concentration determinaiin

Table 4 shows the content of resveratrol, thickeesnd absorbance of the
films prepared from composites M1, M2, M3 and cosifgo C1. A value of the
extinction coefficient,e=0.7298 [1 /mm %] was obtained from plotting theadat
Table 4. By applying the eq. 2, a resveratrol catregion in film C1 of 1.19 wt.-% was
inferred, which is in good agreement with the iteth loading. This method could not
be applied for evaluating the composite C2 becaalssorptive band of the clay
overlapped with those of resveratrol (results o).
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Table 4. Characteristics and absorption data (at 100 cm’) of resveratrol

containing composites

Concentration Thickness.|
Sample | of resveratrol, ¢ (mm) " | Absorbance,A A/l (mm™)
(wt.-%)
M1 0.1 0.173 0.00311 0.0179
M2 0.5 0.224 0.08172 0.3648
M3 1 0.196 0.14412 0.7353
C1 1.19 0.060 0.05210 0.8683

3.4 Thermal stability of antioxidants and activenpmosites

The purpose of the thermogravimetric analysis veagualuate the thermal
resistance to degradation of the antioxidants uraerinert atmosphere. The DTG
curves of the pure antioxidants (Figure 5) show BIdT degrades at 166°C whereas
resveratrol degrades at 283.6 °C. These diffeeimcstability can be associated to the
molecular structure of the antioxidants: BHT onlgshone bencenic ring while
resveratrol is stabilized by two conjugated bencemigs with a double bond (see

molecules inserted in Figure 5).
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3 |
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Figure 5. Comparative DTG of resveratrol and BHT (he antioxidants
molecular structure are displayed as an inset in th graph)
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The resveratrol modified montmorillonite RS-MMT ¢amed ca. 25 wt.-% of
resveratrol, as indicated by the weight loss betw#&B0-450 °C (thermogram not
shown), which is the temperature range where ocgeompounds decomposed. The
resveratrol contained in the clay degrades almo28@a °C (see Table 5). The thermal
stability of antioxidants supported in clays campeled on whether the molecules are
completely inserted into the galleries of the maher adsorbed on the surface of the
clays sheets. The high thermal stability exhibitgdresveratrol and its corresponding
modified clay constitutes an advantage for compogitrocessing purposes in
comparison with more thermally unstable additivééch can be easily decomposed.

The thermal stability of both C1 and C2 film sansplencreased by
incorporating resveratrol (see Table 5 and Figuye vthich was expected since
resveratrol can exert an antioxidant role in thaemals such as other commercially
available phenolic antioxidant for polyolefins (MatrTheriaset al, 2005; Ritteret al,
2005). The weight loss of the active composite fih# indicates a content of clay of
3.4 wt.-% (Figure 6), corresponding to a 0.85 wtoeftesveratrol. The presence of the
clay seemed to reduce somewhat the antioxidanttefferesveratrol in comparison
with C1 during melt compounding. It was alreadyared that phenolic antioxidants
can be less active in the presence of distribukeyl due to adsorption (Morlat-Therias
et al., 2005). Nevertheless, the purpose of this techryolsdo retain the antioxidant
capacity of the active compound nor for the proicgssef the polymer but for shelf-life
extension of the food in direct contact with itdalmence the clay exerts a protective
role of preserving more intact the antioxidant gmies of the compound beyond
processing.

Table 5. Degradation onset (in B) of RS-MMT clay and active composites

Sample Onset (°C)
BHT 117.39
Resveratrol 283.64
RS-MMT 279.79
LLDPE 451.82
C1 463.03
Cc2 457.82
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Figure 6. DTG of LLDPE composites C1 and C2, madi&om resveratrol and
RS-MMT, respectively

3.5 Antioxidant capacity of natural substances aachposites

The radical-scavenging activity of the materialssvessessed by means of
DPPH assays in order to compare the activity ofeedrol against BHT. Figure 7
shows that resveratrol and BHT exhibit a comparahtéxidant activity above 85% at
1,000 and 10,000 ppm. These concentrations arehighyand differences between the
two antioxidants were not significantly differetlowever, at concentrations of 100
ppm, resveratrol showed to be two-fold more acthen BHT. These results agreed
with those previously reported, where the activitf low molecular phenolic
antioxidants is generally lower than that of muéigiphenyl groups compounds
(Okuda, 1997). It is well known that phenolic greugtabilize a radical formed on a
phenolic carbon with their resonance structure vBedrol has two phenolic rings and
hence, the superior performance (see Figure 8).
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Figure 8. The reaction between DPPH free radical and resveratl

The clay containing resveratrol shows high inhibitagainst DPPH (87%), as
well as the composites C1 and C2 (Table 6). Howetiere is a matrix effect by which
the antioxidant is less effective inside the conitess The matrix effect can be related
to, among others, permeability, polarity differemdetween solvent and polymer, and
moisture levels. Even though, the % inhibition t8BH of both composites is very
high, the C1 sample (film containing neat resvetats slightly less effective than its
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counterpart C2. This little difference if statigtily significant can be possibly
explained by the better distribution of the antilaat across the matrix because the clay
acts as a dispersing vehicle. The use of antioxidamtaining clays can allow not only
to impart active properties to polymers but alsenbance the activity of the agent. In
addition to this, passive barrier enhancementbéaadransport of low molecular weight
components due to the presence of impermeable dagsalso occur (Paul and
Robeson, 2008).

