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ABSTRACT

The massive use ai/nthetic plastics and their environmental impact, as well as the need of
improving food preservation, makes necessary the development of biodegradable
alternatives for food active packaging, to extend the food shelf Tfiee use ofactive
compounds fromnatural origin to obtain this kind of materials is a new trend based of the
consumer demand for safer and healthier products. The present Doctoral Thesis, has been
focused on the development aofiultilayeractive packaging materialsased orbiodegradable
polymers with complementary propertiesn order to obtain materials with adequate
mechanical and barrier propertige meet food packaging requirements. To this epdly
(vinyl alcohol) RVA (with high oxygen barrier capacity), different molecular veight and
acetylation degregandpoly (lactic acid)RLA (with highwater vapourbarrier capacityyvere
considered Likewisecarvacrol (posonmal encapsulated or not) and ferulic and cinnamic acid,
were chosenas antimicrobial/antioxidant compoundsvhich were loaded into the PVA
sheets

The liposomal encapsulation of carvacrol, using different kinds of lecithin was evaluated in
order to improve the carvacrol retention in the polymer matrix during the film formation step.
Soy lecithin enriched in phospltidylcholine was the most effective at maintaining the stability
of the carvacrol emulsion during film formation, leading to its highest retention in the PVA
films. Incorporation of carvacrol (lecithin encapsulated or not) at 5 or 10 %, with respect to
the polymer, slightly modified the film microstructure and physical properties and polymer
crystallinity and thermal behaviouihe fully hydrolysed PVArovided films with a better
mechanical performancand oxygen barrier capacitput with lesscarvacrolretention. In
contrast, partiallyhydrolysedPVA gave rise to more homogenous films with a higher carvacrol
content, while acetyl groupsprotect the polymer forthermodegradation shifting the
degradation temperature to temperatures above the melting poifthis allows the
production of films usinghe common industrial thermoplastic processing techniques.
Therefore, partially acetylated PVA has a great potential for the production of active films with
carvacrol, with a wider range of possibilities (castmg thermoprocessing) than fully
hydrolysed PVA.

Cinnamic and ferulic agdwith lower potential sensory impact thawof carvacrol,were also
incorporated intopartially and fully hydrolysed PVA, at 1 and 2 % with respect to the polymer,
by castingof aqueous solutions containing glycer@l0%)to improve theacid solubility.
Glycerol pasticizedPVAfilms exhibitedpoorer barrier capacity than those neplasticized
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The incorporation of ferulic acid promoted greater changes in the fihmperties than
cinnamic aciddue to acrosslinking effegtwhich promotedcrystallinity, stiffnessand barrier
capacityof the material. Glycerol plasticized films based on partially hydrolysed PVA with
phenolic acids were also obtained bsnelt blending and compression mlling
Termoprocessed films welessstretchableand resistant to breakand more permeable to
oxygen and water vapoin vitro studies demonstrated that cast and termoprocessed films
containing phenolic acids exhibited antioxidant and antimicrobial igtiespeciallywith
ferulic acid.

Threelayerfilms composed of a central layer of PVA loaded with active compounds (carvacrol
lecithin encapsulated carvacrol or ferulic acid) and two external layeesrmabprocessed, PEG
plasticisedPLA were obtained by thermocompression aimed to meet food packaging
requirements Thermocompression was effective for the interlaminar adhegooviding the
laminates withregularthicknesdayers.Multilayersexhibitedmechanical performance close

to the PLA sheets aridgh oxygen and water vapor barrier capacity. Nevertheless, functional
properties in each laminate were modulated by the ingéieet compound migration during
thermocompression. All laminates with active compounds incorporated into the PVA sheet
were effedive at controlling microbial growth in packaged beef meet. Thereflamjnation

of partially hydrolysedPVA and PLi#lmsrepresentsa successful strategy to obtgmackaging
materialswith functional properties closer to those of some synthetic plastimemonly used

in food packagingLikewise, these materialscorporaing carvacrol or ferulic acidould be

used forpackaging of foods highly susceptible to oxidator microbiological degradative
process to extend their shelf life.



RESUMEN

El uso masivo de plasticos sintéticos y su impacto medioambiental, asi como la necesidad de
mejorar la conservacion de los alimentos, hace necesario el desarrollo de alternativas
biodegradables para el envasado activo de los alimentos, con el fin damatar vida util. El

uso de compuestoactives de origen natural para la obtencion de este tipo de materiales es
una nueva tendencia basada en la demanda del consumidor de productos mas seguros y
saludables. La presente Tesis Doctoral, se ha centradalesairollo de materiales multicapa
activos para el envasado, basados en polimeros biodegradables con propiedades
complementarias, con el fin de obtener materiales con propiedades mecanicas y de barrera
adecuadas para cumplir con los requisitos del envasalimentario. Para ello, se han
considerado gboli (vinil alcohol)PVA (con alta capacidad de barrera al oxigeno), de diferente
peso molecular y grado dedrolisis y elpoli (acido &ctico) PLA (con alta capacidad de barrera

al vapor de agua). Asimim®, se eligieron el carvacrol (encapsulado o ndigrsomas y los

acidos ferulico y cinamico, como compuestos antimicrobianos/antioxidantes, que se cargaron
en los films de PVA.

Se estudio la encapsulacion del carvacrol en liposomas de diferentes gpesitina para
mejorar la retencion del carvacrol en la matriz polimérica durante la etapa de formacién del
film. La lecitina de soja enriquecida en fosfatidilcolina fue la mas eficaz para mantener la
estabilidad de la emulsion de carvacrol durante lafacion del film, dando lugar a su mayor
retencidén en el mismo. La incorporacion de carvacrol (encapsulado o no en lecitina) al 5 o al
10 %, con respecto al polimero, modificd ligeramente la microestructura y las propiedades
fisicas de la pelicula, asi comaocristalinidad y el comportamiento térmico del polimero. El
PVA totalmente hidrolizado proporcioné peliculas con un mejor rendimiento mecénico y
capacidad de barrera al oxigeno, pero con menor retencion de carvacrol. Por el contrario, el
PVA parcialmemrthidrolizadodio lugar a peliculas mas homogéneas, con un mayor contenido
de carvacrol, mientras que los grupos acetilos protegieron al polimero de la
termodegradaciondesplazandda temperatura de degradaciém temperaturas por encima

del punto de fusid. Esto permite la obtencion de films mediante las técnicas habituales del
procesado termoplastico industrial. Por lo tanto, el PVA parcialmente acetilado tiene un gran
potencial para la produccion de films activos con carvacrol, con una mas amplia gama de
posibilidadesdastingo termoprocesado) que el PVA totalmente hidrolizado.

Se incorporaron también &cido cinamico y ferulico, con un potencial impacto sensorial menor
que el del carvacrol, al PVA parcial y totalmente hidrolizado, al 1 y al 2% con oeapect
polimero, mediantecastingde las soluciones acuosas con glicerol (10%) para mejorar la
solubilidad de los acidos.
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Los films de PVA plastificados con glicerol mostraron una menor capacidad de barrera que los
no plastificados. La incorporacion delidm fertlico promovié mayores cambios en las
propiedades de los films que el acido cinamico, debido a un efecteetirilacion que
promovié la cristalinidad, la rigidez y la capacidad de barrera del material. También se
obtuvieron peliculas plastificada®n glicerol a base de PVA parcialmente hidrolizado con
acidos fendlicos, mediante mezclado en fundido y moldeo por compresion. Los films
termoprocesados fueron menos extensibles y resistentes a la rotura y mas permeables al
oxigeno y al vapor de aguatiiosin vitro demostraron que los films con acidos fendlicos
obtenidos por casting o termoprocesado presentaron actividad antioxidante y antimicrobiana,
especialmente con acido ferulico.

Con el objetivo de cumplir los requisitos de envasado de alimes&septuvieron films tri

capa por termocompresion, compuestos por una capa central de PVA, cargada con
compuestos activos (carvacrol encapsulado en lecitina o acido ferulico), y dos capas externas
de PLA termoprocesado, plastificado con PEG. La termocesiprieie eficaz para la adhesion
interlaminar, proporcionando capas de espesor regular a los laminados. Las multicapas
mostraron un rendimiento mecanico proximo al de los films de PLA y una elevada capacidad
de barrera al oxigeno y al vapor de agua. Sibangp, las propiedades funcionales de cada
laminado fueron moduladas por la migracion de compuestos entre las laminas durante la
termocompresiéon. Todos los laminados con compuestos activos incorporados a la capa de
PVA fueron eficaces para controlar el@nsiento microbiano en filetes de carne de vacuno
envasada. Por tanto, el laminado de films de PVA y PLA parcialmente hidrolizado representa
una estrategia adecuada para obtener materiales de envasado con propiedades funcionales
mas proximas a las de algusplasticos sintéticos comunmente utilizados en el envasado de
alimentos. Asimismo, estos materiales con carvacrol o acido feralico incorporados podrian
utilizarse para el envasado de alimentos altamente susceptibles a procesos oxidativos o de
degradaciormicrobioldgica para alargar su vida util.



RESUM

L'ls massiu de plastics sintetics i el seu impacte mediambiental, aixi com la necessitat de
millorar la conservacié dels aliments, fa necessari el desenvolupament d'alternatives
biodegradables pea I'envasament actiu dels aliments, amb la finalitat dfgéa la seua vida

atil. L'as de compostosactiusd'origen natural per a I'obtencié d'aquesta mena de materials

és una nova tendencia basada en la demanda del consumidor de productes més segurs i
saludables. La msent Tesi Doctoral, s'ha centrat en el desenvolupamentmdgerials
multicapa actius per a I'envasament, basats en polimers biodegradables amb propietats
complementaries, amb la finalitat d'obtindre materials amb propietats mecaniques i de
barrera adequades per a complir amb els requisits de I'envasament alimentari. Per a aixo,
s'han considerat epoli (vinil alcohol) VA (amb alta capacitat de barrera a I'oxigen), de
diferent pes molecular i grau d'acetilacio, ipali acid lactiPLA (amb alta capacitat de
barrera al vapor d'aigua). Aixi mateix, es van triar el carvacrol (encapsulat o no en lecitina) i
els acids ferdlico i cinamic, com a compostos antimicrobians/antioxidants, que es van
incorporar en els films de PVA.

Es va estudiatdncapsulacié del carvacrol en liposomes de diferents tipus de lecitina per a
millorar la retencié del carvacrol en la matriu polimerica durant l'etapa de formacio del film.
La lecitina de soja enriquida en fosfatidilcolina va ser la més efica¢ per andraristabilitat

de I'emulsié de carvacrol durant la formacio del film, donant lloc a la seua major retencié en
aquest. La incorporacio de carvacrol (encapsulat o no en lecitina) al 5 o al 10%, respecte al
polimer, va modificar lleugerament la microesttura i les propietats fisiques de la pel-licula,
aixi com la cristalinidad i el comportament termic del polire#PVA totalment hidrolitzat va
proporcionar pel-licules amb un millor rendiment mecanic i capacitat de barrera a I'oxigen,
perd amb menor regncié de carvacrol. Per contra, el PVA parcialrhablitzatva donar lloc

a pel-licules més homogenies, amb un major contingut de carvacrol, mentre que els grups
acetilos van protegir el polimer de la termodegradacidesplacant la temperatura de
degradacié a temperatures per sobre del punt de fuskixo permet I'obtencié de films
mitjancantlestecniques habituals del processament termoplastic industrial. Per tant, el PVA
parcialment acetilaté un gran potencial per a la produccio de films actius aarlbacrol, amb

una més amplia gamma de possibilitatasting o termoproces8) que el PVA totalment
hidrolitzat.

Es van incorporar també acid cinamic i fertlic, amb un potencial impacte sensorial menor que
el del carvacrol, al PVA parcial i totalment bidrat, a I'L i al 2% respecte al polimer,
mitjangantcastingde les solucions aquoses amb glicerol (10%) per a millorar la solubilitat dels
acids. Els films de PVA plastificats amb glicerol van mostrar una menor capacitat de barrera
que els no plastifida.
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La incorporacié de l'acid ferulico va promoure majors canvis en les propietats dels films que
I'acid cinamic, a causa d'un efecte d'entrecreuat, que va promoure la cristalinidad, la rigidesa
i la capacitat de barrera del material. També es van obginul-licules plastificades amb
glicerol a base de PVA parcialment hidrolitzat amb acids fenolics, mitjancant barrejat en fos i
emotlament per compressio. Els films termoprogats van ser menys extensibles i resistents

al trencament i més permeables axigen i al vapor d'aigua. Estudlisvitro van demostrar

que els films amb acids fenolics obtinguts pastingo termoprocesament van presentar
activitat antioxidant i antimicrobiana, especialment afd€d ferdlic.

Amb l'objectiu de complir els requisid'envasament d'aliments, es van obtindre filmscapa

per termocompresio, compostos per una capa central de PVA, carregada amb compostos
actius (carvacrol encapsulat no en lecitinay acid ferulic), i dues capes externes de PLA
termoprocesat, plastficat amb PEG. La termocomps&s va ser eficac per a l'adhesio
interlaminar, proporcionant capes de grossaria regular als laminatges. Les multicapes van
mostrar un rendiment mecanic proxim al dels films de PLA i una elevada capacitat de barrera
a l'oxigen i al vapor d'aigua. No obstant aix0, les propietats funcionals de cada laminatge van
ser modulades per la migracié de compostos entre les lamines durant la termocatpres
Tots els laminatges amb compostos actius incorporats a la capa de PVA varesesgder a
controlar el creixement microbia en filets de carn de bovi envasada. Per tant, el laminatge de
films de PVA i PLA parcialment hidrolitzat representa una estratégia adequada per a obtindre
materials d'envasament amb propietats funcionals mésxpn@s a les d'alguns plastics
sintétics comunament utilitzats en I'envasament d'aliments. Aixi mateix, aquests materials
amb carvacrol o acid ferdlic incorporats podrien utilitzarper a I'envasament d'aliments
altament susceptibles a processos oxidatude degradacid microbiologica per a allargar la
seua vida util.



PREFACE







PREFBE

DISSERTATION OUTLINE

This Doctoral thesis is organized in five sectitmsoduction, Objectives Chagers, General
Discussiorand Conclusioss.

The Introduction section focuses on the use of bioplastics in the food packaging field,
highlighting their application as carriers for natural active compounds in order to develop of
active films with antimicrobialand antioxidant capacity. Likewise, the combination of
biodegradable polymers with complementary functional properties in Aafficiency
multilayer asemblies and their application for food preservation was emphasised. Next
section, presents the generahd specifi©bjectivesof this Doctoral thesis.

The obtained results are organised into five Chapters. Each chapter is presented in article
style.Chapter I, Il, [landV correspond to one scientific publication, atMwas divided into

two scientific aticles Each scientific article was structured into: abstract, introduction,
materials and methods, results and discussion, conclusions and references.

Chapter lentitedd [ A L2 a2 Yl Sy Ol LladzZ FG6A2y 2F O NI ONP
T A f, somgaresthe effectiveness of lecithin with different origin and composition in the
liposomal encapsulation of carvacrol. The study of the liposome stability in aqueous medium
0-potential and particle size distribution over time) and the capacity of the lipostonretain

carvacrol in matrices of PVA with different molecular characteristics (molecular weight and
acetylation degree) is described. Liposomes obtained with soy lecithin enriched with
phosphatidylcholine lgto the greatest carvacrol retention in the RVilms.

