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PREFACE

This report reflects the work undertaken at the Packaging, Transport and Logistics
wSaShkNDOK /SYyidSNJI 6L¢9b90 BAGKAY GKS FNIYS,
packaging for extending shelf life of peeled and cut fruit). This project (Grant
AgreementNo 315565)was funded by the European Unior" Framework

Program under thecall Researchfor SMEs for research and technological
development with the participation of 5 industrial companies, packaging
manufacturers and users, and two reseacamters including ITENE. The main goal

of the project was to develop a technology that could be used by the industry to

extend the shelf life of peeled and cut fruit through the combination of minimal

processing and active packaging solution.

¢ KS | slparécpaidd in this project, as part of the work undertaken by ITENE,
has been focused on the development of antimicrobial active packaging for peeled
and cut orange and pineapple. The research performed has given rise to the
development ofan antimicrobial packagingrototype consisting of an active tray
and heatsealalte film containing antimicrobiahgents to reduce the deterioration

of the fresh cut fruit and to extend its commercial shelf life. The possibilities of the
industrial application ofthis prototype is the reason for a patent application
request withEP15382475.0umber. A copy of the requested patent is enclosed in
the Annex | of the present Doctoral Thesis.

Once the prototype is fully upcaled ad authorized for use, the
commercializion of peeled and cut fruit packed with this packaging is foreseen

since there are already companies interested in its possible use.






SISTEMA DE ENVASADO ACTIVO ANTIMICROBIANO PARA FRUTA
MINIMAMENTE PROCESADA

RESUMEN

En la presente Tesis Doctoral senhalesarrollado materiales de envase activo
antimicrobiano, a escala laboxaio y a escala seamdustrial,con el objetivo de reducir la
proliferacion de la flora natural de la fruta pelada y cortada y extender su vida util. Se han
desarrolladadistintosprototipos para su posterior aplicacién industrial

Previo al desarrollo de los materialds envasesellevé a cabauna seleccién de agentes
activos mas idoneos. Para ello sstudiaron mediante ensayos$n vitro las propiedades
antimicrobianas de agentesctivos volatiles, citral, hexanal y linalool y diferentes mezclas

de los mismos, frente a distintos microorganismos tipicos del deterioro de las frutas, mohos
y levaduras, concluyendo que la efectividad de la mezcla de los tres es superior a la suma de
la efectividad de losagentes activos de forma individual. Asi mismtambién se
seleccionaroragentesantimicrobianos no volatilesomo elsorbato potésico y benzoato
soédicq los cuales son ampliamente empleados en la industria alimentaria debido
principamente a sus propiedades antifingicas

Con los agentes activos seleccionadosiesarrollarompeliculas monocapa de polipropileno

(PP) con distintas concentraciones de la mezcla activa, citral, hexanal y linalool, a escala
laboratorio, mediante técnicasedextrusion,y peliculasbicapa a escala sesmidustrial
mediante coextrusion. Por otra parte, skesarrollaronbandejas activas a escala semi
industrial mediante termoconformado de laminas obtenidas gmextrusion deompuestos

de PP yetilvinilaceteto EVA con sorbato potasico o benzoato sédico como agentes

antimicrobianos.

Se evaluaronlas propiedades mecdnicas, barreras y térmidaslos materiales activos
desarrollados, asi como su sellabilidattansparenciaEn general, las propiedades de los
polimeros no se vieron afectadas de manera relevante. Sin embargo, las bandejas activas
perdieron su caracter transparente debido a la incorporacion de los agentes activos no

volatiles.

Seestudid la cinética de liberacidon de los compuestos activos volatiles yolatiles a
distintas temperaturas, determimalo los coeficientes de difusion de los agentes activos
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medianteel ajuste anodelos matematicosle difusion basados en la Segunda Leyide F
Entre los agentes volatiles| hexanal mostré un mayor coefiite de difusion seguido de
citral y linalool. Por otragrte, no hubo apenas diferencém los coeficientes de difusién del
sorbato potasico y benzoato sédico, siendo éstos del mismo orden de magnitud.