Table 6. Comparative inhibition to DPPH of RS-MMT and of composites made
from resveratrol and RS-MMT

Sample % Inhibition to DPPH
Natural clay 1.2+0.2
RS-MMT 87.3+2.6
Blank film 17.4+£3.7
C1 78.8+6.1
C2 81.5+7.0

3.6 Antimicrobial activity of antioxidant substasc@nd composites

Many of the antioxidants substances with high cantgf polyphenols also
exhibit antimicrobial properties that are valuatdeproducing active packaging (Kubo
et al.,1992; Almajancet al, 2008; Camaet al, 2008; Pyleet al., 2010; Siripatrawan
and Noipha, 2012; Lét al, 2012a; Ramost al.,2012). The polyphenols are capable of
bactericidal activity by inhibition of DNA and RNAynthesis in the bacterial cells,
inhibition of cytoplasmic membrane function of ket and interfering with energy
metabolisms of bacteria (Siripatrawand Noipha, 2012). Resveratrol has also shown
to exert antimicrobial capacity againSt Aureus, E. faecalis, P. aerugino&han,
2002), and inhibition to filamentous fungi and ytesisch asA. Niger, P. expansum and
S. cerevisiagFilip et al, 2003).

The antimicrobial activity was evaluated in LLDPHak films and in the
active films C1 and C2, to assess the effect of dmiization of resveratrol into a
polymeric matrix and when it is supported in a ct®ya vehicle for dispersion. The
results pointed out that the antioxidant films aésdibit antimicrobial capacity, as
shown by theR values gathered in Table 7. In addition to confitra antimicrobial
activity already determined for resveratrol (Chafp2) and the observations of the
high antimicrobial activity observed in sampleshwliigh polyphenol concentration and
antioxidant activity (Almajancet al, 2008), it can be concluded that there is no
difference in antimicrobial activity whether theswveratrol is in the composite or
supported on the clay.

The incorporation of natural antioxidants such g tea extract in polymers
have allowed to obtain antimicrobial-antioxidantkaging for food preservation (Pyla
et al., 2010; Siripatrawamand Noipha, 2012; Lét al, 2012a), however, to the best of
our knowledge the use of modified clays with antimbial/antioxidant polyphenolic

155



7. Antioxidant polyethylene films based on a reatr@i containing clay of interest in food
packaging applications

agents for active nanocomposite manufacturing babeen described before. The only
references of antioxidant supported clays preparatare the incorporation of
glutathione in montmorillonite for drug delivery éBket al, 2012) and ferulic acid in
hydrotalcite for preserving cosmetic formulatiofo$ésiet al, 2005). The described
results show that the active agent is supportesaifying the clay and this does not
affect its antimicrobial capacity. In fact, the gkacts as an inert vehicle to distribute the
active agent across the matrix; thus, the flexipildo incorporate the active agent into
the matrix is an additional advantage of these kimfdsystems.

Table 7. Growth of S. aureusin the presence of blank LLDPE and
active LLDPE composites

Film CFU/mL R
1x10
LLDPE (blank) 1x1C -3.0+0.2
1x10
10
c1 10 5.0 £0.0
0.01
10
c2 10 5.0+0.0
0.01

3.7 Migration tests

Table 8 displays the results obtained when foodikinis were analyzed after
migration tests. Resveratrol was not detectedenathter and isooctane in contact with
blank LLDPE, as expected. The LLDPE is most likédy contain some phenolic
antioxidant additives as antioxidants and procads @Morlat-Theriaset al, 2005;
Ritter et al, 2005), however it does not contain resveratsobgpected. The migrant
concentration was not detected in isooctane whponsed to the C2 films and was only
detected to the very low amount of 9.75 XAg/kg in contact with water. This value
can be actually considered very low or negligibbfespite of this, it should be noted
that some foodstuffs, specifically red wines, cantain up to 14 ppm of resveratrol
(Fernandez-Maet al.,2012) and that, it has already been proven thatpiblyphenol
has wide beneficial effects on health (Gulcin, 20i0et al., 2012b; Cantos-Villaet
al., 2012) upon consumption.