Chapter llentitledd 9 FFSOG 2F OF NI ONRt Ay (GKS LINBLISNIA
GAOK RAFTTFSNBYG VY2 fatgsdd theNdffeCl fol thel irddrpgenstfors af the a £
emulsified carvacrol on the microstructural, thermal, $é8a and barrier properties of active

films based on PVA with different molecular characteristics. The results indicated the
relevance of the molecular weight and the degree of hydrolysis of PVA in the degree of
carvacrol retention and in the charactertiof the final films.

Chapter lllentitled dThe Incorporation of carvacrol into poly (vinyl alcohol) films encapsulated
in lecithin liposomesstudies the incorporation of lecithin encapsulated carvacrol, using
liposomes enriched with phosphatidylchad in two PVA matrices with different molecular
characteristics, as a strategy to improve the carvacrol retention in the final active films. The
results showed that the encapsulation of carvacrol enhances its retention in the PVA films,
especially in partiéy hydrolysed PVA.

Chapter IMocus on the incorporation of phenolic acids (ferulic and cinnamic acids) into PVA
matrices in order to obtain active films with less sensory impact applicable to food packaging,
and is divided in two partsChapter |V.kntitled ¢Effect of phenolic acids on the properties of
films from poly (vinyl alcohol) of different molecular characteristeal'Chapter 1V.lentitle
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"Effect of the processing method on the physicochemical and active properties of poly (vinyl
alcohol) filns incorporating phenolic acidsBoth, the effect of the type of phenolic acid and

the type of processing (casting and thermoprocessing) on the microstructure, thermal
behaviour and tensile and barrier properties of PVA films are analysed. Thermoginggss

only applied to partially hydrolysed PVA since acetate groups protect polymer for
thermodegradation, opening the temperature window for thermoprocessing. The results
showed that ferulic acid hagreater potential for developing active PVA materialse ¢ its

higher bioactivity and its ability to interact with PVA chains, improving the tensile and barrier
performance of the films.

Chapter Ventitled GAntimicrobial PLAVA multilayer films containing phenolic compounds
studies the combination of setted active PVA sheets (internal layers) and PEG plasticised PLA
external layers in thre¢ayer assemblies, to meet food packaging requirements in terms of
barrier capacity and mechanical performance. Low molecular weight, partially acetylated PVA
is choserto this end due to its better capacity to load the active compounds (carvacrol and
ferulic and cinnamic acids). The functional prdfger as packaging material of the thrésgyers

are analysed, wke their antimicrobial capacity is tested in beef medets throughout cold
storage tine.

TheGeneral Discussiogection analyses from a global perspective the most relevant results
obtained from the different chapters and draws a comparison between the studied PVA films,
containing different active compouls, and the threelayer films (laminates) obtained by their
combination with PLA sheets, highlighting the advantages of the laminates for food
preservation, particularly for beef meat product where are applied.

Finally, theConclusios section presents the ost relevant findings of this Doctoral Thesis.
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I. INTRODUCTION

BIODEGRDABLE ACTIVE FILMS FOR FOOD PACKAGING APPLICATIONS

The Sustainable Development Goals (SDGSs), were raised in the United Nations Conference on
Sustainable Development, took placeRio de Janeiro, Brazil in 2012. The SDGs are a universal
call to face the environmental, political and economic challenges of the world, promoting a
shared plan to seek peace and prosperity for the planet by 2030. The 17 SDGs are interrelated,
meaning that the success of one affect that of others. Among the great challenges of current
society are ensuring the food availability, necessary for a growing population, and reducing
the production and consumption of plastics, which cause a serious environngotaem.

Both aspects converge in at least six of the SDGs: Zero hunger (SDG2), Good health and well
being (SDG3), Responsible consumption and production (SDG12), Climate action (SDG13), Life
below water (SDG14), Life on land (SDG15).

Every year 1.3 billmtons of food are lost or wasted across the food supply chain, nearly one
third of all production, which, added to trends in economic and population growth, puts
enormous pressure on our natural resourg&elvam et al., 2021)0ne of the important
factors to avoid food waste and ensure its availability is to promote the food preservation,
increasing the shelf life. Packaging is one of the main preservation methods. In fact, one of the
causes of food loss in developing countries is the lack of adequaaieaging and transport
solutions to maintain food quality and freshness from production to consumption
(PlascticsEurope, 2020)

The use of plastics as packaging material has been increasing exponentially since its
appearance, about 100 years ago. Ptasilightweight and offers high performance, which

can have economic benefits by reducing transport costs, extending the shelf life of the
products(Matthews et al., 2021and minimizing the negative impact of food wagsun et

al., 2018) But plastt also has different drawbacks, specifically at the environmental level. The
high volume of plastic production has reached 368 million tons per year, with a short time of
use, mostly singlkeise, and waste management proble&eueke et al., 2018)vhich,added

to the nonbiodegradable nature of plastic, has generated a growing concern about the plastic
accumulation in our oceans and natural environmg@ordier & Uehara, 2019)

The demand for plastics in Europe reached 50.7 million tons between 201®aAdof which

29.1 million tons of waste were collected in order to be treated, 32.5% were recycled, 42.6%
were incinerated and 24.9% went to landfills. Of the total of plastics, 39.6% correspond to
packaging materials (RE® / PHLD, PHO / PEMD, PP,PS, PVC and PET etc)
(EuropeanBioplastics, 2020 owever, in the case of food packaging, recycling is difficult
because they are loaded with residual organic matter that hinders the functionality of the
material for later uses. In addition, food pagkag often consists of several layers made of
different types of polymers. These materials pose great challenges for recycling, either with
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high costs, technological difficulties to separate the different plastic polymers or the
impossibility of recyclingnixed polymers(Faraca & Astrup, 2019)urthermore, recycled
plastics cannot be used for food packaging due to the risk of toxic substances migration.

Given the difficulties associated with the complex recycling of food packaging, materials with
functional properties similar to conventional plastics, but that do not accumulate on the
planet due to their long degradation period and that do not generate persistent microplastics
are needed. In this sense, in order to create a sustainable environment anerréhe
possible disposal of recalcitrant plastic waste in the environment, the production of bioplastics
for food packaging application, especially biodegradables ones, have gained a lot of attention.

This chapter gives an overview of the state of theé af food packaging with active
biodegradable materials, as a potential solution for improving food preservation, alleviating
the environmental problem caused by the abuse of conventional plastics.

1. Bioplastics for food packaging

In Figure 1 the classifiation of the different plastics is presented depending on their origin,
fossil or bio renewable sources, and their biodegradable or-lmiodegradable nature. A
plastic material is defined as bioplastic if is either-b&sed, biodegradable, or has both
properties(EuropeanBioplastics, 202@ccording to the origin or the production method the
biopolymers can be divided into three groups: those directly extracted from biomass of
vegetable or animal origin; those produced by classical chemical synttasidio-based or
fossitbased monomers; and those produced by wild or genetically modified microorganisms.

Biopolymers obtained from biomassare polysaccharides or proteins. Of polysaccharides,
starch is abundant in many food products (corn, potato, cassetc.). Native starch consists

of two types of glucose polymers, amylose and amylopectin. This is the highly used because it
can be manufactured in large quantities, at relatively low cost, and easily handled to form
films. The major challenge with neéi starch is its brittleness and hydrophilic natgzgong

et al., 2020) Chitosan is another abundant polysaccharide, obtained from the shell of
crustaceans, which also has antimicrobial propert{@siralt et al., 20200thers are obtained

from alga such as carrageenan or alginate. Proteins, such as gelatine, obtained from by
products of meat or fish industry, as well as dairy and soy proteins have also been extensively
studied(Chiralt et al., 2020However, the constitutive monomers of thesepolymers are

very polar, due to their abundant hydroxgt amino) groups and, therefore, they have high
water affinity and are quite water solublg€ollazeBigliardi et al., 2019; OrtegEoro et al.,

2017; Sapper et al., 2018, 2019his provide verlow water vapour barrier capacity to the
materials, which is a negative factor for food preservation, where water exchanges must be
controlled. In addition, this fact causes the moisture adsorption and modifications in the
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material properties depending ame humidity of the environment or of the food in contact.
This limits their use for many foods with high water activity. In contrast, they are a very
effective barriers to the transport of gases, specifically to oxygen, thus preventing oxidative
reactionscausing food spoilage.

Bio-based

Bio-based and non-biodegradable * Bio-based and biodegradable *

5
S @
® 8
o] D
S ®
2 2
Q Q
= o
o m
I'D Poly (ethylene terephthalate)

(PET)

Polyethylene (PE)

Polypropylene (PP)

Polyestyrene (PS)

Fossil-based and non-biodegradable Fossil-based and biodegradable *
Fossil-based
*Bioplastics

Figure 1 Classification of plastics according to their origin and biodegradable/non biodegradable
nature.

The synthesisof biopolymers can be carried out from bi@ased monomers, such as those
becoming from stare (in the case of polylactic acid: PLA), or from those fbasid such as
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occurred in polycaprolactone (PCL). These usually are hydrophobic polyesters, less water
sensitive and with better water vapour barrier capacity than those of the previous group.
However, these present higher oxygen permeab(litgmpau et al., 2020a; Yi et al., 2009)y

(vinyl alcohol) (PVA) is another biodegradable polymer obtained by synthesis, with high
oxygen barrier capacity and good tensile properties, also being arestieg alternative for

the development of food packaging materiézano et al., 2015; Tampau et al., 2020b)

The third group corresponds to those polymers obtainbttechnologically from
microorganisms. Some polysaccharides, such as xanthan guam gellpullulan are also
obtained by fermentatior{Sapper et al., 2019But some polyesters can also be produced by
this processing method; within this family are the-called polyhydroxyalkanoates, with
different properties, depending on the length tdfe hydrocarbon chainOne of the most
promising is the poly (Bydroxybutyrateco-3-hydroxyvalerate) PHBV, whose biosynthesis
process involves bacteria that can feed on food waste, which contributes to theeref
waste, producing the polymers when arlsan source is in excess and at least one other
nutrient essential for growth has been depletgtHernandezGarcia, Vargas, Gonzélez
Martinez, et al., 2021; Pinto et al., 2021)

Some specific characteristics of the bioplastics used in the present steidigscribed below.

1.1. Poly(vinyl alcoho)

Polyvinyl alcohol (PVA) is a seanystalline polymer, usually produced by alkaline hydrolysis
of its precursor polyvinyl acetate (PVAEJgure ). PVA is a highly versatile biopolymer,
nontoxic, water soluble, ith excellent properties of chemical resistance, mechanical, gas
barrier, adhesive and film forminguith tolerance towards organic solventksiu et al., 2014;
Loryuenyong et al., 2015)he controlled process allows for obtaining polymers with different
extent of polymerization and degree of hydrolysisasterification(Fukae et al., 1994 These
characteristics have encouraged the use of PVA to develop biodegradable films. The specific
functional properties of the materials based on PVA depend oowsifactors: the size of the
molecular chains, the number of OH groups that remain free in the macromolecule, how many
acetate groups and aldehyde radicals boaind to it and the extent to which ester bonds are
created in the molecul€Julinova et al2018) These molecular characteristics also affect the
polymer affinity and compatibility with other compounds that can be added as active
compounds. Materials of highly hydrolysed PVA are the most suited to aah agygen
barrier. However, a higher ctant in hydroxyl group in the matrix leads to a greater water
affinity, which makes PVA films sensitive to the surrounding relative humidity. Then, their
application as food packaging is restricted and requires blending or lamination with other non
polar pplymers. In general, mechanical properties of synthetic biopolymers can be controlled,
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which helps in acquiring desirable properties based on the application necéssitgt al.,
2014; Loryuenyong et al., 2015)

H H H H H H
| | HYDROLYSIS [ I | w { | I l
79 S A A
H O | l H O Jm{ H O Jn
| | |
C c OH
A A
Ox \CHE_ D/ N\\GHS
Palyvinyl acetate Palyvinyl alcohol

Figure 1Poly (vinyl alcohol) devgbment process Sourcé€lulinova et al., 2018)

Currently, PVA is used in a wide range of industries especially in fabric and paper sizing, fiber
coating, adhesives, emulsion polymerization, films for packing and farming. Over the last
decade, much attetion has been recorded in PVA as biocompatible, low cytotoxic and
degradable polymer for biomedical and biomaterial research fields. PVA hydrogels for
biomedical applications have been used in drug delivery, cell encapsulation, wound dressings,
artificial meniscus, vascular grafts and biosensors. PVA hydrogels have also been used as
disposable contact lenses thanks to its high moisture retention, high oxygen permeability,
optical clarity, compliance and softne@sen Halima, 2016)

1.2. Poly (lactic acid)

Poly (lactic acid) PLA is one of the most widely used biodegradable bioplastics, which
constitutes a promising alternative to conventional plastics in food packaging. PLA is a linear
aliphatic polyester, obtained industrially through lactide open fodymerization or by the
condensatioRpolymerization of the lactic acid monomé&hmed et al., 2009)The monomer

of PLA is lactic acid, which can be produced by fermentation of renewable sources such as
corn, cassava, potato and sugarcgAdaf et al., 206). Lactic acid has two active forrcalled

L-lactic acid and Bactic acid due to an asymmetric carbon atom. Thus, three stereochemical
forms of PLA are possible: polyléctide) (PLLA), poly (Bdctide) (PDLLA) and poly-i@ztide)
(PDLA).

PLA has umerous attractive properties compared to other aliphatic polyesters: high
mechanical strength, high elastic modulus, low flammability and toxicity, biodegradability,
biocompatibility, transparency, energy savings and easy processéhilibgberg et al2005)
However, it has significant problems such as a low oxygen barrier capacity, brittleness, and
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can be unacceptably noisy due to the stiffness, when it is highly cryst@Qinet al., 2017a;
Saeidlou et al., 2012Yhese reasons often make itgessary to include plasticizers (PEG) to
modulate tensile properties or lamination with high gas barrier materials. So, PLA and PVA
exhibit complementary properties that could be combined to obtain laminated materials
useful for food packaging purposes.

Safety evaluations have reported limited migration levels of polymeric components into the
food this material is in contact with. The studies have shown there is no threat to human
health as these migrants are expected to be metabolized to lactic acidhireptevels far
below to those acceptable for lactic acid as a food add{i@@nn et al., 1995)hese types of
reports have granted approval of PLA for contact with food by the Food and Drug
Administration (FDA). Food corporations such as Danone (@g)mBel Monte (USA) and
Noble Juice (USA), as well as leading food retailers such ddafglUSA), SPAR (Austria) and
Auchan (France) are already using PLA based packaging in some of their p(Gdstts
Aguirre et al., 2016)Several types of foodse currently packed and commercialized with PLA
based materials. These foods are characterized by different physical states, a wide range of
water activity (aw), pH and composition, with different shelf life. Some examples are potato
crisps (amorphous $d, aw = 0.£0.3), fresh salads and vegetables (biological gel, aw > 0.99),
yogurts (gel, aw > 0.99) and citrus juices (acidic liquid, aw T@®F) (Gerometta et al.,
2019)

2. Biodegradation

The interest in biopolymers is mostly because of theidbgradability. Biodegradability of
biopolymers means that they can be decomposed into their constituents by living organisms.
Biological degradation involves cleavage of chemical bonds under specific ecological
conditions by microorganisms or their hiddproducts, such as surfactants and enzymes, and

it might be aerobic or anaerob{®lasrollahzadeh et al., 2021 this process, biopolymers are
converted into energy, which microorganisms need to survive. Bacteria degrade biopolymers
in marine sedimentsoil, or compos{HernandezGarcia, Vargas, GonzalMartinez, et al.,
2021) Biodegradation occasionally starts by Hminlogical degradation, for example,
oxidation by atmospheric oxygen, hydrolysis or photodegradafidasrollahzadeh et al.,
2021)

Generally, biodegradation is a festep process: 1) biodeterioration, which comprises the
breakdown of biodegradable materials into small pieces by the microorganisms action; 2)
depolymerization, that involves catalytic agents generated by microorgaf@saymes and

free radicals) to break down the polymeric chains and convert them into lowgecular
weight polymers, giving rise to monomers, dimers and oligomers, which are able to cross the
semipenetrable bacterial membranes; 3) assimilation, whereblymeric molecules are used
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by microorganisms as energy and carbon sources and can produce new biomass, storage
vesicles, and many kinds of metabolites, which help to maintain the structure, cellular action,
and reproduction; 4) finally in the mineralizai step, the metabolites may be excreted and
reach the outside of the cellular mediuf@handra & Rustgi, 1998; Hernandgarcia, Vargas,
GonzaleaMartinez, et al., 2021; Nasrollahzadeh et al., 20ZhE products of this process are
biomass water, salts and gases.