Igualmente, serealizarondiferentes experimentosn vitro a distintas temperaturas para
determinar las propiedades antimicrobianas de los materiales desarrollados. En general, los
materiales activos presentan una elevada capacidad antimicrobiana queriegpotenciada

al aumentar la temperatura de exposini

Una vez evaluadas las caracteristicas de los materiales desarrokadtessaron a cabo
ensayos de envasado @édia ynaranja pelada y cortadeonlas peliculay la bandeja activas

y su combinacion (sistema de envase actir) generakl sistemade envase activo mejoré

la conservacion de la frutentre 4 y 9 dias para la naranja y pifieespectivamente,
presentando una gran capacidad antimicrobiana y manteniendo los parametros de calidad
de la fruta en niveles estables por un mayor tiempo.

Por dtimo, se estudi6 la seguridad de estos materiales de acuerdo a la legislacion de
materiales en contacto con alimentos y la legislacion alimen&niapea concluyendo que

los materiales activos desarrollados no preseatepreocupaciéon para la seguridat los
consumidores.



SISTEMA D'ENVASAMENT ACTIU ANTIMICROBIA PER A FRUITA
MINIMAMENT PROCESSADA

RESUM

En la present Tesi Doctoral s'han desenvolupat materials d'envasament actiu antimicrobia,
a escala de laboratori i a escala séndustrial amb I'objecti de reduir la proliferacié de la
flora natural de la fruita pelada i tallada i estendre laisevida Util. S'harmdesenvolupat
diferents prototips per a la s& posterior aplicacio industrial.

Previ al desenvolupanm dels materials actius, s'han selecasrels agents actius mes

idonis estudiantmitjancant assajon vitro les propietats antimicrobianes d'agents actius
volatils, citral, hexanal i linalool i diferents mescles dels mateixos, enfront de diferents
microorganismes tipics de la deterioracio ée fruites-floridures i llevats concloent que
I'efectivitat de la mescla dels tres és superior a la suma de l'efectivitadelstsactius de

forma individual. Aixi mateix, s'haseleccionat antimicrobians no volatisgrbat potassic i

benzoat sodicels quals sot YLX A YSy i SYLX SIdGa F f QAyRdzadl
propietats antifingiques.

Amb els agents actius seleccionats, s'han desenvolupat pel-licules monocapa de polipropilé
(PP) amb diferents concentracions de la mescla activa, dieaknal i linalool, a escala
laboratori, mitjancant técniques d'extrusio, i pel-licules bicapa a escala-isdustrial
YAG2l yelyld O2SEGNHzZAs® 5UFf iGN o6FYyREFEE aQKI
industrial mitjancant termoconformacié de lamimeobtingudes per coextrusio de
compostos de PPeiil vinil acetat EVA amb sorbat potassic o benzoat sodic com agents

antimicrobians.

S'han avaluat les propietats mecaniques, barrera i térmiques dels materials actius
desenvolupats, aixi com la seua dgilidad i transparéncia. En general, les propietats dels
polimers no es van veure afectades de manera rellevant. No obstant aix0, les safates actives
van perdre el seu caracter transparent a causa de la incorporacié dels agents actius no
volatils.

{ QK ludiaSla@dinética d'alliberament dels compostos actius volatils i no volatils a diferents
temperatures, determinat els coeficients de difusié dels agents actius mitjancaist a
models matematicsle difusio basats en la Segona Llei de.Ficire el 3 Sy a @2
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hexanal va mostrar un major coeficient de difusié seguit de citral i linalool. D'altra banda, no
va haverhi a penes diferencies en els coeficients de difusié del sorbat potassic i benzoat
sodic, sent aquests del mateix ordre de magaitu

Igualment, s'han realitzat diferents experimenits vitro a diferents temperatures per
determinar les propietats antimicrobianes dels materials desenvolupats. En general, els
materials actius presenten una elevada capacitat antimicrobiana que es venqida en
augmentar la temperatura d'exposicio.