Resveratrol is currently not listed in, for instanthe Commission Directive
(EU) N° 10/2011 (European Commission, 2011) fordfocontact applications.
Nevertheless, other similar stilbenes currentlytetis such as 4/bis(2-
benzoxazolyl)stilbene has specific migration lin{@WIL) of 0.05 mg/Kg. In this case,
the active film C2 contains a migration value fboe tactive component that is well
below this SML value. Additionally, the currentlysed compound does well fit the

156



7. Antioxidant polyethylene films based on a reatr® containing clay of interest in food
packaging applications

spirit of the new EC legislation regarding activeod packaging (European
Commission, 450/2009).

Table 8. Concentration of resveratrol in water andsooctane after migration tests

Food Migration Average migration
Simulant (mg/kg simulant) (mg/kg simulant)

<1.45 x10
LLDPE blank <1.45 x10 <1.45 x10'
Water <1.45 x10'
7.60 x 1C°
c2 10.78 x1C° 9.75 x10°
10.86 x1C°
<2.10 x10
LLDPE blank <2.10 x10' <2.10 x10'
<2.10 x10'
<2.10 x1¢

c2 <2.10 x10' <2.10 x10"
<2.10 x10'

Sample

Isooctane

3.8 Evaluation of the antioxidant activity of actige film in contact with beef meat

As mentioned above, the film containing RS-MMT (GQ#23s translucent but
with a slight brownish color compared to the blanOPE (see Figure 9).

The lipid oxidation in fresh beef meat was studfelowing the TBARS
method, based on the quantification of thiobarbit@acid reactive substances from
reaction with malonaldehyde (Shibamo#t al., 1995). The changes in the
concentration of malonaldehyde/kg sample in beedtratored at 4 °C are displayed in
Table 9. The concentration in the samples pack#u blank films increased constantly
during 17 days up to a maximum value of 4.72 mg#aple; this increase is probably
due to oxidative degradation. However, the usenefantioxidant film showed strong
differences with respect to blank films. The maldeayde concentration values were
significantly lower in the samples that were packedctive films C2, with a maximum
oxidation reduction of 34.7%, which indicates ttie antioxidant contained in the film
acted as free radical scavenger, thus ending éaidat the initial stage and avoiding
further formation of new radicals by chain oxidatiprocesses. From these results, it
could be inferred that shelf-life of fresh meat Idopotentially be extended by few days
using the current antioxidant film as packagingeriat. Nevertheless, further assays
(i.e. under modified atmosphere conditions, speddod quality attributes and sensory
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analysis to consider consumers acceptance) mupebiermed to quantify shelf-life
extension.

The mechanism of action of antioxidant packagirigdiis not yet well
understood. It has been hypothesized, that eithBoxddant molecules can migrate
from the active packaging film to the meat or samm@ant molecules from the meat
can diffuse onto the active film (Caned al.,2008). Migration of the antioxidant from
the C2 film into water was already determined to vesy low, i.e. 0.01 mg/kg,
suggesting that it could be a surface contact efféereby both processes take place
simultaneously.

(b)

(©)

Figure 9. Comparative images of tested films
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Table 9. Changes in concentration of thiobarbituricacid reactive substance,
TBARS (average of mg malonaldehyde/kg sample) in swles of beef meat steaks

stored at 4°C at various time intervals.

Time (days) Blank film C2 film
0 0.264 + 0.078 0.264 +0.078
11 3.20+£0.43 2.78+1.33
14 427 +£0.31 2.79+0.44
17 4.72 +0.45 3.86+£0.36

4. Conclusions

The natural antioxidant resveratrol has exhibiteghér resistance to thermal
degradation and inhibition to DPPH than the comméentioxidant BHT. Resveratrol
showed strong antioxidant capacity both in freemfdsut also incorporated into a
montmorillonite clay. Active composites, with mirdin impact in color and
transparency, were prepared by direct immobilizatid the antioxidant and of the
active clay into the polymeric LLDPE matrix. Botloroposites showed strong
antioxidant and also antimicrobial effect; in addit the active film containing the
antioxidant clay seemed to be able to reduce dxel@rocesses in direct contact with
a read meat product. Migration tests conducted atew and isooctane as food
simulants evidenced negligible or very low levelselow 0.01 mg/Kg) of the
compound, which means that resveratrol more direxdts in direct food contact. The
use of a natural antioxidant agent such as reseérstipported on protective clay
additives can maximize shelf-life of food produpt®ne to undergo rapid oxidation,
and can potentially constitute very suitable caatid as additives for active food
packaging designs and applications.
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8. GENERAL DISCUSSION

This work was designed to prepare and charactedzel active materials, both
based on biodegradable and oil-based polymers,ngpfrom clays with antimicrobial,
oxygen scavenger and antioxidant properties, foterg@l applications in food
packaging. The active clays which were evaluatethisiwork are experimental grades
made by an external supplier, thus full formulatidetails were not disclosed. The
following clays were supplied:

- Silver organomodified MMT, containing silver as ioat (Ag’),

Bactiblock® R1.51
Silver organomodified MMT, containing silver as mlehanoparticles (Ag°),
Bactiblock® T1.51
Iron based kaolinite, containing zero-valent iroanaoparticles (Fe®°),
O,Block® series
Iron based MMT, containing zero-valent iron nandipbes (Fe®), GBlock®
series, Fe-MMT
Resveratrol modified MMT, eéBlock® series, RS-MMT

Polylactide -PLA- was selected for preparing bioposites from silver based
R1.51 and T1.51 and, iron based Fe-MMT. On therolized, polyethylene (HDPE
and LLDPE) were used to obtain composites from kaalinite and RS-MMT.