Biodegradability of biopolymers depends on both the polymer molecular characteristics and
environmental conditions, which influence the degree and rate of biodegradation. As
concerns the polymer, the chemical structure, the kind ofmloal bonds, the molecular
weight distribution, the molecular complexity and the degree of crystallinity are critical factors
that affect the biodegradation process. In general, polymers with a shorter chain, more
amorphous and with less molecular comptgxare more sensitive to the action of microbial
enzymes. In contrast, wetness, oxygen accessibility, pH, the specific type of microorganisms
presents, and the enzymes secreted by microorganisms, are the most important conditions of
the environment to defie degradation procegfNasrollahzadeh et al., 2021)

2.1. Polyvinyl alcohol degradation

The promising potential of synthetic PVA is its biodegradability which is considered as an
unusual trait among the other synthetic carbehain polymers. The history dPVA
biodegradation extends back over 1936 since the first report of degradatiérusgrium lini
phytopathogenic fungus, producing carbon dioxide and water as a result of the extracellular
attack by a dehydratas@Nord, 1936)(Suzuki et al., 1973; \imabe et al., 1975And carried

out extensive studies of PVA biodegradation. A variety of microorganisms able to assimilate
PVA have already been reported. Most of Rié§rading microorganisms were identified as
aerobic bacteria belonging to Pseudomonisrthermore, some Gramegative Alcaligenes
faecalis and ‘-proteobacterig and Granpositive Bacillus megaterium, Paenibacillus
amylolyticus, Microbacterium barkegind Streptomyces venezuelabacteria were included

as PVA degraders. Some species dégeand assimilate PVA axenically, even though symbiotic
is a rather common feature of PVA biodegradation.

PVA is biodegradable under a t8tep metabolism consisting of oxidation and hydrolysis:
oxidation of two side hydroxyl groups either by oxidase dnyditogenase and subsequent
hydrolysis (cleavage of the carbearbon chain between two carbonyl groups or a carbonyl
group and an adjacent hydroxymethine group) either by hydrolase or aldolase. Enzymatic
degradation of PVA takes place randomly and theltasimolecules distribute over smaller
molecular weights. This enzymatic random endocleavage of PVA chains does not appear to be
appreciably affected by polymer structural features, such as degree of polymerization and
acetylation degree, at least for s@bes containing less than 20% residual acetyl groups.
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However, a positive influence of the hydrophobic character (residual acetyl group content in
PVA chain) of the polymeric substrates on the activity of specificde¥pdrogenase was
demonstrated. The divity of other PVA chains cleaving enzymes, such asoRMAse, also
showed dependence on the macromolecular struct(ialima, 2016)

The biodegradability of PVA seems to be highly dependent on the environmental conditions.
In general, PVA ideally ldegrades in an aerobic aquatic environment with diverse active
organisms, whereas in some soils or composting conditions, the degradation rate was slower
(Chiellini et al.,, 2003) To address the biodegradability limitations of PVA, some
microorganisms tht degrade PVA have been studied and isolated. The microbial communities
were subjected to an acclimatization phase in environments rich in PVA to achieve the
specificity of the bacteria for the degradation of this polymer. Of the bacterial PVA degraders,
Sphingomonadsvere widely studied microorganisms, isolated from wastewater containing
PVA, characterized by their PVA oxidase and alcohol dehydrogenase activity. Other specialized
microorganisms ar&phingopyxisp. PVA3&nd Sphingopyxis sp. 113P®ie fomer initially
oxidizes PVA through PVA oxidase, while the latter depolymerizes PVA with PVA
dehydrogenase. Glucose acts as a catabolite, this finding being particularly interesting
considering that several PWrased blends contain natural polysaccharidpssticularly
starch.

2.2. PLA degradation

PLA not only has complete biodegradability, but also not pollute environment after
biodegradation. The mechanism of biodegradation had been more studied than in PVA. PLA
degradation occurs mainly through scission stee bonds. In addition, polymer degradation

is induced by a range of factors in nature, such as oxidation, photodegradation, thermolysis
or hydrolysigQi et al., 2017b)

During microbial degradation, Pidégrading microorganisms first excrete extracklt
depolymerase of PLA. The rapid production of extracellular depolymerase need usually to be
stimulated by some inducers such as silk fibroin, elastin, gelatin, and some peptides and amino
acids(Jarerat et al., 2004; Qi et al., 2017b; Tokiwa & Cal&fi@6; Yutaka & Hideo Tanaka,
2006) Most of the inducers havedlanine units, which is similar telactic acid units of PLA

in the stereochemical position of chiral carboRollowing the depolymerase attack
intramolecular ester links of PLA, whicesult in production of oligomers, dimers and
monomers. Afterwards the low molecular weight compounds enter in microbial membranes
and decompose into carbon dioxide, water or methane by intercellular enzy@iest al.,
2017b; Tokiwa & Jarerat, 2004)
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Two components, the appropriate microbes and a favourable environment, are required for
the successful biodegradation of PVA. Analysis ofdegfading microorganisms is crucial for
accelerating biochemical processes of PLA degradation. Therefore, trealesmn isolation

of PLAdegrading microorganisms have been raised in recent years. Currently, multiple types
of microbes that are able to degrade PLA have been isolated from soil or water. They mostly
are actinomycetes, a fraction of them belong to bacend fungus. The degradation rate of
PLA also depends on environmental factors, such as PH, humidity, temperature, oxygen and
so on (Park & Xanthos, 2009Nevertheless, the biodegradation of PLA under aquatic
environmenthas been found to be very lited.

3. Active food packaging using bioplastics

Biopolymers can be the source for obtaining materials applied in advanced packaging
methods, such as the active packaging. Active packaging interacts with food or its
environment to extend its shelf life, impve its safety or its sensory properties, maintaining

a high quality. To this end, they can absorb or release substances that allow this function to
be carried out, sometimes without the need for direct contact with the prod@tten et al.,
2018) Someamaterials can absorb free radicals or oxygen preventing their deteriorating action
or release antimicrobials or antioxidants to favour the food preservation, making it safer and
with anextended shelf lif€Vilela et al., 2018; Yildirim et al., 2018)

For obtaining these materials, one possibility is the incorporation of the active compounds to
the polymer master batch, either by their direct addition or previously encapsulated or
anchored in different supports (micro or nanoparticles) by different teghes, in order to
control their sustained release over time to the food. This release will depend on the food
substrate (solid or liquid, aqueous or fatty, wet or dry, etc.) and on the molecular interactions
that occur between the active compound and thackaging materialMuller et al., 2017;
Requena et al., 2017)ikewise, interactions and potential migration of food components into
the packaging material could also affect the polymer release properties, depending on the
relaxation phenomena that mgrated compounds could provoke in the polymer matrix
(Requena et al., 2017)

As concerns active compounds, the food industry has traditionally used quite effective
antimicrobials and antioxidants, incorporated directly into food, but currently some are
questioned for their possible negative impact on consumer health. The current trends point
to the use of compounds from natural resources (some of which have been traditionally used
as spices or flavourings: oregano, cinnamon, cloves...) which have a pregenvative effect
(Sharma et al., 2021Plant essential oils or plant extracts are rich in phenolic compounds that
have dual antimicrobial and antioxidant functions, at a more moderate level than synthetics,
but with fewer negative health effects.
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Ingeneral, in the plant world there are many natural compounds of this type that participate
in the metabolic processes of plants, with different protective effects. Therefore, plants or
food by-products are a source of safer functional compounds for faeg@rvation. These can

be used as ingredients, but instead of adding them to food, where they can cause changes in
the sensory characteristics, they can be incorporated into the packaging material and from
there exercise their active functiofiable 1shows recent studies on active materials and their
application for the preservation of different food systems, focusing on the use ofgé&nted

active compounds.

Essential oils (EOs) and their isolated compounds have been widely studied and incorporated
into different polymeric matrices to obtain coatings or films applicable in active food
packaging development. However, due to their chemical instability, they usually present short
degradation periods due to external factors, such as light, oxidation dirtge@.ima et al.,

2019) Furthermore, their high volatility generates considerable losses of the active fraction
in the packaging materiglSharma et al., 2020}hus reducing the active capacity of the
material (Sanchezzonzalez et al., 2011y heuse of hano/micreencapsulation techniques to
protect and entrap these volatile compounds can mitigate this prokl8&nchezsonzélez et

al., 2011; Sapper et al., 2018)
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Tabk 1 Recenstudieson the active films based on biodegradable polsrs.

Processing Antimicrobial or antioxidant

Main result Reference
method assessment

Polymer matrix Active compound

Chitosan (CH) Polyphenols rich  Casting method Active CH films presented more CHTE films presented better tensile (Talén et al.,

or Corn starch thyme extract (TE) antioxidant capacit than active S response and greater antioxidant 2017)
(S) films activity.
Oxidized (OS) N-h-lauroyH- Thermoprocessini Thermoprocessed blend films with Thermoprocessed active OS:G film w (Moreno et al.,
and non arginine ethyl ester (C) or Casting non-oxidised starch better LAE extended the shelf life of chicker 2018)
oxidized (S) monohydrochloride method (T) preserved meafor lipid oxidation. breast fillets.
corn starch LAE
: ( ) Cast blend films with oxidized
blended with : .
. starch shows the besintibacterial
gelatin (G) . . L
action, butenhance lipid oxidation.
Starchgellan ~ Thyme essential oi Casting methd  Invitro antifungal activity Lecithin encapsulation of TEO allowe (Sapper et al.,
blend (TEO) (free or againstAlternaria alternata(AA) for greater oil retention (45%5%), 2018)
lecithin and Botryotinia fuckeliangBF). which enhanced the antifungical
encapsulated) activity of the films.
Corn starch Eugenol (EU) Casting method  Active films were highly effective ¢ Films with EU encapsulated preventir (Talén et al.,
preventing sunflower oil oxidation sunflower oil oxidation even 2019)

in accelerated storage conditions. throughout 53 days.
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Polymer matrix Active compound

Processing Antimicrobial or antioxidant

Main result Reference
method assessment

Potato Starch Extract of phenolic Thermoprocessini The obtained starcfilms exhibited The addition of EPC improved the  (Menzel et al.,

compounds from
rice straw (EPC)

method good invitro antiradical scavengin¢ oxygen permeability without negative 2020)
activity against DPPH. effect on the thermal stability and
water vapor permeability.

Cassava Starct Ferulic acid (FA) Thermoprocessini Both phenolic acids exhibited The highest effectiveness was obtain (Ordofiez et al.,
and cinnamiceid method antibacterial effect. Films with CA for films with cinnamic acid, againgt 2021)

(CA) and FA were more active agaiist coli and Linnocuain chicken breast
Innocuathan againstE. coli and freshcut melon.

PLA/PBSA Thymol Extrusion The antifungal films delayed The antifungal packaging containing (Suwanamornler
microbial growth and extended thec ¢ (8> 2 F (1 K& Y 2 helfC et al., 2020)
shelf life of bread. life of bread to 9 days.

PVA Clove oil Casting method The films showed antioxidant and Shelflife of Trichiurus haumelaas (Chen et al.,
antimicrobial activity in vapour extended for 2 days. 2018)
phase.

PVA Tea polyphenol Casting method Bacteriostatic effect foE. coliS. PVA/TP films exhibited effective (Lan et al., 2019)

(TP) aureus,B. cinereaandRhizopus.  extension of strawberry shelf life.

PVA Laurus nobilisLEG Electrospun mesh Active containing LEO and REO The coatings enhanced the shété of (Goéksen et al.,
and Rosmarinus reduced the lipid oxidation chicken breast fillets. 2021)
officinalisREO processes andisteriacounts
essential oils during cold storage athicken

breast fillets.
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Incorporation of EOs into hydrophilic biopolymers have been mainly carried out by emulsifying
them in the polymer aqueous film forming solutions and active films were obtained by casting
(Atarés & Chiralt, 2016However, during the film drying stepmeilsified essential oils are
susceptible to destabilization processes (flocculation, coalescence, and creaming), which lead
the drops to the film surface where the lipid compounds are lost by steam drag effect along
with evaporated wate(Cofelice et al.2019; Requena et al., 201 Tpapper et al., 2018%ed

the casting method to develop films based on stageflan blends containing emulsified or
lecithin encapsulated thymeTtymus zyg)sessential oil. Liposomal encapsulation of the EO
in lecithin alowed for greater oil retention (45%5%), which enhanced the antifungal activity

of the films, againsBotryotinia fuckelianand Alternaria alternata Liposomes improved the
emulsion stability and limited of EO evaporation during the film drying stes, ihufilms with
non-encapsulated EO, the EO retention ranged between 4 and @68enciaSulica et al.,
2016)reported a similar behaviour for chitosdrased films based with lecithiencapsulated
eugenol or cinnamon leaf essential ¢ifalon et al.2019)applied spraydrying to encapsulate
eugenol using whey protein isolatealtodextrin and lecithirmaltodextrin wallsystems. This
encapsulation process protected eugenol against evaporation and enhanced its thermal
stability. The incorporation of genol microcapsules containing oleic acid (as a stabiliser
component of the microcapsule) in the starch matrices promoted the eugenol retention
during film formation and thus, these films exhibited the greatest antioxidant activity. Films
prepared with enapsulated eugenol powder, containing lecithin and oleic acid, were highly
STFSOGUADGS |G LINBGSYyilAy3d adzy Tt 26SNI 2Af 2EARI
maintaining lower and almost constant the values of peroxide index, conjugated dienes and
trienes, in comparison with the control samples. Incorporation of active compounds into the
polymer matrix can provoke microstructural changes that may affect its functional properties
as packaging material. These changes usually occur even when essdstiffiree or
encapsulated) are incorporated into hydrophilic polymer matrices due to the lack of chemical
affinity, that promote phase separation and a dispersed phase of lipid phase into the polymer
continuous phase. Thus, the incorporation of lecithincgpsulated thyme essential oil
reduced the stiffness, resistance at break and extensibility of the starch (@ayper et al.,
2018) Likewise, the addition of sprajried eugenol, with lecithin or whey protein, generated
starch films with lower mechacal resistant and less transpargiitalon et al., 2019)

Other interesting active compounds with great potential, although less studied, are phenolic
acids and phenolic extracts. These are being explored in the development of active packaging,
since mos of them present thermal stability, low volatility and sensory impact, with a high
antioxidant and antimicrobial potentigLima et al., 2019; Mathew, 2015; Olszewska et al.,
2020) Some studies have revealed that the incorporation of phenolic compourtds
polymeric matrices also promotes the improvement of some functional properties, due to
their affinity and great capacity of interaction with some polymeric matrices of proteinic or
polysaccharidic naturéBenbettaieb et al., 2020; Cao et al., 2001 et al., 2005)Talon et
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al., 2017)reported that the agueous thyme extract (TE) was efficiently incorporated into
chitosan matrices, but not in starch matrices. Therefore, chitdsased matrices carrying TE
polyphenols exhibited better tensile respse and greater antioxidant activity, which could be
associated with the development of polypherdiitosan interactions that contributed to a
better protection of the phenol functionality during film formation step. Whereas, in starch
films, some lossesf antioxidant activity occurred. This could be due to some degradation of
TE during the drying of the films caused by the poor protective effect of stdiemzel et al.,
2020) successfully incorporated the phenolic extract obtained of rice straw wasggor
components: ferulic, foumaric and protocatechuic acid) into stafishsed films.
Homogeneous films with antioxidant properties were produced by melt blending and
compression moulding. The obtained antioxidant starch films were slightly reddistred

and exhibited good Hvitro antiradical scavenging activity against DPPH. The addition of the
antioxidant extract improved the oxygen barrier properties without negatively affecting the
thermal stability and the water vapor barrier properties of thgarch films.(Ordofiez et al.,
2021)found that the incorporation of cinnamic or ferulic accid (1 and 2%) in starch matrices
led to antimicrobial films, which were effective at inhibiting the growthEofcoliand L.
innocua Furthermore, interactions keeen the carboxyl groups of phenolic acids and
hydroxyls of starch chains reduced the water affinity of the matrix and the water solubility of
the material decreased between 3 and 25%.