Una vegada avaluades les caracteristiques dels materials desenvolupats s'han efectuat
assajos d'envasament ¢knyai taronjapelada i talladamb, lespel-licuks i la safatactives

i la sevacombinacid(sistema d'envasctiu). En generakl sistema d'envas actia millorar

la conservacié de la fruitentre 4i 9 dies per a la taronja i pinya respectivament, presentant
una gran capacitat antimicrobiana i mantenint els parametres de qualitat de la &oita
nivells estables per un major temps.

Finalment, s'ha estudiat la seguretat d'aquests materials d'acord a la legislacié de materials
en contacte amb aliments i la legislacié alimenta@iaopea concloent que els materials
actius desenvolupats no presemenpreocupacio per a la seguretat dels consumidors.



ANTIMICROBIAL ACTIVE PACKAGING FOR MINIMALLY PROCESSED FRU

ABSTRACT

In the present Doctoral Thesis, antimicrobial active packaging materials, at lab and at semi
industrial scalehave been developedith the aim to reduce the natural flora of peeled and
cut fruit and extend its shelf life. Packaging prototypes have been developed for their further
application.

Prior to developing the active materiakhie most suitable active agents were selected. To
that end, the antimicrobial properties of the volatile active agents citral, hexanal and linalool
and mixtures thereof were evaluated against typical microorganisms related to fruit
spoilage, molds and yeast, concluding that the effectiveness of the raimtashigher than

the sum of the effectiveness of the individuaktive agents. Likewise, norvolatile
antimicrobial agents such as potassium sorbate and sodium benzoate were selected, which
are widely used in the food industry due to their antifungalpedies.

With the selected active agents, monolayer polypropylene (PP) films with different
concentration of the active mixture citral, hexanal and linalool, at lab scale by means of
extrusion, and bilayer films at sesimidustrial scale by meaof coextrisionwere prepared
Besides, active packaging trays were developed at-gainistrial scale by thermoforming
active sheets obtained by coextrusion of PP and ethyl vinyl acetate (EVA) compounds
containing potassium sorbate and sodium benzoate as activetagen

Mechanical, barrier and thermal properties of the developed active packaging materials, as
well as their sealability and transparency weewaluated. In general, the materials
properties were notaffected in a significant manner. However, active tragereased in
transparency due to the incorporation of newolatile active agents.

The release kinetics of the volatile and reolatile active agents were studied at different
temperatures, defining their diffusion coefficients the adjustment tomathematic mode$
based on Second’s Law Figimong the volatile active agents, hexanal showeguigher
diffusion coefficient, followed by citral and linalool. On the other hawndry small
differences were observed between potassium sorbate and sodium benatitesion
coefficients, being of the same order of magnitude.
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In vitrotests were also performed at different temperatugéo evaluate the antimicrobial
properties of the developed materials. In general, the active packaging materials showed
high antimicrdial properties which were enhancetdth the increment of temperature.

Once the properties of the developed materialere evaluated in vivotests with peeled

and cut pineapplendorangewere performed by padkgthese fruits with the active filis,

active tray and their combination (active packaging system). In general, the active packaging
system improved the microbiological preservation of the fruit, betwdeand 9 days for
orange and pineapple, respectively, and maingaiquality parameters of the €it at stable
levels for longer tims

Lastly, the safety of the active packaging materials was evaluated accordingEanbgean
food contact materials and food legislatiagncludingthat these materialsvere not ofany

safety concern for the consumer
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1. INTRODUCTION

1.1. FRUIT AND VEGETABLE CONSUMPTION TRENDS. MINIMALLY
PROCESSED FRUIT

Fruits are an important source of many micronutrients and fiber, as well as low molecular
carbohydraes (sugars), water and various phytochemicals, vitanaindpolyphenols with
positive effects on health. The consumption of fruit and vegetables is important to combat
obesity and prevent cardiovascular diseases, cancer and diabetes among other diseases
(WHO, 201k

According to the World Health Organization (WHO), low intake of fruits and vegetables is
among the top ten seicted risk factors for global mortality. Thus, governments and health
organizations have actively been running campaigns to encourage fruit and vegetable
consumption. In this regard, the WHO aims at actively promoting an increase in fruit and
vegetable inbke worldwide, and recommends at least 400 grams per @&MO, 2003
2008.