In a fist stage of the experimental work it waseaipted the incorporation of
metallic silver organomodified clay T1.51 in PLA applying the solvent casting
procedure from chloroform, for observing the coriphty between polymer and clay
and to assess the transparency and active prapeatirieved by different filler
contents. The silver nanopatrticles were observdzeteandomly distributed across the
whole morphology of the clay and spotted as sphkdark nanodots up to 20 nm, as
detected by TEM. The macrodilution test for antirobial evaluation of clay revealed
strong antimicrobial effectiveness against Gramatigg Salmonella spp.with
minimum inhibitory concentration (MIC) and minimurpactericide concentration
(MBC) below 1mg 10mL. Filler loading of 1, 5 and 10 wt.-% exhibited apgnt
dispersion and transparency. WAXS diffractogramewsdd no clear intercalation or
exfoliation of the clay but TEM micrographs demaattéd high dispersion of the
original tactoids across the PLA matrix. Although exfoliation of clay was achieved,
it was determined 99.99% antimicrobial efficiendycomposites as well as improved
barrier to water up to 40%, depending on the filentent. The silver migration tests
from composites to acidic agueous medium in a raoigé days, presented high
concentration of migrant (4-6 mg/kg of simulantheBe results indicates that lower
guantities of filler might be recommended for aet@omposites obtained by solvent
casting method, or limit the applications of theseterials to low humidity
environments.

According to the principles of green chemistry, veots should be made
unnecesary and products should be designed torpetfmeir desired function while
minimizing the starting raw materials as well asithoxicity, besides other principles.
Taking this into account, the solvent casting métHor producing PLA-based
composites up to 10 wt.% of silver based clay TMith the consequent high silver
migration to food simulant seemed to be unadvisdblerder to be more consistent
with the green chemistry principles, the next stégxperimental program included a
no solvent-compositing method (melt mixing) to inmarate the antimicrobial clays to
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biodegradable matrix and, filler loading were reztlidco 2.5 wt.-%. In addition, the
silver organomodified MMT containing AgR1.51, was evaluated together with T1.51
to find out antimicrobial activity differences tovds S. aureuselated to silver state.
The R1.51 clay TEM micrographs showed the typigglemrance of regular mineral
sheets, while micrographs of T1.51 revealed theeetgu silver nanoparticles as
spherical dark nanodots (up to 20 nm diameter). 3iheer based clays exhibited
different antibacterial performance: the T1.51 dlagulted clearly less effective than
R1.51 because insufficient release of Agns from silver nanoparticles at conditions
test. By applying the melt mixing method, suitabieacroscale dispersion and
distribution of the clays into the PLA matrix wash&eved, and transparent composites
were obtained. However, as revealed by TEM and WAes®liation of the clay layers
did not occurred and the structures of compositesewdescribed as a mixture of
tactoids size reduction, intercalation and somel@tfon morphologies. Differences
between composites containing metallic or catiosiwer were observed in the
antimicrobial tests, confirming that the clay contag nanoparticles has less available
active species because of the long-term releasetivk Ag after hydrolysis.

The other active property for potential food padkggapplication that was
considered was oxygen scavenging activity. Basetherknowledge that iron systems
are the best-known and most widely used in actiaekpging, it was proposed the
evaluation of zero-valent iron clays and their cosifes for prepare active materials.
PLA was again selected as polymeric matrix folloyvithe main idea of obtaining
greener materials as possible. The first step statsion characterize the zero-valent
iron MMT, FeMMT. This was deep opaque black clay da the content of metallic
iron nanoparticles, as revealed TEM micrograph® 3jpherical metallic iron particles
were located on the surface and also on the ettgasontmorillonite platelets, with a
particle size up to 150 nm, and in some cases etitin-like morphology due to the
inherent magnetism of particles. The WAXS diffrapgoms evidenced disorder of the
lattices as a consequence of modification with .irdhe Fe-MMT exhibited strong
oxygen scavenging kinetics behavior, at 100% RH 248C, being able to absorb up
to 62.8 mL of oxygen/g clay. The reason for tesah@pigh humidity is that scavenging
reaction needs water to proceed, and this is extsemfficient reaction since it is
expected that 1 g of iron inactivate 300 mL of catydn the presence of moisture. The
incorporation of 10 wt.% of FeMMT in PLA was caxtieut by melt mixing in order to
avoid using chloroform as solvent in casting preess The resulting dark and opaque
composite showed regular clay distribution acrbssnhatrix, but tactoid-like structures
at microscopic level were detected. The most ingmareffect in the thermal stability of
the iron based composite was the rapid degradafi®iLA due to the presence of iron,
by ca. 60°C in comparison with the neat PLA. Zeatemt iron seemed to act as
catalysts of such degradation processes. Howeher,composite exhibited oxygen
scavenging activity at 24°C and 100% RH (up tomMl2oxygen/g composite). Finally,
the water vapor barrier of composite walgghtly increased due to the blocking
presence of the laminar filler.