Active films have been applied in the packaging of several food reattec evaluate their
preservation capacity. N-lauroyH-arginine ethyl (LAE) (antimicrobial substance derived
from lauric acid and arginine) was incorporated into oxidised andmadised starch blended
gelatin obtained by melt melting (neoxidised) and thermo compression or solution casting
(oxidsed). Antimicrobial blend films were applied in the packaging of chicken breast fillets and
cold stored to analyse the shdife extension. Both therm@rocessed and cast films
significantly extended the shelf life of chicken, however, the cast films ewidised starch
promoted oxidative processes in meat, which affected the pH and colour parameters of
packaged samples. Therefore, terrmpmcessed, nomxidised starch blend films containing
LAE were recommended since they effectively extended the steetiflchicken breast fillets
(approximately 4 days) without affecting the meat oxidat{tMoreno et al., 2018)Ordofiez

et al., 2021)also reported positive effects on the preservation of the microbial quality of
chicken breast in contact with starditms containing ferulic or cinnamic acid. Films with 2%
ferulic or cinnamic acid were effective at inhibiting the growthEetoliand L. innocugLog

CFU reduction> 2). Similar effect was also observed in-fresimelon in contact with this
material.Active coating materials produced through electrospinning of polyvinyl alcohol (PVA)
were also applied to chicken breast fillets to prolong their shifdf Essential oils from two
broadly used spices &urus nobilisLEGandRosmarinus officinaldREG) were loaded in the
PVA mats. These active coatings containing LEO and REO extended thiée sbielihe
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samples, reducing the lipid oxidation (68%) process and Listeria counts during cold storage
(Goksen et al., 2021)

Trichiurus haumelgreservaton also was enhanced by packaging with active PVA films
containing clove oi(Chen et al., 2018)The PVA films incorporated with clove oil showed
effective antimicrobial and antioxidant activities in vapour phase which increased when the
content of oilraised. The PVA film containing 9% clove oil showed the best quality protective
effectiveness by inhibiting the bacterial growth and lipid oxidation ofttighiurus haumela

Its microbiological shelife could be extended for 2 days and a 28 % reductidn
malonaldehyde was obtained with respect the control sample on 7 storage days. On the other
hand, PVA films incorporated with tea phenolic extract exhibited great potential as a
packaging material to extend the shelf life of strawberiflean et al., @19) The active PVA

film effectively limited microbial proliferation d&. coli, S. aureus, B. cinesgal Rhizopusin
addition, it retarded the loss of fruit weight and firmness. Antifungal films based on poly (lactic
acid)/poly(butylenesuccinateco-adipate) (PLA/PBSA) blends, containing thymol were
prepared using blown film extrusion technig(euwanamornlert et al., 2020 he antifungal

films were tested in bread packaging, compared with biaxially oriented polypropylene (BOPP)
and neat PLA. Moulgrowth was observed on the bread after storage for 7 and 9 days, when
packaged in active PLA/PBSA with 3 and 6% of thymol respectively. In contrast, the bread
packaged in BOPP and PLA showed visible mould growth aftend3 6days storage,
respectively. 8, active PLA/PBSA packaging was effective at preserving the microbial quality
of the bread, especially with the highest concentration of thymol.

4. Biodegradablemultilayer films for food active packaging

The packaging properties can be significantly emeal by combining or joining different
plastics together by laminated constructions, using different technologies, such -as co
extrusion process. Films containing several polymer layers of complementary properties can
provide the packaging materials witheglate barrier and mechanical strengi@herardi et

al., 2016) In the food industry, muHliayer combination of synthetic plastic with other
materials (laminates) are often used to achieve higher levels of food protection. In this sense,
the search fomore environmentally friendly that meet the food packaging requirements led
to the study of multilayer films based on biodegradable polymers. Additionally, active
compounds can be loaded one of the layers the multilayer assembly to accomplish its
controlled release on the food surface, generating added value to the package for a better
food protection and shellife extensionTable 2summarizes some studies and applications of
multilayer films based on biopolymers.
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Table 2 Recent studies on active mudtyler films based on biodegradable polymers.

Multilayer Layer assembly Active Main result Antimicrobial or antioxidantassessment Reference
polymers method compound

Chitosan (CH) / Cast G based filmr Chtosan CH coated films exhibited low(In vitro/Disk diffusion test with L. (Peredaetal.

Gelatin(G) coated with CH water barrier capacity than net C monocytogenes and Ecoli. 2011)
film forming films CH layer in Iayer exhibited antimicrobial
solutions. activity againsg. coli
Chitosan Cast G based filr Lauroyl CH coated films exhibited low:In vitro/Disk diffusion test with Listeria (Haghighi et
(CH)Celatin(G) coated with CF arginate ethyl water barrier capacityand UV light monocytogenes, Escherichia coli, Salmor al., 2019)
film forming (LAE) barrierthan net CH films typhimuriumand Campylobacter jejuni.
solutions. :Ecg:_'p?;j;?d CH layer in bilayer exhibited antimicrob
activity against against all  testec
microorganisms.
Chitosa (CH) Themooompressi Oregano CH layer mprove the mechanice Aerobial, coliforms and totaCFU countsn (Valencia
/cassava starc on of cast CH film: (OEO) ancresistance with respect to starch pork meat Sullceet al.,
(CS) with cinnamon leal monolayers. Linid oxidation by TBARS 2018)
thermoprocessed (CLEO) pid oxidation by
CS essential oils BHayer film showed antimicrobial and
incorporated antioxidant activity due to theaction of CH
into CH layer layer. The addition dDEO or CLE® CH laye|

did not promote antimicrobial actiorof in
bilayersin pork meat.
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Multilayer Layer assembly Active Main result Antimicrobial or antioxidantassessment Reference
polymers method compound
Chitosan Cast CH films wer Grape seed Bilayers exhibited mproved water In vitro testsin liquid medium againsE. coli (Sogut &

(CHPolycaprolac coated with PCI

tone (PCL) film forming
solutions (C) o
thermocompresse
d with PCL cas
films (T).

elastic and L.
DPPH stvengingcapacity.

extract (GSE) barrier capacity, higher
incorporated modulusandtensile strength.
into CH layers

monocytogenes Seydim, 2018

BHlayers showed  antimicrobial and
antioxidant activity CT). Possible oxidatior
of GSE durinthe thermocompression step

Chitosan Cast CH films wer
(CH)polycaprola coated with PCI

Grape seecBilayers showed niprove water oliforms and total CFU counts in chicke (Sogut &
extract (GSE vapour and oxygen barrier capacit breast. Seydim, 2019

ctone (PCL) film forming incorporated Lipid oxidation by TBARS
soluions. into CH layers pid oxidation by
Bilayer film showed antimicrobial antioxida
activity and extendedshelf life of packec
chicken breasts at least;8 days.
Sugar palrr Coating Cast PLA film PLA  reduced water vapol (Sanyang, et
starch (SP&poly were coated permeabilty, water asorption al.2016).
(lactic acid) (PLA with SPS filn capacity and solubility  of
forming multilayers.
solutions.
Cassava Starch Thermocompressi Cinnamaldehy Bilayers exhibited better barne In vitro test against EcoliandL. innocua Muller et al.
S)/PLA on of de capacity against water vapor ar 2017
) . pactty ag . P Films exhibited antibacterial effect agair’n‘sl( )
thermoprocessed incorporated oxygen than isolate monolayers di . ) _
. . . coliandL. innocuawhen the culture meidim
S sheets with cast into PLA to the complementary properties ¢ ) _
. was in contact with both starch and PLA layt
PLA films. sheets both polymers.

the starch contact being more effective
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Multilayer Layer assembly Active Main result Antimicrobial or antioxidantassessment Reference
polymers method compound
PLA/MaterBi Coextrussion Bilayers exhibited igher stiffness Scaffaro et al
(starchbased than that of MaterBi andgreater 2018
thermoplastic extensibilitythan of PLA.
material)
Pea starch(§ / Cast S films wer Improved water resistance (lowe Zhou et al.
PLA coated with PL#/ water uptake solubility, and water 2019
film forming vapor permeability and tensile
solutions strength compared withthose of S
monolayer film.
Potato starch (S Cast PLA sheet Improved mechanical moisture Gdurler et al.,
with crosslinking were mated with S dependent properties  {vater 2020
agents / film forming permeability solubility and
polylactic  acic solutions absorption capacity with respectS
(PLA). monolayer.

PLAPHBWEG Thermocompressi Carvacrol (CA Improved tensile and moisture

blend

(PY on of P cast filmeincorporated dependent

cassavatarch (S and compressior into P layer.

moulded S films.

properties  (wate
permeability  and absorption
capacity) with respect S monolaye

In vitro test against EcoliandL. innoca

Bilayers inhibited the growth of Linnocua
and E. colfrom both P or S contact sides.

Requena et
al., 2018

PLAPHBWPEG Thermocompressi
blend (P)/ on of compressior
cassava starc moulded films.
(S} gellanblend.

Improved tensile and moistur
dependent  properties  (wate
permeability and absorptiol

capacity) with respect S monolay
and lower oxygen permeability the
P films.

Hernandez
Garciaet al.,
2021
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Multilayer Layer assembly Active Main result Antimicrobial or artioxidant assessment Reference
polymers method compound
PLA /Zein Cast PLA shee Thymol Improvad mechanical resistance In vitro/Disk diffusiortests withE. coliandS. Zhu et al.,
chitosan maize were coated with incorporated ductility and barrier capacitggainst aureus 2018
germ oil) Pickering into the watervapor and oxygen. _ _
. . . DPPH scavengimgpacity.
emulsionsof Zein emulsion.
chitosan  maize BHayer presented antimicrobial activif
germ oil against all tested microorganismsand
presented DPPH scavenging activity of uf
75%.
Isolatedsoy Cast SPI films wer Natamycin or Improvedmechanical propertieand In vitro/Disk diffusion tegwith mold, yeast, Gonzales et
protein(SPI) / coated with PL/thymol water vapor barrier capacity, wit E. colandS. aureus al.,, 2013
(ch))Ili)(.lactlc acid Zl(;ruﬁons. forming ::fgrspglrailsc;r. lower water swelling index. Fims containing natamycin inhibited tr

growth of mould and yeasEilmswith thymol
inhibited the growth of the two bacterie
strains

PlA/Gelatin (G) Thermocompressi Epigallocatec Improved mechanical properties Psychrophilicand total CFU counts in packe Nilsuwan et

on of compressior hin gallate water vapor barrier capacity an striped catfish slices al.,2019
moulded PL/ incorporated U\Wkvisible light barrier properties

Incorp o g prop Lipid oxidation by TBARS
sheets and cast (into G layers

films Lower psychrophilic bacteria count, peroxi
value, and thiobarbituric acid reacti
substances (TBARS) threamplegpackaged ir
control bags or in LLDPE bags.
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Multilayer Layer assembly Active Main result Antimicrobial or antioxidantassessment Reference
polymers method compound
Thermoplastic  compression Improved water vapor and oxyge Trinh et al.,
cornstarch (S) moulded S films barrier capacity 2021
and PLA were deep coatec
with  PLA  film
forming solutions
Thermoplastic  Compression Alpha Improved water vapor barrie ABTS scavenging capacity. Fabra et al.,

wheat
(TG)

protein (WPI) or WPI
soy protein (SPI solutions

gluten moulded TG wer¢ tocopherol

/whey Hectrospun with incorporated

or SPinto WPI @
SPI solutions

capacit o - ,
pacty The antioxidant activity of the activ

compound was preserved during t
encapsulation process (up to 95%).

isolates.

Corn starct PCL  kectrospun Carvacrol Improved (65-80%) water vapor Electrospun PCL fibre mats encapsulating Tampauet al.,
(S)PClStarch  coating of incorporated barrier capacity. were effective at controllinghe growth ofE. 2018

(S) compression into the PCI coli, but were not effective at controlling th

moulded S sheet layer.
plus

thermocompressic

n with the second ¢

layer

growth of L. innocua Similar results wert
obtained in threelayers.
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The studies shown ihable 2developed multilayer materials considering the combined effect
of two or more polymers assembled mainly in tayer or in threelayer systems. The
different types of multilayer films were obtained by different methods:Coating the
polymer solution of the second layer is poured directly on top of the previously dried. lay
The first layer can be obtained by casting or thespnocessing, ZI'hermocompressiarthe
preformed monolayers were assembled into a laminated structure by exposing the materials
to high temperature and pressure; Sanostructured coatingone of thdayers was produced

by means of the electrbydrodynamic technique and polymeric mats were directly
electrospun/electrosprayed onto one face of other film or the obtained mats were assembled
with the other layers by thermocompression, andCéextrusion

The good adhesion between the layers is an important factor and interferes with the
functional properties of the final material. Chitosan (CH) and gelatin (G) bilayer films have
been developed, taking advantage of the high affinity between both polyragers,
confirmed by FTIR analysi@Haghighi et al., 2019; Pereda et al., 20139od adhesion is due

to electrostatic interactions and the formation of hydrogen bonds between CH and G at
interfacial level(Haghighi et al., 2019; Pereda et al., 20m)is bilayer system exhibited
reduced water solubility and vapour permeability (WVP), as well as higher elongation capacity,
without modifying the strength of the chitosan control film. All these improvements were
attributed to the electrostatic interactins between cationic chitosan and anionic gelatin and
hydrogen bond formation. An adequate interaction at the interface was also reported
between chitosan (CH) and starch (S), resulting in an improvement in mechanical resistance
and oxygen permeability ithe CHS bilayers, while the WVP values were between those
found for the S and CH monolayé¥&lenciaSullca et al., 2018Lhitosan (CH) also presented
high affinity and good adhesion with PVA films, allowing for the generation of matrices less
suscepible to water adsorption. So, the PNGH bilayers exhibited reduced moisture content
the swelling capacity with respect to the individual layers. The permeability of the bilayer
system was controlled by the PVA layer, which presented the lowest WVP araduep.