Despite the efforts, the daily consumption of fruits and vedpta is decreasing in Europe.
The latest Consumption Monitor published by the European Fresh Produce Association
(Freshfel 2015 showed that the consumption of fresh fruit and vegetables in the European
Union (EU) stand at 341.81 g/persatdy in 2013. This dat@presentsan increase of 5.6%
compared with 2012 but a decrease 0B% compared with the average betwe@008

2012.

Then, consumption in the EU remains under the recommendation of the WHO to consume
a minimum of 400 g of fresh produce per day. Specifically, in 2013, fruit consumption per
capita in the EU stood at 188gfperson/day. This is 10.1% more than in 2012 b.5% less

than the average of the years 202812.

In order to assess food intake in Europtee European Food Safety Authority (EFSA) also
compiled national food consumption data based on dietary surgFSA, 2008These data
revealed that the mearof fruit and vegetabléntake in Europe i466 and 220g per day

respectively implying that the average consumption of fruit and vegetables is 3&8 day.

Statistics indicate thathe recommended daily fruit consumption is not met. As for dietary
habits in general, a wide range of factors influence fruit consumption. Factors phgsical,
social and culturaénvironment as well as personal fag®such as taste pferences, level
of independenceand health consciousness have an effect on our consumer hEiitsIC,
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2012. Availability is also a key factor influencing food consumption pattebespite
statistics on low fruit consumptiorthere is an increasing consumer demand for fresh,
healthy, convenient ready to e§RTEproducts(Dixon and Aldous, 201y

Ly 2NRSNJ 2 | RRNBaa O2yadzySNAQ ySSRxutl yR
sector plays an important role, and may help meeting the objective of consuming the
recommended daily intake of fruit-resh cut or minimally procsed fruits are a very
convenient way to supply consumers with nutrits healthy, and appealing food products.
The tem minimally processed or frestut fruits refers to any type of fruit that has been
physically altered from its original state (timmegakeled, washed, and/or cut), but remains

in a fresh, unprocessestate (Olivas and Barbosaanwas, 2005 These products readhe
consumerin a RTEform allowing directconsumption withoutprevious preparation or
transformation Then, minimally processddesh fruit allows consumersating healthyon

the go and saving time dieod preparation, lecoming arexcellentstrategy to improve the
nutritional quality ofO 2 y & dz¥iéd. NI &

The United Kingdom (UK) is the largest fresh fruits and vegetables market in the
European Union (EU), accounting for around a third of total EU consumption. In Germany
and Spain, this sector is still in an early stage of development. However, despite the financial
crisis, the freshcut fruits and vegetables market has grown continually in recent years
(Oliveiraet al,, 2015. Despite the continuous growth dfesh cut fruit consumption, its
market share is low compare to whole fruit consumption. In 2@iéfreshcut fruit market

share was about 1% of total volume of fruit sold in Eur@pabobank, 2010

The short shelf life and quality logd these products is nowadays a serious problem since
this rapid expiration makes tlremarketing and exportvery difficult According to the
industry, themarketing of fresh cut fruits limited to 57 days compared to 180 day of
most of the whole products. Thereforehdre is a need to increase commercial shelf life of
peeled and cufruit since it limits their commercialization #he national leveland their

exportation to other European countries.

Within the existing range of frestut products, main attentiors beenpaid to orange and
pineapple fruitdue to the industrial partnergiterest,involved in the projectto extend the
shelf life of these productsConsumer demand for tropical fresiit products is increasing
rapidlyin the world market, and fresbut pineapple is already found in many supermarkets
and food service chair®arrero and Kader, 2006Freshcut pineapple fruit is appreciated
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for its taste, flavor and juicines$loreover, consumers perceive oranges a healthy and
natural source of vitamins and other health promoting nutrients, resulting in increasing
demand and productiofAschoffet al., 2015. However, geling of pneappleand oranges

the main factor limiting the consumption of these products due to the inconvenience of this
operationfor consumersSince convenience is a major factolQr2 y & dzyug plizBase
decisions, consuption of pineapples and orangegould increase in a peeled and sliced
format.