Considering the role of zero-valent iron acts aatalyst in degradation process of
PLA, which could represent a limitation in furthgs-scaled processes, it was decided
to incorporate the iron clays in polymers which esenmonly used in the manufacture
of food contact materials, such as polyolefins, enonemically resistant. In this new
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stage, the clay was changed to iron based kaqliaitether experimental grade that
was produced by the supplier under the same fotinalacheme.

The evaluation started with the determination @& $sicavenging activity of the
zero-valent iron kaolinite, at 100% relative hurtydand 24 °C. The iron kaolinite
showed strong efficiency at short times: it waseatol uptake 30 mL of oxygen per
gram of additive at 24 h, and up to 43 mL afterd&@s. The oxygen scavenger activity
of the clay was explained by the presence of ir@taltic particles located inside the
galleries and also on the edges (115 nm averageetks), as TEM micrographs
revealed. The corresponding active polyolefin cosies with 10wt.-% filler content
were manufactured by extrusion into HDPE and LLDRESulting in good distribution
of the additive in the matrix but not a good digien (exfoliation) of the clay, as
detected by optical microscopy and WAXS techniduee poor exfoliation of clay was
due to insufficient sheer during processing, loing§ with matrix, as well as
relatively high loading of filler. The iron kaoliteé contained in the composites was
seen to play a dual oxygen fighting role: as aipadsarrier due to the tortuous path
that imposes to gas diffusion; and secondly, the @ontained in the kaolinite traps and
reacts with the molecular oxygen, causing the aatdduction of gas pressure through
the composite. On the other hand, humidity dematesirto be a key factor in the
kinetics for oxygen depletion: the active compasiteere able to uptake between 2.4
and 4.3 mL of oxygen per gram of composite, in wh#tought as a dependency with
the permeability to water and oxygen of the polymenatrix. Because migration
should be avoided in oxygen scavenger materialgration of iron and aluminium
from HDPE composites was evaluated in water andcisme as food simulants.
Concentration of Fe and Al as migrants in food $amts were very low or negligible,
especially in isooctane, and below the limits cuotlyepermitted by the EU legislation.

The last step of this work consisted on the dewmlent of antioxidant
composites based on LLDPE. They were preparedédijnttorporation by extrusion of
resveratrol or resveratrol modified MMT (RS-MMT) ki DPE matrix. A polyolefin
matrix was selected taking into account that fimetive material would be tested at
high humidity conditions. It was already found tR&tA is easily hydrolysable and not
water resistant material thus, may not be the bbsice for direct food contact
packaging in high humidity applications.

Resveratrols a naturally occurring polyphenolic compound comniy found in
the fruits and leaves of edible plants asdctonsidered as one of the most active and
antioxidant which is characterized by its beneficifects on the human body.
Resveratrol is a renewable raw material that caex@cted from plants by using safe
solvents or supercritical fluids extraction, as vaasertained after revision of patented
procedures. In consequence, it can be said thabxatant composites had green
character.

Resveratrol and RS-MMT (containing ca. 25 wt.-%exveratrol) were added
to LLDPE by extrusion process, in a filler loadlofvt.-% and 3.4 wt.-%, respectively,
as was confirmed by thermogravimetric analysis (JGPRhe composite containing
resveratrol was transparent, but the one contaiRBgVIMT showed opacity and light
brown color probably caused by caramelization feast of sugars that remain in
antioxidants as impurities, and also by the parfalymerization of phenolic
compounds. The films obtained from these compositese homogeneous in a
macroscopic scale, even though no significant m®daduced changes could be
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deducted from the XRD patterns, and both compostesved strong antimicrobial
effect besides the antioxidant activity. The filantaining RS-MMT was submitted to
migration tests in water and isooctane as food lsints. No migrant was detected in
isooctane, and very low concentration was deteictedater (below 0.01 mg/Kg). With
the reference of a similar stilbene currently liste European regulations, resveratrol
migration levels were below the specific migratiomits. The lipid oxidation in fresh
beef meat was studied following the method of thibituric acid. The malonaldehyde
concentration values were significantly lower ie gamples that were packed in active
films, with a maximum oxidation reduction of 34.7%rom these results, it could be
inferred that shelf-life of fresh meat could be gutally extended by a few days by
using the current antioxidant film as packagingemat.