A critical feature in the development of packaging materials is the barrier capacity, which must
be adequate for the preservation of the target foods. Polar polymers such as chitosan (CH),
starch (S) or PVA have high oxygen barrier. However,libailer capacity to water vapour is

poor due to their hydrophilic nature. Therefore, multilayer materials usually combine polar
and nonpolar materials, with complementary barrier characteristics that allow for promoting
the synergy of both polymersTabke 2 shows several polymer combinations, the most
effective being multilayer films with polar polysaccharides or proteins with less polar
polyesters. To improve the barrier properties of the chitosan films, their lamination with non
polar polycaprolactoneRCL) was considerg®ogut & Seydim, 201.8Yhe PCL layer was
adhered to a CH layer incorporating nanocellulose (NC) and grape seed extract (GSE). Two
assembly methods were tested, CH coating with PCL film forming solution or compression
moulding of prebrmed films. In general, all the combinations presented better barrier
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capacity than the chitosan monolayers. However, compressionlding partially
compromised the barrier capacity of the bilayers. The barrier efficiency reduction was
attributed to the kss oriented chain arrangement and possible GSE oxidation during
thermocompressiorfSogut & Seydim, 2018)

Bilayer films based on starch layers from different sources and PLA layers have been studied
by several authorgGurler et al.,, 2020; Requena ak, 2018) The combination of these
bioplastics with polar and nepolar nature, respectively, makes obtaining materials with
appropriate barrier properties possible. The incorporation of PLA layer significantly reduced
the WVP as well as the water abpton and solubility of bilayer films, which was attributed

to the hydrophobic characteristic of the PLA layBraffaro et al., 2018As concerns the
tensile properties, the presence of PLA layer usually makes the obtained laminate stiffer, and
more biittle that net starch films.

In order to further improve the barrier and tensile properties of this bilayer material,
thermoplastic starch was modified using maleic anhydride (MAHIDh et al., 2021)Overall,

the maleated TPS (MTPS) demonstrated logvgstallinity and polarity that led to improved
interfacial interaction with the hydrophobic PLA layers. Due to the enhanced chemical
interaction and mechanical interlocking between PLA and MTPS, the adhesive strength
between each layer in the multilay&ims was improved, resulting in superior mechanical and
barrier propertiegTrinh et al., 2021)in addition, the incorporation of nanoclays in the MTPS
layer further enhanced the mechanical and barrier properties of the multilayer film assembly.
This nultilayer film showed 1300% improvement in moisture barrier, compared to TPS films,
and 3300% improvement in oxygen barrier properties, compared to PLA films. For the same
purpose, the use of maleic acid MA for starch crosslinking was evaluated. The nedigihted

the success of this technique on the functional properties of the bilayer, although the opacity
of the material increasedGurler et al., 2020)PLA layers have also been used in multilayer
systems by coating with pickering emulsions (marmengchitosan colloid emulsionZhu et

al., 2018) soy proteinGonzalez & Alvarez Igarzabal, 2@t@) gelatingNilsuwan et al., 2020)

Ly +Fff OFrasSaszx GKS t[! fF@SNJIAYLNROSR (GKS o0Af
allowing an oveall decrease of the swelling index and water solubility. Similarly, polar layers,
with higher oxygen barrier ability than neat PLA films, generated a gas barrier effect suitable
for the multilayer.

The use of polyester blends was also explored for theelbgvnent of high moisture barrier
multilayer films. Films of polyester blends (P), composed for PLA and PHBV, were obtained for
their subsequent assembly with starch films (S), carrying essential compounds in the P layer.
These active bilayers exhibitedghly improved tensile properties and water vapour barrier
capacity with respect to the starch monolayer (87% reduction in WVP, 840% increase in elastic
modulus)(Requena et al., 2018J his polyester blend was also laminated with a starch based
films cortaining gellan or xanthan gums to improve the starch mechanical performance. Both
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gums also promoted the decrease of water vapour and oxygen permeability of starch films.
This effect was also reflected in theShbilayers, especially when gellan gum wasernporated
into the starch matriHernandezGarcia, Vargas, & Chiralt, 2021)

The electrehydrodynamic process is an efficient and straightforward method that allows for
obtaining micro and nanoscale polymer structures, able to encapsulate differergaamds
(Tampau et al., 2020b)rhis technic was used to obtain active PCL mats for coating starch
films. CAloaded electrospun PCL fibres were assembled between two starch sheets to form
multilayer films. These multilayer films presented a great reduciio the water vapour
permeability (6580%) with respect to that of starch monolayers, without notable changes in
the other packaging functions. This agrees with the effectiveness of the parallel assembly of
the PCL sheet at limiting the transport of wataplecules, as previously observed in starch
PCL bilayer films WrtegaToro et al., 2015)

Multilayer films loaded with different active compounds, can be used to extend the food shelf
life. Table 2indicates that a great variety of natural active qomunds (essential oils, phenolic
SEGNI Oliay LKSy2ftA0 I OAR&AX0 6SNB AyO2NLRNI (S
loaded into the polar layer. As is known, chitosan (CH) has an antimicrobial effect by itself.
Therefore, bilayer films of chitosan ageélatin presented an inhibitory effect agairistoli,
without any additional active compoun@Pereda et al., 2011)The incorporation of ethyl
lauroyl arginate (LAE) (0.1%, v / v) into the chitosan layers broadened the spectrum of
antimicrobial actionof the CHG bilayer, inhibiting the growth dfisteria monocytogenes
Escherichia coli, Salmonella typhimurivand Campylobactefejuni (Haghighi et al., 2019)

The high antimicrobial activity of LAE incorporated into films has been widely supported by
different studieg(Moreno et al., 2017)

Chitosan (CH) and starch (S) bilayers containing essential oils of oregano or cinnamon were
applied to pork meat packaging. These materials were effective at controlling the growth of
aerobic mesophylls and caiims. However, the essential oils did not exhibit additional
antimicrobial action to that of chitosan. This was attributed to the low final concentration of
active compounds in the films due to the losses occurred during the casting and
thermoprocessing nmods of the films(ValenciaSullca et al., 2018)In contrast, the
incorporation of grape seed extract into the chitosan layer was a successful strategy to confer
antioxidant and antimicrobial capacity to G€L bilayer§Sogut & Seydim, 2018yhe ative
CHPCL bilayers applied to the packaging of fresh chicken breasts extended the shelf life at
least 3 or 6 days. This packaging system reduced lipid oxidation, which was mainly attributed
to their phenolic constituents, and gave rise to lower countsotdl mesophilic aerobic and

total coliforms compared to chitosan monolayé8ogut & Seydim, 2019)

Some active compounds have also loaded in polyester matrices. Multilayer filmd addeal
electrospun PCL fibres between two starch sheets were éffeett controlling the growth of
E. colj but were not effective at controlling the growth bf innocugTampau et al., 2018)
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Likewise, cinnamaldehyde and carvacrol were incorporated into(MuBer et al., 20179nd
PLAPHBYV blendRequena et al2018)films, respectively, which were laminated with starch
sheets by thermocompression. The antimicrobial activity ag&nsbliandL. innocuaof the
bilayer materials was tested in vitro for the two faces of the material. Both materials were
effective against the growth of both bacteria while more marked antimicrobial effects were
observed when the S layer was in contact with the culture media. This was attributed to the
greater water affinity of the S layer, which promoted the swelling of the polymirix in
contact with the culture medium, which, in turn, accelerated the release of the active
compound. Nevertheless, the active compound diffused into both polyester (PLA er PLA
PHBV) layer and starch layers, giving rise to antimicrobial activityghrboth sides of the
bilayers. The amount of active released and its release rate through each layer will determine
how effective each side of the bilayer is at controlling the microbial growth inhibjiarler

et al., 2017; Requena et al., 2017)

Multilayer films with antioxidant capacity have also been developed and evaluated for the
food packaging application. The electrohydrodynamic process was used to develop bioactive
bilayer films for food packaging applications. Cast films of thermoplastic tvghai@n (WG)

were coated with nanostructured polymer mats with alpteegopherol, produced by electro
hydrodynamic techniqugFabra et al., 2016)Alphatocopherol was encapsulated to form
active electrospun coatings into hydrocolloid matrices (whey girotisolate, zein or soy
protein isolate). The developed bilayer systems exhibited similar antioxidant activity to the
neat alphatocopherol, which confirmed that the antioxidant encapsulation through
electrospinning did not result in compound degradati@xidation).(Nilsuwan et al., 2020)
found that bilayer films of PLA and gelatin containing epigallocatechin gallate (EGCG) showed
a high DPPH radical scavenging activity. These bilayer films were usemtitwen bags, in
whichstriped catfistslices wee packaged. The results showed that after 7 days of storage at

4 °C, the samplegresented lower values of weight loss, peroxide value, and thiobarbituric
acid reactive substances (TBARS) than those packaged in control bags or in LLDPE bags. The
same trendwas observed in bilayer films based on fish gelatin with EGCG, used for packaging
of chicken skin o{INilsuwan et al., 2019Yhese samples showed lower peroxide value, TBARS
and volatile compounds after 30 days of storage, in comparison with thatagackin LDPE
pouch. Therefore, films incorporated with EGCG could be used as packaging materials for food
products with high lipid content prone to lipid oxidatigiNilsuwan et al., 2019, 2020)
(Lamarra et al., 202Qkported that CHPVA bilayer filmsvith gallic acid were effective at
delaying the lipid autoxidation processes of walnut flour, reducing the formation of
hydroperoxides and secondary oxidation compounds, compared to a polyethylene container.
Similar results were obtained Iffferreira efal., 2018)n accelerated deterioration conditions

(24 h of light, 33% RH, 38 ° C for 14 days) for walnut oil samples packaged with FucoPol /
chitosan bilayers.
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Final remarks

Developing of active biodegradable packaging materials for food preservanecessary to
improve food quality and safety, minimizing food losses and reducing the negative impact of
conventional plastics. Availability of biodegradable bioplastics is still scarce, compared to the
potential industrial demand, and the research in sthiield is highly required. Many
biopolymers becoming from biomass (polysaccharides and proteins) have been studied as to
their potential use as packaging materials. Nevertheless, many of them are not
thermoprocesable with the industrial equipment and pssss limited properties for
developing packaging. Synthetic biodegradable polymers offer new opportunities with more
tailored properties. Likewise, the use of biotechnological process allows us the use of
agricultural waste to obtaipolymerswith biodegradable nature, which contribute to circular
economy and sustainability. The incorporation of active compounds from renewable sources
also lead to promote the safe food preservation without environmental and health risks.
Lamination of differeh polymer films, with complementary properties, is an adequate
strategy to obtain high performance packaging materials for food packaging. These materials
gain in performance when they incorporate active compounds that extend the shelf life of the
food. Tterefore, more research must be conducted to obtain active packaging materials from
a sustainable point of view.
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Il. OBJECTIVES

Thegeneral objectiveof this Doctoral thesisvas the development of biodegradabéetive
packaging materials based on polymers with complementary properties in order to obtain
effective mechanical and barrier properties that meet food packaging requirements, allowing
to extend the product sheHife. To this end, PVA wittifferent molecular characteristicand

PLA were considered, as well as carvacrol (lecithin encapsulated or not) and ferulic and
cinnamic acid, as potential active (antimicrobial/antioxidant) compouodded into the PVA
matrices

For this purpose, thepecific objectivesvere:

1. To dudy the liposomal encapsulation of carvacrol for its effective incorporation
into PVA matricesreducing thelossesof the active compoundiuring the film
processing

2. To study theeffect of different molecular characteristicgnolecular weight and

degree of hydrolysis)of PVAmatrices in the final properties of the caBims
incorporating emulsified carvacrol

3. To dbtain and characterizeastPVA films with different molecular chataristics
(molecular weight and degree of acetylatjoncorporating encapsulated carvacrol
in lecithin liposomes.

4. To dotain and characterizeastPVA films with different molecular characteristics
(molecular weight and degree of acetylatiancorporatirg phenolic acids (ferulic
and cinnamic).

5. Tostudythe influence of the processing method, casting and theqnacessing,
on the characteristics of partially acetylated PVA films incorporating phenolic acids.

6. To design and characterizatiomultilayer films combining active PVA layers
obtained by casting or thermprocessing, and amorphou®_Afor direct contact
with wet food.

7. To study theeffectiveness oPLAPVAPLA active thre¢éayersat the presening
freshbeefmeatand its extending selife.
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ABSTRACT

Lecithins of different origins and compositions were used ferlthosomal encapsulation of
carvacrol within the framework of the development of active films for food packaging.
Liposomes were incorporated into aqueous polymeric solutions from fully (F) and partially (P)
hydrolysed Poly (vinyl alcohol) (PVA) to obtie films by casting. Particle size distribution

| v Rooténtial of the liposomal suspensions, as well as their stability over the time, were
evaluated. Liposomal stability during film formation was analysed through the carvacrol
retention in the dried fm and the film microstructure. Subtle variations in the size
distributions of liposomes from different lecithins were observed. However, the absolute
@ t dzSpotenfiaF were higher 62, -57 mV) for soy lecithin (SL) liposomes, followed by
those of soylecithin enriched with phosphatidylcholine (BC) {43, -50 mV) and sunflower
lecithin (SFL)33,-38 mV). No significant changes in the liposomal properties were observed
during the study period. Lyotropic mesomorphism of lipid associations and cahaakage
occurred to differing extents during the film drying step, depending on the membrane lipid
composition and surface charge. Liposomes obtained witRGhlere the most effective at
maintaining the stability of carvacrol emulsion during film fotima, which led to the greatest
carvacrol retention in the films, whereas SFL gave rise to the least stable system and the
highest carvacrol losses. PM&as less sensitive to the emulsion destabilisation due to its
greater bonding capacity with carvacrolherefore, PVA with carvacrolloaded SiPC
liposomes has great potential to produce active films for food packaging applications.