In the present Doctoral thesisminimally processd orange and pineapple have been
selected for overcoming their quick spoilage and maintain their quality attributes longer.

1.1.1 Deterioration mechanisms of minimallyprocessed fruits

Minimal processingwhich includes peeling, shredding, sliciagddicing cause cell injury in

the fruit (AyalaZavaleet al., 2009. Subc#ular compartmentalization is disrupted at the cut
surfaces, favoring the contact between substrates and enzymes that are normally separated
in different compartments and initiating deterioration reactions that do not occur in the
whole fruit (Toivonen and Brummell, 2008 Microbiological, enzymatic, and
physicochemical reactions simultaneously take place, causing negative quality climnges
the fruit (ArtésHernandezet al,, 2007. Then, frestcut product tissues deteriorate faster
than intact fruit and vegetables.

Among the quality attributes that mainly limit the shelf life of pegland cutfruits are
microbial growth and sensory dec@yalaZavalaet al., 2009. During minimal processing,

the natural protection of fruit is generally removeddithey become highly susceptible to
microbial attack. In addition, crog®ntamination may occur during cutting and shredding
operations if sanitation operations are not correctly performgtli et al, 2008. The high
content of organic acids and sugars present in the fruit tissue can be available after peeling
and cutting becoming a good source of nutrientsrfbacteria, yeastand mold growth
(Ayab-Zavaleet al., 200§. Damaged tissue also becosraore susceptible to the attack of
pathogenic microorganisms and contamination by human patho@essikanra, 2002

Specifically, shelf life of fresh cut pineapple is limited by changes in color and browning,
texture, appeaance and offflavors, juice leakage, increased respiration rates and microbial
growth. These parameterare mainly affected by cultivar and maturity stage as well as
packaging conditions and storage temperatufiarrero and Kader, 2006Montero-
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Calderoret al.,, 2008 SolivaFortuny and MartinBdloso, 2003. In the case of orangethe
elimination of the natural protection increases the risk of physiological alterations such as
excessive desiccation, accelerated senescence and metabolic changes socteased
respirationrate, whichcontribute to off-flavors production. In addition, the fruit becomes
more susceptible to microbial attack as a consequence of the possible leakage of vesicular
juice, and the absence of the protective péetetelet al., 1998.

The natural microbial flora of peeled and cut fruit such as total aerobacterig
psychrotrophic bacteria and molds and gésare usuallyfound to be below 5 log colony
forming units per gram (CFU/g) before its bbsfore date(Abadiaset al., 200§. However,
microbial populations can increase rapidly under storage conditions. Studies have revealed
that during commercial shelf life, microbial populations change drarabyion freshcut
product(Garget al., 1990.

Storage at refrigerationtemperatures generallyfavors the growth of psychrotrophic
microorganismgNguyenthe and Carlin, 1994 Nevertheless, mesophilic microorganisms
may conthue to grow at low temperaturat reduced growth rategvVescovo et al., 1996
Some fungi (molds and yda¥ found in minimally processed fruits catso grow at
refrigeration temperatures, reaching higlountsduring marketing(Tournaset al., 2006.
Abuses of storage temperatures during transport and marketing will also increasetims

of contaminating bacteria, yeasts amdolds since these organisms grow at much higher
rates at above refrigeratiotemperatures

Differences in the miobial evolution could be as a consequence of the washing and
decontamination step as well as the handling, cutting, shredding, and slicing, which are
potential sources of contamination and could increase the microbial (@dhdiaset al,,

2008. Moreover, unclean packaging trays and other matertiadd come in contact with the

fruit salads represent an additional source of contamination that could accelerate the
spoilage of these product@ournaset al, 200§. Microbial countsof minimally processed
fruits responsible forejection of these products, due to changes itheir sensory quality
factors,are in most cases-8 log CFU/g. However, exceeding this microbiological limis doe
not always result in occurrence of visual defects as both microbiological and physiological
activity play a role in spoilage of these produ@sgaeret al,, 2007.