The results obtained in the different steps of tinisk allowed to demonstrate
that active composites can be obtained by the paration of the corresponding active
clays through solvent casting, melt mixing or estom methods. The active composites
materials may be more sustainable as the matrectseh, compositing method and
starting active agents allow it. It was determitieat clay acts a vehicle of active agents
(silver cation, silver nanoparticles, zero-valemni nanoparticles or resveratrol), and
they contribute to the distribution of the agemtigh the matrixes. The final activity
of material and migration data in food simulants,veell as features such as barrier
properties and thermal stability, allow the potahtipplication of these materials in
active food packaging.
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In this dissertation several active nanoclays dwalr tcorresponding composites
prepared from polyolefins and PLA were evaluatelde Tise of clays as vehicles of
antimicrobial, oxygen scavenger and antioxidantnégiehave special interest because
of their potential to produce active materials wighhanced properties for food
packaging applications. The following conclusioakated to these were obtained from
this work:

1) For the case of PLA nanocomposites containilvgrsorganomodified clays

The experimental grades of organomodified silver ntmwrillonites,
Bactiblock®R1.51 which is a cation exchanged iomitver clay and
Bactiblock® T1.51 which contains nanoparticles iWes intercalated in the
platelets, were evaluated. Morphology evaluatioh atays allowed
distinguishing the metallic from the cationic silvbecause the first is
presented as dark nanodots on the mineral sheets.

The grades R1.51 y T1.51 showed strong antimictobféect against
S.aureusThe grade R1.51 also showed bactericidal effgatrstSalmonella
spp with minimum inhibitory concentration (MIC) andimmum bactericide
concentration (MBC) below 1 mg/10 ml.

Solvent casting and melt mixing were the techniqussd to produce the
composites, from 1 to 10 wt.-% of organomodifielyesi clays. In general,

translucent materials were obtained. However, muqgical analysis

revealed that exfoliation or intercalation were aohieved in solvent casting
compounds, unlike those obtained from melt mixing.

The water vapour barrier of PLA composites was owpd by up to 40%,
depending on the filler content and the methodiegddbr clay incorporation
into the polymeric matrix.

Silver migration and antimicrobial activity wereostm to be dependent on the
availability of Ag’, which is the active specie. The detected silver
concentration was 6-8 ppm after the PLA compositese exposed to a
slightly acidic aquous media.

The behavior of silver based PLA composites showed they could be
successfully applied for food packaging purposes bmbased alternative for
protection of food goods against antimicrobial $gume.

2) For the case of the composites based on irys ¢texygen scavenger):

Two grades or iron based clays were analyzed: hig®land montmorillonite.
These clays were seen to contain metallic irorh& form of nanoparticles,
which were intercalated inside the galleries besbaupported on the edges
and surfaces of the clay platelets. The iron narimies size can reach
between 100-150 microns, depending on the support.

Both iron based clays showed strong oxygen depletio high relative
humidity, as expected according to the reactioitltometry between Fe° and
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water. After 60 days of exposure, iron kaolinitel @on montmorillonite were
able to absorb up to 43 mL O2/g clay and 62 mL @24y, respectively.

Two polyolefin composites containing 10 wt.-% obnr kaolinite were
prepared by extrusion with HDPE and LLDPE. The cotaytained in the
composites exhibited a dual effect against oxygsna passive barrier due to
the tortuous path imposed by platelets to gas &ldfy and active barrier, by
reaction of iron nanoparticles supported on clathwiolecular oxygen in the
presence of water.

The iron based polyolefin composites exhibited shene strong absorption
kinetics than the iron kaolinite, and they wereeaiol deplete between 2.4 and
4.3 mL O2/g composite. Oxygen scavenger activitgafposites showed to
be dependent of the water permeability of polymeratrix, relative humidity
and temperature.

Migration tests of Fe and Al, from HDPE-iron kadlencomposite to water
and isooctane as food simulants resulted in very lor negligible
concentration levels, especially in isooctane.

The iron montmorillonite, FeMMT, was successfulhcorporated into PLA
matrix, with a filler content of 10 wt.%, by apphg melt mixing process. The
biocomposite was able to absorb up to 4.2 mlg@©@omposite, at 100 % RH.

While incorporation of iron kaolinite did not cads¢éhermal degradation of
polyolefin matrixes, the thermal stability of PLAon based composite
decreased by 60 °C because iron seemed to adiafsstaf depolymerization
reactions in PLA.

Although both PLA and polyolefin composites contiagniron based clays
showed strong oxygen scavenging activity, the actpolyolefin composites
presented a more suitable balance of thermallisyatmarrier properties and
activity for constituting packaging of oxygen séive products.