Keyword

Food packaginglyotropic mesomorphismphosphatidylcholing partially hydrolysed PVA
fully hydrolysed PVA.
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1. INTRODUCTION

The incorporation of active compounds of natural origin in biodegradable polymeric matrices
has been extensively studied as a strategy for developing active food packaging with the ability
to prolong the shelf life of foods, through the ool of microbial or oxidative degradative
phenomengAltan et al., 2018; Andrade et al., 2020a; Gostaca et al., 2014; Gursul et al.,
2019; Sharma et al., 2020)he extension of the shdife of meat or fish products, as well as
that of fresh cutfruits and vegetables, requires the incorporation of antimicrobials or
antioxidant compounds that can be carried out in the packaging material. A monoterpenoid
phenol found in the essential oil of oregano (Origanum vulgare), thyme (Thymus vulgaris L.),
marjoram (Origanum majorana), and similar aromatic plafi2® Vincenzi et al., 2004)
carvacrol has been widely studied due to its excellent activity as an antimicfgbldhuizen

et al., 2006 and antioxidan{Gursul et al., 2013gent. However dw solubility, oxidation and

loss through volatilization are the main limitations to the development of active materials that
incorporate this compoun@Requena et al., 2017; Sapper et al., 2018a)

Liposomes represent an efficient approach to the encégign of essential oils and their
main constituents, thus improving their ability for water dispersion, chemical stability
(Coimbra et al., 2011; Sebaaly, Charcosset, et al., 2016; Sebaaly;Gzeygs, et al., 2016)
and controlled releas¢Carvalhcet al., 2016; Hammoud et al., 201®hospholipids are the
main constituents of liposomes; their amphiphilic character allows for theirassémbly in

an aqueous medium, in which polar and nRpolar regions are driven to align with
neighbouring molecuketo form favourable interactions, permitting an arrangement in bilayer
lipid membranes that generally give rise to spherical ves(€ledis et al., 1986; Gruner et al.,
1985) These vesicles can encapsulate the active compounds according to the alhadfmity
(Gillet et al., 2009) Each phospholipid has specific characteristics, such as geometric
isomerism, the degree of saturation of the fatty acids in the hydrophobic tails and the
structure of the head group, which influence the lipid membraaeking(Gruner et al., 1985;
Sebaaly, Greig&erges, et al., 2016; Taladrid et al., 201Ta§ewise, the polar head of the
phospholipids is of great importance, as it determines the negative or positive surface charge
of the vesicles, thus defining théiinetic stability(Mdiller et al., 2001)Electrostatic repulsion
between the particles depending on the charge level and ionic strength of the medium, and
their balance with the Van der Waals attractive forces determine the particle aggregation
kinetics, which affects the protection and release of the encapsulated compo{Betdig et

al., 1987)

The efficiency of encapsulation, the control of leaks during storage, the kinetic stability over
time and the release dynamics of the encapsulated compouarlgposomal systems mainly
depend on the membrane packing characteristics, such as the thickness, fluidity, permeability
and rotational mobility of phospholipids and the packing density. The molecular interactions
between the encapsulated compound and thesicle components are highly relevant when
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explaining the mechanisms involved in both the compound load and re(&zsrazani et al.,
2016)

Liposomal encapsulation has been used to incorporate essential oils, or their constituents,
into hydrophilic syfems, such as hydrocolloid aqueous solutions for film formation, in order
to limit the emulsion destabilisation phenomena (droplet flocculation, coalescence or
creaming); this leads to an accelerated loss of the active compound during the film drying step,
with the subsequent reduction in the bioactivity of the matelfahlén et al., 2019; Valeneia
Sullca et al., 2016Previous studies into staraellan films containing liposome encapsulated
thyme essential oi(Sapper et al., 2018apnd chitosan fims with liposome encapsulated
eugenol or cinnamon leaf essential @falenciaSullca et al., 2016gported an increase in the
retention of the active compound in the dried polymer films, with a notable increase in the
bioactivity of the material. Howeer, a partial release of the active compound during the film
drying step and the formation of new phospholipid associations were also reported. The
structural rearrangement of lipid membranes is associated with the changes in the molecular
interactions inthe system associated with water loss, which leads to a new thermodynamic
state with minimal free energy (lyotropic mesomorphis(@ullis et al., 1986; Gruner et al.,
1985)

The characteristics of liposomes depending on their composition as well askihetic
stability, have been widely studied in aqueous mddisbahani et al., 2015; Gibis et al., 2014;
Sebaaly et al., 2015; Silva et al., 20HDwever, the stability of liposomal structures and their
encapsulation capacity when incorporated intolymer solutions and matrices are still issues

to be addressed, given how interesting they are for the purposes of developing active
polymeric materials. In this sense, the objective of this study was to characterise liposomal
systems obtained with differg lipid compositions (different lecithins), encapsulating
carvacrol, by using different processing methods (re@tor homogenisation and
sonication). Likewise, the different liposomal systems were incorporated into two types of
PVA polymeric matricefufly (F) and partially (P) hydrolysed) to obtain active films by casting.
The degree of carvacrol retention in the films after the film drying step was analysed as well
as their microstructure. The efficiency of the different lecithin at promoting caolacr
retention in the film was analysed in each polymeric matrix in order to identify the best
lecithinrPVA combination for the obtaining of carvaerch films.

Liposomes obtained with phosphatidylcholineh soy lecithin (SBC) were the most effective

at maintaining the stability of carvacrol emulsion during film formation, which led to the
maximum level of carvacrol retention in the films. LikewisBMA systems were less sensitive
to the emulsion destabilisation effects and to the kind of lecithiedisn the liposome
formation. These materials are of great potential for the production of active films for food
packaging applications.
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2. MATERIALANDMETHODS

2.1. Materials

The liposomal vesicles were obtained using different typdsathin (LEC); soybean lecithin
enriched (74%) in phosphatidylcoline PC-REI) (Lipoid S75, Lipoid GmbH, Ludwigshafen,
Germany), soy lecithin (SL) (Guinama, Prague, Czech Republic) and sunflower lecithin (SFL)
(Cargil S.L.U., Barcelona, Spain), whosasjpiholipid compositions are shown irable 1.
Carvacrol was purchased from SigAldrich (Steinheim, Germany). Two types of poly (vinyl
alcohol) (PVA): fully hydrolysed (F: Mw 89.@@)000; 9999.8% hydrolysed) and partially
hydrolysed (P: Mw 13,0023,0; 87-89% hydrolysed) (Sigr#ddrich, Steinheim, Germany),

were used as polymeric matrices to develop the films. Phosphorus pentoxide salt (P205) and
U\tgrade methanol were supplied by Panreac Quimica S.A. (Barcelona, Spain).

Tablel. Phospholipid composian of soybean lecithin enriched in phosphatidylcolineREl),
soy lecithin (SL) and sunflower lecithin. SFL).

Phospholipid SipC % (W/W;L L
PGphosphatidylcholine 74 14 12
PFPhosphatidylinositol 12 4
PEPhosphatidylethanolamine 11 10 11
LPGLysophosphatidylcholine 3 0 3
PAPhosphatidic acid 1 4 2

2.2. Liposome production

Lecithin (LEC) (5% w / w) was initially dispersed in distilled water using magnetic stirring for
30 minutes at 800 rpm. The CA was incorporated into the mixture using CAtibE©Ofra: 1,

0.5:1 and 1: 1. To obtain nanoliposomes in the initial dispersion, two methods were applied:
homogenisation using a rotestator mixer (IKA digital T25 UltraTurrax, Staufen, Germany), at
1100 rpm for 5 min and sonication (35 kHz) for 10uta@s with 1 s pulses, using an ultrasonic
device (Vibra Cell, Sonics & Material, Inc. USA), maintaining the sample in an ice bath to avoid
heating. All samples were kept in the dark at 4 °C till their use.

2.3. Liposome properties

The particle size distributian the hydrodynamic diameter (pand the polydispersity index
(PDI) were obtained in triplicate using the dynamic light scattebih§ technique by means
of Zetasizer NanoZS, using DTS 1070 cell (Malvern Instruments Zen 3600, United Kingdom).
¢ K $otential was calculated by means afrily's equation from the electrophoretic mobility
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of the vesicles. Measurements were taken at 25 °C, afterf@l@0dilution of the liposomal
suspension in distilled water. The measurements were taken in triplicate at different times
(after 1, 4 and 8 daysn order to evaluate the physical stability of the sample throughout
time.

2.4. Preparation of films

The PVA films were obtained by casting. Polymer solutions-@WA% and PVALO wt.%)

were prepared in distilled water using magnetic stirring (1200 rpinl@ °C for 3 h.
Liposomes were added to the polymer solutions to achieve a lecithin:polymer ratio of 10%.
Later, differentconcentrations of CA were added (0, 5 or 10 wt. % with respect to the polymer)
(Andrade et al., 2020bAll formulations were deggsed by using a vacuum pump before being
evenly spread onto Teflon plates of 150 mm in diameter, using a constant equivalent mass of
polymer per plate of 2 g. The films were dried under controlled temperature (25 + 2 °C) and
relative humidity (54 £ 2%) fo48 h. The analyses of final CA content in the films and
microstructural analyses were carried out in films conditioned at 0% RH by using P205.

2.5. Final carvacrol content in the films

The analysis of CA retained in the different film formulations was caraet by
spectrophotometry after the extraction of CA from the dry films. Thus, film samples?{4 cm
were immersed in 50 mL of a 50% aqueous solution efjtdde methanol and kept under
stirring (300 rpm) for 48 h at 23 °C. The absorbance (A) of the adigquet measured at 274
nm by using a spectrophotometer (Evolution 201-\¥, Thermerisher Scientific Inc.,
Waltham, MA, USA). The €8ncentration (C) in the films was determined by means of a
standard curve, which was obtained from solutions with différeoncentrations of carvacrol
(10 - 50 pg/mL) in the same solvent (C = 63.61A,=R0.998). As backgrounds, the
corresponding extracts obtained under the same conditions from th&€&films were used.
The final content of CA (%) in the films was cateul as the ratio between the amount of CA
extracted from the film with respect to the corresponding amount of initially incorporated CA.

2.6. Microstructure of films

The crosssection microstructure of the films was evaluated by using a Field Emission Scanning
Electron Microscope (FESEM) (ZEISS®, model ULTRA 55, Germany) and an acceleration voltage
of 2 kV. To obtain the crossction micrographs of the films, the samples were immersed in

liquid nitrogen, cryofractured and coated with platinum before obtairtimg images.
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2.7. Statistical analysis

The statistical analysis of the data was carried out using Statgraphics Centurion XVI.II. The
results were submittedo a Multi-factor ANOVAo estimate the significance of the factors

that influence the response vab&es. Fisher's least significant difference (LSD) was used with

a confidence level of 95%.

75



CHAPTER |

3. RESULTS AND DISCUSSION

3.1.

Liposomal characteristics

Figure 1shows the different size distributions of newly prepared liposomal systems. All
treatments presented a main peak, between 179 nm and 294 nm, with a very low intensity
peak at around 4000 nm. Thus, nanosized particles were obtained in all cases, with a small
ratio of micradroplets probably attributed to the aggregation of other lipimblecules present

in the raw lecithin. The distribution curves of the carvadrek liposomes generally presented

a small shoulder at the onset of the main curve, whereas the incorporation of CA promoted a
narrower distribution, without the initial shoukt. This suggests structural changes in the
liposomal membranes, promoted by the carvadipid interactions. These changes implied a
decrease in both the hydrodynamic diameteg@nd polydispersity index (PDI) (Table 1).
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Figure 1 Particle size disbution of carvacroffree (CAF) and carvacrdbaded liposomes (GA

L) (CA:LEC 1:1) using different lecithins and preparation methods.
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Table2 shows the values of the hydrodynamic diameteg)(Dhe polydispersity index (PDI)

and they-potential of the different liposomal systems, with different lecithin and carvacrol
ratios, obtained by rotostator homogenisation and sonication. The influence of the factors,
type of lecithin, carvacrdbaded ratio (CA:LEC) and preparation method thon different
properties of liposomes (response variables) was statistically analysed and the significance
level for each one is also shown in Table 1.

Table 2. Properties (hydrodynamic diameter {D polydispersity index (PDI) and the

LJ2 ( Sy ok lipdsomalsystéms obtained with the different types of lecithin (Soy lecithin
enriched in phosphatidylcoline ($IC), soy lecithin (SL) and sunflower lecithin (SFL)), using
different carvacrolecithin ratios (CA:LEC 0:1, 0.5:1, 1:1) and preparatidhads (sonication

and rotorstator homogenisation).

Method
LEC CA:LEC Sonication Homogenisation

Dy (nm)’ PDI y 0Y Dy(nmy PDI y 0

0:01  195(10) 0.28(0.01) -46(2) 250(14) 0.29(0.03) -43(1)
SLPC 051  211(1) 024(0.02) -47(2) 249(12) 0.32(0.01) -44 (1)
1:01 207 (2)  0.17(0.01) -50(3) 242(5) 0.19(0.01) -45(2)

0:01  271(20) 0.31(0.03) -52(1) 293(42) 0.32(0.04) -52(2)
SL 051  219(8)  0.32(0.01) -53(1) 232(30) 0.33(0.01) -56(2)
1:01 235(9)  0.27(0.05) -55(1) 257(13) 0.31(0.01) -57(2)
0:01  236(22) 0.30(0.02) -34(1) 294(40) 0.35(0.03) -33(1)
SFL 051  192(5 0.35(0.2) -38(1) 179(7) 0.36(0.03) -37 (1)

1:01 218 (20) 0.25(0.03) -37 (1) 233 (11) 0.36 (0.01) -37(1)
Fxl £ dz2S O2NNB&LRYRAE (G2 GKS YIFAY LIS | .EadtorsRukthaisthtiktioatlysiyniiant &ffedt vB8th @2 y G | A y A

confidence IeveIDH: Method (Rvalue: 0.0003), lecithin (Ralue: 0.0048), CA:LEGv@ue: 0.0001)PDI: M¢hod (Rvalue: 0.0001), lecithin
(P-Value: 0.0002), CA:LEGvétue: 0.000Ly Y f S @alué: R.A001), CALEGW@uUe: 0.0001)

The hydrodynamic diameter of liposomes ranged between 179 and 294 nm and the amplitude
of the diameter distribution (PI) between 0.17 and 0.36. The values of these parameters
were significantly affected (95% confidence level) by all the factors considered. In general,
sonication promoted the formation of smaller liposomes with lower PDI, in agreement with
that previouslyreported by other authors for this method, which produces homogeneous
dispersions of nanometric liposoméBereiraLachataignerais et al., 2006; Silva et al., 2010;
Taladrid et al., 2017bYhe sonication effects are based on the cavitation of the bighkbich
provokes a localised, shdited pressure increase, as well as microstreaming effects and
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shock waves that rupture lipid vesicles and promote the formation of more homogeneous
systemg(Greenly & Tester, 2015/ linear decrease in the particteze and polydispersity of
liposomes as a result of increasing the time and intensity of sonication has previously been
reported (Silva et al., 2010; Taladrid et al., 2017b)

The type of lecithin also had a significant effect on the particle size atdbdi®n. The
liposomes from SPC were the smallest with the narrowest distributions;:(D95250 nm;

PDI: 0.170.32), followed by those of SL{[219293 nm; PDI: 0.20.33) and SFL {(D179294

nm; PDI: 0.28.36). The phospholipid composition of ealgtithin gave rise to distinct
liposomal topologies (McMahon & Gallop, 2005) The high concentration of
phosphatidylcholine (PC: 74%) off8L, could lead to liposomes with more homogeneous,
cohesive and stable lipid membranes. PC have relatively ferge groups, which promotes

the spontaneous formation of lipid bilayers, defining the specific membrane curvature and
the shape of the liposomegéyang, 2016)In contrast, the SL and the SFL, with a lower
concentration of PC, present other phospholipichda nonphospholipid impurities
(aminoacids, free fatty acids), giving rise to liposomal membranes of mixed composition,
probably less cohesive and more fluid, which is generally reflected in a highad@ greater
variation in the size distribution (Higr PDI). As is well known, the physicochemical properties
of liposomes are dictated by their lipid composition, since each phospholipid has a different
molecular structure and geometry that mark the structural characteristics of the liposomes.
The specifi membrane packing parameter is mainly determined by the size of the head groups
and hydrophobic tail§Yang, 2016)Thus, longechain phospholipids generate liposomes with
good cohesion due to the greater attraction force of Van der Waals betweerhtiasc

Regardless of the CA:LEC ratio in the systems, the incorporation of carvacrol led to a reduction
in the liposomal size, which was especially notable in the SL and SFL liposomes, whereas the
size of SIPC liposomes was less sensitive to the carvdoaol. The size reduction provoked

by the carvacrol load is coherent with changes in molecular interactions within the membrane
introduced by the phenolic compound. These promoted membrane reorganisations and
subsequent changes iri@nd PDI. Similar regalwere reported for liposomes from sunflower

seed lecithin, with 20% of P@ncapsulating carvacrgValenciaSullca et al., 2016)In
contrast, the liposome encapsulatiaf eugenol led to an increase in liposomal size due to
different changes in molegar interactions associated with its molecular struct¢&ebaaly,
Charcosset, et al., 2016; Sebaaly, Gré&geges, et al., 2016The changes in both size and
potential depended on the molecular structure (size and shape), polarity, and chemical affinity
of the loaded phenolic compoundMaherani et al., 2013; Rafiee et al., 201Mus, phenolic
compounds with several phenolic hydroxyl groups can interacperatively with lipid polar
heads, inducing conformational changes in the membraiémk, 2010) In contrast, more
hydrophobic molecules can interact with the acyl chains of the bilayer inside the lipid
membrane, which could provoke a decrease inlthesome size. Furthermore, changes in the
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fluidity of the membrane can explain the liposome size chag@jbrich et al., 2000; Yi et al.,
2009)

The values of-potential were highly negative in the obtained liposomal dispersions, which is
associated with a high degree of stability, since repulsive electrostatic forces are promoted
against attractive Van der Waal forc@duller et al., 2001) TheY-potential was significantly
affected by the type of lecithin and CA load (P <0.05). In this sense, different values were
obtainedfor each type of lecithin; SL liposomes23,-57 mV) had the highest absolute value,
followed by SIPC liposomes43,-50 mV) and SHiposomes {33,-38 mV). CA incorporation
enhanced the negative charge of the liposomes, probably due to the membrane changes
associated with the carvacrol load, which can promote the greater exposure of negative
charges.