3) For the case of the resveratrol containing ¢eioxidants):

The naturally occurring polyphenol, resveratrol,sveown to be a stronger
antioxidant and more thermally stable than the fstic antioxidant
butylhydroxytoluene, BHT, which is currently used additive in foods,
cosmetics and pharmaceuticals. The resveratrolfraddnontmorillonite, RS-
MMT, also exhibited antioxidant activity.

The incorporation of resveratrol and RS-MMT to LLBkatrix for achieving
materials with nominal content of resveratrol ofvl-% was achieved by
extrusion process. The resulting composites weaastucent, but the one
containing RS-MMT exhibited light brownish color eldo the presence of
clay. Both composites revealed antimicrobial cdpaeigainstS. aureus
besides antioxidant activity.

The oxidative patterns of fresh red meet were s$eatecrease when the food
was packaged with films made from LLDPE/RE-MMT camsjtes. The
resveratrol contained in the composites, even thougas supported in clay
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as vehicle, was able to exert as antioxidant amambbial agent for retarding
the spoilage of meat.

The resveratrol migration from active compositessveter and isooctane as
food simulants confirmed insignificant release afivee compound. This result
pointed out that resveratrol most likely acts bypteat.

The use of active composites containing resveraopported on clay can
improved the shelf-life of food products such assth packed with modified
atmosphere containing oxygen.
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Novel silver-based nanoclay as an antimicrobial in polylactic acid food packaging coatings
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This paper presents 4 canprehensive performance stody of polylactic acid {FLA) Wocomposites, obtained by
solvent casting, containing a novel silver-hased antmicrobial layered silicate additive for use in active food
packaging applications. The siver-based nanoclay showed stromg antimicrobial activity against Gram-negative
Satmonells spp. Despite the fact that no exfoliaton of the silver-based marodlay in PLA was obsenved, as
suggested by transmimion electron microzcopy (TEM) and wide angle X-ray scettering (WAXS) experiments, the
additive dispersed nicely -hroughout the PLA matrix to o nancscale, yiclding nanobiocomposites. The films were
highly transparent with enhanced water barrier and strong bioeidal properties. Silver migration from the fims to
o slightly acidified water medmm, considered 0 agpressive food simuolant, was measured by stripping
voltimmetry. Silver migration accelemted after 6 days of cxposure. Newerthelsss, the smudy suggests that
migration levels of silver, within the specific migration levels referenced by the Buropean Food Safsty Agency
(EFSA), exhibit antimicrobial activity, supporting the potential application of this hiocidal additive in active

food-packaging applications to mprove food quality and safety.

Keywords! metals analyss; microbiology; meink

Introdoction

Antimicrobial materials and surfaces are of increasing
imporiance in areas such as healthcare, home and
persunal hyeicne, foods, active packaging, aulonwtive
and textiles. Antimicrobial echnologies are being
investigated and developed to control harmfiul micro-
orgnisms. However, these svsiems need to combing
desirable attributes, such as strong antibacterial effi-
cacy, envirommental safety, Tow toxicity, cost effective
ness and ease of fabrication.

Silver i a powerful antimicrobial agent that has
been used since ancient times. Recent technical inno-
varions and Gndings facilitte the availability and
incorporation of silver products in a wide range of
muxterials al the manufactunng stage, providing novel
antimicrobial formulations. Currently, a specific form
ol silver does not exist for every application, procedur:
or matrix. Manowechnology s a key development in
modulating metals, compounds mnd muterials inte
nunosizes, which often changs their chemical, physical
amd optical properties, as well of those of the matrices
into which they are incorpomted. Stable silver nano-
particles can be obtained using soluble starch as both
the mducing and swbilising sgeat (Vigneshwarn
et al. 2006), or synthesised via the regular borohydride
reduction of Ag™ ions (Oh et ol. 2004; Lok et al. 2007).

Silver nunoparticles can also be synthesised in the
imterlamellar space of a pretreated kaolinile with
DMSC by UV rahiation or chemical-induced redue-
ton (Dékiny etal 2003; Dekiny and Patakfalvi 2004),
in laversd laponite suspensions via photoreduction
Huang and Yag 2007), or supported on micro
and mesoporous strivctires after ion erchange fol-
lowed by in situ reducton (Yang et al. 2008; Ly et al.
200

Silver(T) mitrate adducts with diverse ekctromic and
stere characteristics can be synthesised with N and P
donor lignnds (Pettinan et al. X07). Thus, AgSi0.
cugling solutivn: have been propured W serve o
mitimicrobial refinements of lemperanire-sensitive
materials such as fabrics or wood (Mahltg et al.
2009). Moreover, a suspension of silver aitrale in an
mmmoenium  salt medium has been reported as a
precursor of stable nanoscale AgBr paricles (Zhang
et al. 2007).