Differences in th&-potential values of each lecithin liposome must be attributed to its specific
composition, since it is mainly associated with the negative charge of thigHe@dgroup of

the phospholipids, and the presence of impurities, such as free fatty acids, which are
associged in the lipid membranéTaladrid et al., 2017b)n this sense, the presence of anionic
lipids, such as phosphatidic acid (PA) and phosphatidylinositol (PI), can induce an increase in
the electronegativity of liposomegWang & Wang, 2008which agees with the highest-
potential of SL that contains the highest ratio of PA andiBblel).

3.2. Liposomal stability

The stability of liposomal systems was evaluated through the changes in their size and charge
throughout time.Figure 2shows the valuesf the hydrodynamic diameter and thepotential

of the different liposomes after 1, 4 and 8 days of storage at 4 °C in darkness. Every liposomal
system exhibited very slight changes in bothalddY-potential, regardless of the presence or
absence of camacrol. Therefore, no destabilisation of the colloidal systems during the
evaluated period could be deduced. The high surface charyd2((i Sy & & lit 69 ok
liposomes favours the stability of the colloidal system due to the electrostatic repulsion of
individual particlegJoseph & Singhvi, 2019; Lu et al., 2014)

The slight changes in the;Bnd in they-potential over time Figure 3 indicated the liposomal
dynamic character, promoted by the small fluctuations in the particle environment and the
dynarmic equilibrium between associated molecules in the colloidal system. This dynamic
equilibrium is responsible for the typical characteristics of the liposomal system, such as the
fluidity and flexibility of the lipid bilayer, and the continuous membranergaaisation in
response to the mobility and molecular rotation rate of lipids and phospholijgdlsis et al.,
2014; Li et al., 20210lthough nosignificant differences between the stability of -@ée and
CAloaded liposomesvere detected, other auths (Reiner, Fraceto, et al., 2013; Reiner,
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Perillo, et al., 2013)eported that the spatial rearrangement of the liposomal membrane,
caused by carvacrol, increased the system stability due to the reduction of the repulsive forces
among the head groups gfhospholipids; this decreased the degree of mobility of the
hydrophobic tails and led to closer molecular packing.

Stability studies of soybean and salmon lecithin liposomal systems, encapsulating polyphenols
and curcumin, respectively, indicated that thignificant changes in liposomal characteristics
(which occurred after around 5 weeks) could be associated with the oxidation and hydrolytic
degradation of the unsaturated fatty acids of phospholipids, causing a decrease in the

absolute value of-potential and an increase in theg Df the particlegGibis et al., 2014; Hasan
et al., 2014)

SL-PC SL SFL
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Figure 2 Development over time of the hydrodynamic diameteg{D I Yy Rpoténfafof liposomes
from soy lecithin enriched in phosphatidylcoline-3L), soyekithin (SL) and sunflower lecithin (SFL),

carvacrolfree (FL) or CAoaded (CA.) (CA:LEC 1:1) liposomes, obtained by sonication (S) or rotor
stator homogenisation (H).
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3.3. Carvacrol content and film microstructure of PVA matrices with liposomes

The diferent CAloaded liposomes were incorporated into agueous solutions of fulR\(K)

and partially (FPVA) hydrolysed PVA to obtain carvadoalded films by casting. The different
efficiency of each liposomal system and polymer matrix to retain the Nelearvacrol was
evaluated through the analysis of the CA content in the dry filireble 2 and the film
microstructure Figure 3. Very big losses of volatile compounds, such as carvacrol, have been
observed during the filaflorming step (drying) from # casting of aqueous polymer solutions
with emulsified organic compounds. Throughout the drying step, emulsion destabilisation
mechanisms (flocculation, coalescence and creaming) take place in line with water
evaporation. As a consequence, large dropldtthe organic compounds migrate to the film
surface and evaporate, together with water molecules, by steam drag €fectiones et al.,
2016) which constitutes the main reason for the losses of these compounds in the cast films.

The liposome encapsulan of volatile compounds, such as carvacrol, can reduce these losses
due to the stabilising effect of lipid membranes. Nevertheless, lipid associations, such as
liposomes, are also very sensitive to water availability, exhibiting lyotropic mesomorphism
and phase transitions as a function of the water cont@atuner et al., 1985)his implies that
when liposomes are incorporated into aqueous filonming solutions, e.g. to obtain films
loaded with carvacrol, they will also suffer changes in their aason. Likewise, the
molecular interactions of lecithin lipids and carvacrol with the film polymer would play an
important role in the properties and in the stability of the aqueous emulsion and, therefore,
in the final content of the volatile compound tihe film. In fact, in the presence of a polymer,
different structural changes in liposomes could also be expected during the drying of the film,
as well as the release of carvacrol from the liposomes into the polyierphase. The
changes will progresim line with the process of water evaporation during film formation.
These dynamic changes will give rise to a final carvacrol content in the films, resulting from
both the different destabilisation phenomena that have occurred and the final molecular
rearangement according to the chemical affinity and interactions.

Table 2shows the amount of carvacrol retained in the film with respect to the initially
incorporated amount (% retention) for the two types of PVA polymers and the different
liposomal systemgwith different lecithin, carvacrol load and preparation method). The CA
retention was significantly (P <0.05) affected by the type of lecithin and by the liposome
preparation method, as well as by the type of PVA. Films withCSliposomes had the higéte

final CA content, probably due to the lipid composition of lecithin, rich in phosphatidylcholine.
In fact, a more homogeneous, more cohesive and less fluid liposomal membrane could be
obtained for SIPC(Vélez et al., 2017ith a greater control athe CA leakage. Furthermore,

the greater packing density of lipid bilayer could be less susceptible to both the phenomenon
of destabilisation and to the structural modifications associated with water loss during film
drying. In general, the liposomes obiad by sonication also showed slightly greater CA
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retention in the films, probably due to their smaller size and lower PDI in comparison with
those obtained by rotostator homogenisation. This could favour their kinetic stability,
reducing the rate of pdicle aggregation and coalescen{i®os reis coimbra & Teizeira, 2016)

On the other hand, partially hydrolysed PVA presented the highest CA retention values
(between 54% and 74%), compared to fully hydrolysed PVA, with percentage retention values
between 22% and 57%. It is worth highlighting that during the film formation process,
liposomal systems present carvacrol leakage, due to the lyotropic mesomorphism of
liposomes(Andrade et al., 2020b; Sapper et al., 2018bhus, the degree of carvacrol
retention would depend not only on liposomal encapsulation systems, but also on the
interaction of the active compound released with the polymer matrix.#éa residual acety!l
groups (12%) in the polymer chain, which acquire a state of resonance and pro¥igetrix

with a negative charge 2 A 1T Yy A S g & 1 | ThiS donok dledirbn pairprodides theP/A
chains with Lewis base character, which promotes the formation of Lewis adducts with
carvacrol (Lewis acid). This mechanism enhances the chemioéydi€tween carvacrol and

the polymer chains, increasing their retention in the fi{dndrade et al., 2020b, 2020a;
Tampau et al., 2020)n this sense, it was possible to observe that the type of lecithin had less
influence on the CA retention forP/A matrices, since the carvacrol released from liposomes
could be better entrapped through its bonding to the B\¢Aains. In contrast, the type of
lecithin greatly affected the carvacrol retention in the R\Watrix with a lower chemical
affinity for canacrol. The carvacrol retention in this polymer matrix markedly reflects the
different stabilising capacity of each lecithin;BL being the most effective and SFL the least
at stabilising the carvacrdbaded liposomes during film formation.

Table 2 Cavacrol retention (ratio of determined carvacrol with respect to the incorporated amount,
in percentage) in dry PVA films for fully (F) and partially (P) hydrolysed polymer and different carvacrol
loaded liposomal systems.

CA retention (%)

LEC CALEC PVA PVAe
Sonication Homogenisation  Sonication = Homogenisation
0.5:1 54 (2) 53 (4) 74 (2) 71 (5)
SIPC
1:01 57 (3) 54 (3) 67 (3) 65 (3)
oL 0.5:1 47 (1) 41 (1) 66 (1) 64 (1)
1:01 45 (4) 46 (4) 66 (7) 62 (5)
SFL 0.5:1 28 (1) 22 (2) 61 (7) 54 (8)
1:01 27 (2) 24 (4) 63 (3) 60 (3)

Factors with a statistically significant effect with a 95% confidence IE¥ektention: Method (Pvalue: 0.0036), lethin (RValue: 0.0001),

PVA type (Ralue: 0.0001), and the interaction between Lecithin and fRAalue: 0.0001)
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Figure 3showsFESENNicrographs of the crossection of PVA films (F and P) with liposomes
from different kinds of lecithin, loaded or natith carvacrol. These micrographs reveal
qualitative differences related to the arrangement of the components in the samples. A first
remarkable feature was the smooth appearance of Pfiitns with free carvacrol (non
liposome encapsulatedF{gure 43, in contrast to the carvacrol droplets observed in the PVA
matrix (Figure 4. This fact demonstrates the good integration of this phenolic compound in
PVA matrix, withoutvisible dispersed droplets, while the RM#ms presented a clear phase
separation This was attributed to thdormation of Lewis adducts betweethe phenolic
compound andhe negativelycharged chains of\As, previously describe@Greenly & Tester,
2015; Pereird_achataignerais et al., 2008yevertheless, the incorporation of carvakfree
liposomes into PVAand PVA matrices led to heterogeneous matrices that exhibited a
dispersed phase of alterdghosomes [Figures 4@and4d, respectively).

Different microstructural features were also observed for films with carvdoeued
liposomes as a function of the kind of lecithin in agreement with the different sdiagili
effects of the lipid membranes during film formation. The more stable membramdsbit a
lower level ofdisruption duringhe water evaporation step, remaining lesi¢ered in the films
and entrapping carvacrol more efficiently. tme PVA matrix with carvacrelloaded SIPC
liposomes Figure 48, a relatively fine dispersion of lipid particles (aboutrth or smaller)
partially alteredin shape could be observed asresult of mesomorphic transitions in the lipid
membranes. According to the high chemical affinity between carvacrol and dhdis, the
leakage of carvacrol from the liposomes would not imply the presence of free carvacrol
droplets. The SCA and SFCA liposomes also appeared dispersed in the R#Wa&trix Figures
4gand4i), similarin appearance to those dhe SI-PC liposomes, b@txhibiting larger particle
traces and more coalescing droplets.

In contrast, much larger particles could be obserwedVA films with carvacrelloaded
liposomes FFigures 4f, 4hand 4j), indicatinga greater progresof coalescence during film
drying. For SFL liposomes, farticularly high level of lipid separation was observed in the
matrix, thus showing th@oor stabilsing capacity of this type of lecithin. The microstructural
observations agree with the different carvacrol retention in the films associated with the
stabilsing capacity of the lipid membrane$gble 3. This ability was affected by polymer
lipid interections, linked to the degreef hydrolysis of the PVA chains and the lipid
composition of the liposome membrane. Despite the slightly higher surface charge of SL
liposomes, the high ratio of PC the SEPC membrane seems to produce more stable
structuresin aqueous PVA solutions that provide emulsified systems with greater stability
during the water evaporation step, helping to keep the carvacrol contained in the dry films.
SFL Liposomes, witnmore heterogenous lipid composition and lowepotential vales,
were less effectivat stabilsing emulsified carvacrol in agueous PVA solutions.
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=

Figure 3 FESEM micrographs of the craesstion of PVAand PVAfilms with CAloaded liposomes
(CA:LEC 1:1) using different types of lecithin (soy lecithiicheed in phosphatidylcoline PC {8C),
soy lecithin (SL) and sunflower lecithin (SFL)) and the sonication metHedA with free CAp: PVA
with free CAc: PVAwith CAfree SEPCd: PVA with CAfree SEPC e: PVAwith CAloaded SIPCf:
PVA with CAloaded SIPC,g: PVA with CAloaded SLh: PVA with CAloaded SLi: PVA with CA
loaded SF|: FPVAwith CAloaded SLF.

85



CHAPTER |

4. CONCLUSION

The composition of lecithin of differing origins affected the stability of the carvdoadled
liposomes incorporated into the PVA films obtained by casting the aqueous polymer solutions.
The lyotropic mesomorphism of lipid associations and the carvacrol leakage occurred to
different degrees during the film drying step, depending on the lipid compositf the
membrane and its resulting surface charge. Lipid interactions with the polymer also play an
important role in the liposomal stability and the final carvacrol retention in the films.
Liposomes obtained with phosphatidylcholineh soy lecithin (SPC) were the most effective

at maintaining the stability of the carvacrol emulsion during film formation, which led to the
highest carvacrol retention, whereas SFL gave rise to less stable systems and greater carvacrol
losses. Likewise, systems with palty hydrolysed PVA were less sensitive to the emulsion
destabilisation effects and to the kind of lecithin used in the liposome membranes due to the
greater chemical affinity and bonding capacity between carvacrol and polymer chains.
Therefore, PVAwith carvacrolloaded SIPC liposomes and with a carvacrol retention
capacity of about 70% in films, has great potential to produce active films for food packaging
applications. In this sense, the antioxidant and antimicrobial properties of the potentially
active materials with carvacrol should be evaluated in further studies, both through in vitro
tests and using different food matrices.
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ABSTRACT

Polyvinyl alcohol (PVA) is a hydrophilic linear polymer obtained from the controlled hydrolysis
of polyvinyl acetate (PVAc). The molecular weight (Mw) and degree of hydrolysis (DH) of PVA
are considered relevant in botthe functionality of the polymer and its capacity for film
F2NXYIFGA2YyDd ¢KAA addzRe lylfeaSR (KS Ay Tfdz$SyoO
ability to incorporate carvacrol (CA), for the purposes of obtaining active films for food
packaging applideon, as well as on the film microstructure and thermal behaviour and its
functional properties as packaging material. CA was incorporated at 5 and 10 g/100 g polymer
by emulsification in the polymewater solutions, while the films were obtained by cagtin

The higher Mw polymer provided films with a better mechanical performance but less CA
retention and a more heterogeneous structure. In contrast, low Mw, partially acetylated PVA
gave rise to homogenous films with a high@A content that increased the sthanical
resistance and stretchability of the films. The melting temperature of this polymer with acetyl
groups was lower than the degradation temperature, which makes thermoprocessing
feasible.

Keywords

Molecular weight degree of hydrolysighermd behaviour;crosslinking;food packaging.
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1. INTRODUCTION

The development of biodegradable packaging materials has become a matter of great
importance, especially within the food sector. This industry currently reports one of the
highest ratesof nonbiodegradable plastic consumption destined for food packaging,
generating a negative impact on the environmental balance, problematic that must be
counteracted through the progressive change in the packaging sy&ampean Bioplastics,
2017) Food packaging materials must meet not only determined requirements to ensure food
preservation and safety: adequate barrier properties to water vapour and gases, proper
mechanical performance and optical properties, along with thermal characteristicsstoen
their processability, but also the requirements of environmental sustainalfBibagabati et

al., 2019) To this end, different biodegradable polymers (biobased or not), as well as their
blends, have been evaluated and characterized. Somebnaresed, biodegradable polymers,

& dzOK | &apialactore) (BGL), poly (butylene succinate/adipate) (PBS/A), poly (butylene
adipateco-terphthalate) (PBA/T) and poly (vinyl alcohol) (PVA), have been extensively studied
because of their high versatility. ihese polymers, it is possible to adjust some of their
molecular parameters by controlling their processing factors, thereby modifying the
characteristics and functionality of the material.