Research has also been carried out on the devel-
opment of inorgnic materials, such as zeolites, for
supporting Ag” dons due 1o their capacity 1o incorpo-
rate and release «onic species. Coleman et al. (2009)
prepured Apg and Zn' exchanged tobermorites and
demonstrated that they have marked bactenostatic
effect with potentiol as antimicrobial matedals for
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Oxygen scavenging polyolefin nanocomposite films containing an iron modified
kaolinite of interest in active food packaging applications
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A synthetic iron containing k aluated as an oxygen additive for food packaging plastics
having an active perforneance of ca. 43 ml Oz/g at TO0ERH and of @ 37 ml Ox/g of additive at S08RH. The
rrespanding polyolefin films containing 10w of the active filler 2lso exhibited significant oxygen scavenger
activity (up to 43 ml ofoxygen/s compasite, at 24 “Cand 100%RH). The effec of oxygen scavenging capacity of
HDPE films with iemperature and SRH was also assessed. The oxygen permezbility tests carried out after inac-
tvation of the additive suggested that the ron containing day plays in f2ct a dual oxygen fighting role: adive

Editor Proof Receive Date 26 July 2012

Kevwonds:

OxyEn screngers performance (trapping and reacting with molecular oxygen) as well as a passive barrer performance (imposing
Nanocl ays a more tortuous diffusion path to the permeant ). Migration tests into two food simulants indicated that iron
Polyolefins (from actve ingredient) and aluminum (from clay migration) are hardly detectable in commonly used

Active food packaging simulants, This study suggests that there & significant potential for the use of this novel oxygen scavenger ad-
dithve 1o constitute active packaging of value in the shell-ife extens lon of oxygen sensitive food producis.

Indueserial refevance: Oxygen penetration in food and beverages leads to, for instance, axidat ive rancidity of unsat-
urated fats, Joss of vitamin C, browning of fresh meat, oxidation of ammatic lavor ols and pigments and fostering
the growth of ae obic spoilage mia These undesirable effeds on the product quality indicate that the
elimination or exclusion of oxygen is one of the main targets for preserving foods and beverages in the food padkc-
aging industry. The industrial relevance of this study is wery significant because it proves that the technology gen-
erated and characterized in the paper can uniguely fight oxygen by two means, Le adive and passive
performance. This should enable the food packaging industry to package foods in relatively inexpensive, low bar-
rier commodity plastic materials such as polyolefins, that will allow the shelf-life extension of the packaged prod-

uits with a safe use, since migration of the components is neghgible

© 2012 Elsevier Lud. All rights reserved

L Introduction

Oxygen is oneof the major factors in food spoilage Among the many
adverse effects provoked by oxygen penefration on food and beverages
are oxidatve randdity of unsaturated fats, loss of vitamin C, browning
of fresh meat, oxidation of aromatic flavor oils and pigments and foster-
ing the growth of aerobic spoilage mi These undesirabl
effects on the product quality imdicate that the elimination or exclusion
of oxygen 1s one of the main targets for preserving Foods and beverages.
Active modified atmosphere packaging (active MAP) including Ny, 04,
€0, flushing has been used for food preservation over the last
20 years. It is the altered ratio of these gases that makes a difference
in the prolongationof shelflife, By reducing the Oz-level and increasing
the CO,-level, ripening of fresh fruit and vegetables can be delayed, res-
piration and ethylene production rates can be reduced, softening can be
retarded and various compositional changes assodated with ripening
can be slowed down. Besides MAP, antioxidants, absorbers, interceptors
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E-mail addres: lagmn¥iaacsices (M Lagaron).
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and scavengers have beem used to remove oxygen or to prevent this
from entering into the packaging environment. Specifically, oxygen
scaven gers are materials which, once incorporated into the packaging
structure, bimd chemnically  this and are capable of eliminating large
wolumes of oxyeen that either permeate through the packaging or
from the head space (Brody, Bugosu, Han, Sand, & McHugh, 2008;
Brody, Strupinski, & Kline, 2001 ; De Azeredo, 2009). Oxygen scavenging
commercial technologies are based on enzymatic and chemical sys
tems, The latter ones are, for example, based on catechol, ferrous salts,
active zero-valent iron, ascorbic acd and ttania among others (Brody
et al, 2008; De Azeredo, 2009; Restuccia et al, 2010}

Many of the commertially available oxygen scavengers contain iron
and are marketed in a sachet format ( Miltz & Perry, 2005 ), to prevent
imparting color, odor and taste to the product. Considering that the
use of sachets have the potential risk of being misused by the consumer
orbeing ingested, as well as to conaminate the product by leakage from:
the sachet, the use of packaging materials that contin incorporated the
active agent within the packaging monolayer or multilayer structure
seems mare suitable, acceptable by the consumer and safer. The incor-
poration of savemgng agents intv packaging materials such as