Some molecular characteristics of these biodegradable polynsrsh as chain length,
molecular weight, number and types of functional groups or tacticity (which is related to the
stereoregularity of the chain), as well as the processing conditions, are factors which
determine the physical and functional propertiestbé resulting materials(Bhagabati et al.,
2019)report that the polymer crystallinity and oxygen barrier capacity and transparency of
PCL films have been shown to be highly dependent on the molecular weight. The molecular
and chemical structure of theBA and the PBS were relevant factors in the thermal behaviour
and in the biodegradation by enzymatic hydrolysis of these polyester (ibaiset al., 2018)
(Perilla, 2007¥showed that the degree of hydrolysis of the PVA molecular chains generated
significant differences in the glass transition temperature (Tg), the melting temperature (Tm)
and the thermal degradation mechanisms of the PVA fi(iildass et al., 2019¢ported an
increment in the crystallinity and water solubility of the PVA filwisen increasing the
hydrolysis degree of PVA. The greater PVA crystallinity promoted, in turn, the development of
smoother film surfaces.

PVA is produced by partial or complete hydrolysis of the polyvinyl acetate, eliminating the
acetate groups; this meanbat both the molecular weight and the degree of hydrolysis of the
PVA can be controlled to obtain materials with different properties and function@litgn
David, 2019) The high number of hydroxyl groups in the molecular chain of PVA confers it
with a highly hydrophilic nature, enhancing biocompatibility, and promotes the formation of
hydrogen bonds, affecting the physical properties of the matd@ano et al., 2015)These
characteristics have encouraged the use of PVA to develop biodegradaise dsing pure
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PVA or blended with other biopolymers, such as stéfsfuin & llberg, 2016; Cano et al., 2015;
DomenelLopez et al., 2018; Hilmi et al., 2019; Kahvand & Fasihi, 2019; Tian et al,, 2017)
proteins (Ghaderi et al., 2019; Lara et al., 2)1éhitosan(Ghaderi et al., 2019; Tang et al.,
2007; Thanyacharoen et al., 2018)cellulose and derivativg€azon et al., 2019; Ghorpade

et al., 2019)n order to obtain biodegradable materials with adequate properties for different
uses.

One rekvant aspect related with food preservation is the availability of active packaging. The
incorporation of active compounds, with antioxidant or antimicrobial activity, in different
polymeric matrices has been studied to obtain antimicrobial or antioxidaextkaging
materials(Atarés & Chiralt, 2016; GOmé&xstaca et al., 2014; Mousavi Khaneghah et al., 2018)
In this sense, the compatibility of the active compounds with the polymer matrix and the
controlled release to the food mainly depend on the chemitaiure of the compounds
involved and their molecular interactions. These interactions are of great importance since
they determine the applicability of the active films.

Several studies have been carried out with the aim of developing active films baded/A
using fully hydrolysed, high molecular weight polymer. Tfkiayoosi et al., 2014nd (Chen

et al., 2018pbtained active films of fully hydrolysedcd% acetate groups) PVA, incorporating
essential oils oZataria multifloraand clove, respeaotely. These films exhibited effective
antimicrobial and antioxidant activities in the vapour phase. Nevertheless, the low affinity
between the essential oil compounds and the PVA chains negatively influenced the
mechanical resistance, oxygen barrier prajes and thermal stability of the films. In contrast,
the incorporation of tea polyphenols in nanocomposites of PVA with Montmorillonite
significantly improved the tensile strength and the water vapour and oxygen barrier capacity,
due to the formation ohydrogen bonds between the polymer matrix and pheri@kenwei

et al., 2018) Other studies analysed the properties of Pd&Sed blend films incorporating
different natural active compounds, such as curcu(Mia et al., 2017)gallic acidYoon et al.
2017) mint and pomegranate peel extrafanatt et al., 2012)None of these studies have
evaluated the effect of the PVA molecular characteristics on the film gutigs and
functionality, which is relevant to determine the more appropriate polynfi@ra given food
packaging use.

The aim of this study was develop and characterise active PVA films containing carvacrol
(CA), by using two types of PVA with different hydrolysis degree and molecular weight. The
effect of the molecular characteristics the polymer on the CA retention in the film, the film
microstructure, polymer crystallization degree, thermal behaviour and barrier and tensile
properties of the films has been analysed.

97



CHAPTER I

2. MATERIALS AND METHODS

2.1. Materials

Two types of poly (vinyl abol) (PVA) with different molecular weight and degree of
hydrolysis PVA: Mw 89,00098,000; 9999.8% hydrolysed andVA: Mw 13,00023,000; 87
89% hydrolysed) and carvacrol were purchased from Sijlavach (Steinheim, Germany) and
magnesium nitrate (MdNGs)2), phosphorus pentoxide £8s) salts and UNgrade methanol
were supplied by Panreac Quimica S.A. (Barcelona, Spain).

2.2. Film preparation

The films were prepared by casting of the aqueous solution of the polymer. Polymais06

wt. andPVA10% wt.) slutions in distilled water were prepared using magnetic stirring (1200
rpm) at 100 °C for 3 h. CA was incorporated into the PVA solution at 5% wt. and 10% wt. (with
respect to the polymer) by applying sonication (20 kHz for 5 min, with pulses of 1ng)ausi
ultrasonic processor (Avantor, 508bra Cell, USA). All formulations were degassed by using

a vacuum pump and spread evenly onto Teflon plates of 150 mm in diameter, using a constant
equivalent mass of polymer per plate of 2 g. The films were doeddproximately 48 h under
controlled relative humidity (RH) and temperature (T) conditions (RH: 50 + 2% and T: 25 £ 2
3 ). Subsequently, the films were conditioned for one week at 53% RH, using MggM&)-
saturated solution, before their characterisation. Therefore, the final CA content in the film
(CA retention), microstructure and thermal analyses were carried witls fconditioned at

0% RH using20s. Table 1shows the different film formulations with the respective mass
fractions of the components.

2.3. Characterisation of the active PVA films

2.3.1. CA retention in the films

CA retained in the different formulations was detgned through the extraction of CA
contained in the dried films and its spectrophotometric quantification. The extraction was
carried out from film samples of 4 &im area in 50 mL of a 50% (v/v) aqueous solution of UV
grade absolute methanol and kept ugdstirring at 300 rpm for 48 h at 25. Absorbanced()

of the extracts was measured at 274 nm, wavelength of maximum absorption of carvacrol,
using a spectrophotometer (Evolution 201 W\, Thermo Fisher Scientific, USA). The CA
concentration(«) in the films was determined by means of a standard curve obtained with CA
solutions containing between 10 and 50 pg/mL in the same solvent ¢ @ pEhY
T80 w Y The backgrounds used for the measurements were the spmeding extracts
obtained under the same conditions from the -€8e films. CA content in the film was
expressed as mg/g dry film and mg/g polymer, while CA retention ifilthe was expressed,

98



CHAPTER I

in percentage, as the ratio between the mass of CA extracted from the film with respect to
the corresponding mass of CA initially incorporated.

2.3.2. Microstructure of the films

The microstructure of the films was observed using a Fieldtsétom Scanning Electron
Microscope (FESEM) (ZEISS®, model ULTRA 55, Germany), at an acceleration voltage of 2 kV.
The film samples were cryofractured by immersion in liquid nitrogen, platinum coated and the
crosssection images obtained.

The film thicknes was measured with a digital electronic micrometer (Palmer, COMECTA,
Barcelona, Spain) to the nearest 0.001 mm at six random positions.

2.3.3. Fourier transformed infrared spectroscopy-(RT

The vibration mode of the chemical groups of the polymer was asdesgéms equilibrated

I 0 p o> swthroughiatteruated total reflectance ATRTIR analysis using a Nicolet 5700
spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The average spectra were
collected from 64 scans with a resolution of 4*%¢in the 400@400 cnt! range. The analyses

were performed in triplicate and at three different locations in each sample.

2.3.4. Thermal behaviour

The thermal behaviour of the films was characterised using thermogravimetric analysis
(TGA/SDTA 851e, Mettler ToedSchwarzenbach, Switzerland) and differential scanning
calorimetry (DSC 1 StareSystem, Metil@eledo, Inc., Switzerland). TGA analysis was
performed by heating from 25 to 7003 at103 kK YAY dzy RSNJ I mn Y[ KYAY
DSC curves were obtained itoyltiple scan. A first heating frol253 to 2503 at 103 /min,

holding for 2 min at 258 . Samples were then cooled 1853 and held for 2 min before the

second heating from25 to 2503 at 103 /min. Analyses were carried in triplicate for each
sample.

2.3.5. Xray diffraction

The Xray diffraction spectra of the films were recorded with a D8 AdvanemyX
RAFTFNI OG2YSGSNI 6. NHzZl SN ! - { £ YI NI &NHzKSS DSNY)YI
nonps dzZAAYy3 Yh [ dz NI RALI A 2\egraeofCrystakintyn(¥c) of 0 =  nJ
the samples was estimated from the ratio of crystalline peak areas and the integrated area of

X-R diffractograms and expressed as a percentage. The diffraction scattering curve was
deconvoluted with Lorentz model using theignPro 8.5 software, for crystalline and
amorphous peaks.
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2.3.6. Tensile properties

Tensile properties were determined using a universal testing machine (Stable Micro Systems,
TA.XT plus, Haslemere, England), following the standard method ASTMOD8&3TM,

2002) For each formulation, eight test specimens (25 mm x 100 mm) were cut and
conditioned for one week (RH: 53% and T:32band subjected to the extension test. The

initial separation of the clamps was 50 mm and elongation speed 50 mrh.fiom the stress
OHU0Syl1e RSTF2NXNIFGAZ2Y O0¢¥1 0 OdaNBSas>s GKS StladAao
elongation at break pointj were obtained. Measurements were carried out 8 times for each

sample.

2.3.7. Barrier properties

Water vapour permeability (WVP) was analysed following a modification of the E96/695M
gravimetric method[E. ASTM, 2003Yhe film samples of each formulation neeplaced on

Payne permeability cups (3.5 cm in diameter, Elcometer SPRL, Hermelle/s Argentau, Belgium)
at 253 and 53100% RH gradient, which was created with an oversaturated Mg{NO
solution (inside the desiccator where cups were placed) and distilled water (5 mL inside the
cup). In order to reduce the resistance to transport of water vapour, a fan was puaitio
above each cup. The cups were weighed periodically every 1.5 h for 24 h using an analytical
balance (+0.00001 g). To calculate WVTR, the slopes in the steady state period of the weight
loss vs. time curves were determined by linear regression. WVRalasgated according to

(Cano et al., 2014Jor each type of film, WVP measurements were carried out in triplicate.

The oxygen permeability (OP) was determined following a modification of the standard
method F192707 (F-07 ASTM, 2004)For this analsis, the Oxlran system (Mocon,
Minneapolis, US) at 28 and 53% RH was used. Sample films (%) wrare exposed to pure
nitrogen flow on one side and pure oxygen flow on the other side. OP was calculated by
dividing the oxygen transmission rate by the trpressure of oxygen and multiplying it by
the average film thickness. Each film formulation was analysed in triplicate

2.3.8. Optical properties

The optical properties (transparency and colour coordinates) were determined by measuring
the reflectance spectraf the samples from 400 to 700 nm, on whit¥)(and black Y )
backgrounds, as well as the reflectance of the white backiy (1sing a spectrocolorimeter
(CM3600d Minolta CO., Tokyo, Japan). Three measurements were taken from each film and
three films were considered per formulation. & transparency was measured through the
internal transmittance (Ti), applying the KubelMaink theory for multiple scattering (Eqg. 1).

The CIE L*a*b* colour coordinates were obtained from the reflectance of an infinitely thick
FAEY 6wk 0 09 lsihg D6D illumihaBt@iidMbsErven1®°, observer according to
(Hutchings, 1999)Psychometric coordinates, Chroma (Cab*) and hue (hab*) were also
determined using Egs. (5) and (6).
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YooY o (1)
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2.3.9. Statistical analysis

The statistical analysis of the data was carried out using Statgraphics Centurion XVLII. The
results were submitted to an analysis ofiaamce (ANOVA). Fisher's least significant difference
(LSD) was used at the 95% confidence level.
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3. RESULTS AND DISCUSSION

3.1. Carvacrol retention

The percentages of CA retention and final CA contents in the two types of PVA films are shown
in Tablel. The type of PVA significantly affected the final content of CA in the films, the
compound retention being higher in the matrix with lower degree of hydroly&#¥). This

may be attributed to the greater compound affinity with the polymer chains duehe
presence of residual acetyl groups, which confer a more hydrophobic nature on the polymer.
Films obtained by the casting of agueous solutions of hydrophilic polymers, containing
essential oils, lose a great part of the emulsified oil during the drgtep because of the
emulsion destabilization (droplet flocculation, coalescence and creaming) and steam drag of
the surface oil in line with water evaporatigRerdones et al., 2016Factors improving the
emulsion stability, such as the presence ofpdmphilic compounds or high viscosity, mitigate
these lossegPerdones et al., 2016) ikewise, a greater affinity between the essential oil
compounds and the polymer chain can favour the bonding of active compounds in the
polymer matrix, increasing theietention in the film.

Table 1 Nominal fraction (x) of the components in the different film formulations, CA content
(extracted) in the final films and retention percentage (ratio between the mass of CA extracted from
the film with respect to that ingrporated). Mean values and standard deviation.

CA content in the films

CARetention
Sample XpvA Xca (mg CA/ g dry (mg CA/ g (%)
film) polymer)

PVA 1 - - - -
PVA-CA 0.95 0.05 23(1)? 24(1)2 48 (27
PVA-CAo 0.91 0.09 46 (2)° 51(2)° 51(2p2

PVA 1 - - - -
PVA-CA 0.95 0.05 28(2)° 29(1)P° 58(3)°
PVA-CAo 0.91 0.09 57 (2)° 63(2)¢ 63(2)°

Different superscript letters within the same column indicate significant differences among films (P<0.05).

*(single column)

3.2.  Film microstructure

The mcrostructural analysis permits the identification of the arrangement of the different
O2YLRYySyiGa Ay GKS FAfYI gKAOK OFly 06S O2NNBf I
barrier, mechanical or optical. During the film drying step, the solvemperation leads to an

increase in both the viscosity of the continuous phase and in the concentration of the
dispersed phase that affect the kinetics of the destabilization process of emulsified film
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forming systems. This leads to changes in the partizke distribution of the dispersed lipid
fraction, affecting the internal structure of the film and the final properties of the film matrix
(Atarés & Chiralt, 2016; Song et al., 20I&)e cross section of the obtained filnfisgure )
showed marked diffeences in the internal structure f&VA and PVA polymers, which may
be related with their different chemical affinity with CA and the viscosity of thefbimming
systems.

PVA

Figure 1 FESEM micrographs of the crssstion of thePVA and PVA films without and with
carvacrol (5 or 10 g/100 g PVA).

In films from fully hydrolysed PVA&R\A), CA was distributed stochastically in droplets of
highly variable sizes, whereas no lipid droplets were observed in partially acetylated PVA
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