There is no specific legislation establishing microbiological limits for spoilage microflora in
minimally processed fruits and vegetablekhe limits of spoilage microorganismstivese
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products, which define the quality limits for consumptiomre different regarding the
information source. For example, in France and Germany microbiological specifications f
mesophilic aerobic bacterial populations (total aerobic counts) for these products are 7.5 log
CFU/g(Franciset al,, 1999. Debevere (1996proposed8 log CFU/@s the limitingcriteria

for RTHruits and vegetablesf aerobic psychrotrophic bacteria, 5 log CFfdigyeastand 7

log CFU/qg for lactic acid bacteria. According to Spanish Royal [3&&+#£2000laying down
hygiene rules for the production, distritian and sale of pared foodsthe quality limit

for total aerobic count®n minimally processed vegetable produce for safe consumption are
6 log CFU/qg.

1.1.2 Preservation and pckaging technologies fominimally processed

fruits

In the last two decades, food scientists haveeatpted to develop new technologies that
improve the quality bfreshcut products. Several treatments have been studied tantzén
quality and extend shelf life of fregtut fruit (Patrignankiet al, 2015 RojasGrauet al.,, 20093
SolivaFortuny and MartiRBelloso, 2008

Several chemical compnds have been used at the washing step to reduce bacterial
populations on fruit.h particular the chlorine based chemicals are still the most widely used
treatments(Gil et al,, 2009 Ricoet al,, 2007 but at the concentration normally empjed
(50-200 mg/L)only a reduction between 1 to 2 log CFliBgachievedOliveiraet al., 2012.

Modified atmosphere packaging/AP)and refrigeration are the main tools used to slow
down undesirable quality changes and increase the dHelbf freshcut fruits (Montero-
Calderéret al, 2009. In general, low levels akygen Oz) and high levels afarbon dioxide
(CQ) have been employed to redadhe respiration rate of minimally processed fruits with
the aim to prolongheir shelf life(Corboet al,, 201Q. Depleted @and/or enriched C@levels
reduce respiration and decrease ethylene production, inhibit or delay enzymatic reactions,
alleviate physiological disorders, and preserve the product from quality losses. However, O
atmospheres that are too low may trigger anaerobic metabolismméatf cut fruitresulting

in increasd fermentation (Solomos, 1997 Besides, it has been postulated that 2CO
dissolution enhances acidity in the cell medium and maydsponsible for physiological
disorders(Kaderet al., 1989. The use of elevated-@tmospheres habeen also proposed

as an alternative to low £atmospheres to inhibit the growth of naturally occurring spoilage
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microorganisms, prevent undesired anoséspiratoryprocesses and maintain the frebke
quality of freshcut produce(Amanatidouet al., 200Q Van der Steemet al.,, 2002.

The levels of ©and CQrequired to avoid tissue damage or gitglloss are unknown for

most fruits and depend on the metabolic characteristic of the specific proghazeret al.,

1989. In addition the effect of MAP on microorganisms can vary, depending mainly on the
storage conditions and the type of packaged prod(@liveiraet al, 2019. Marrero and

Kader (200% reported that a reduction of @ concentration to 8% or loweland a
concentration 0f10% C@improved the finalappearanceof W{ Y22 G K / | @Sy y SQ
Also, elevated Catmospheres may have delayed microbial groatter 14 days of storage.
GonzalezAguilaret al. (2004 reportedthe beneficial effects a2-5% C®@and 1215% Qfor

the samecultivar after 14 daysPretel et al. (1998 reported the slower growth rate of
bacteria inRTEOranges with25% ©- concentration.

The use of edible coatingsdaother alternative undestudyto extend the shelfife of fresh
cut products (Alvarezet al, 2013 Thamanathan, 2008 Some polysaccharides such as
alginate, pectinand gellan gum have been used as edible coatings to imghevguality of
different freshcut fruit. Edible coatings protect frestut fruit from dehydration and water
loss(Montero-Calderéret al, 2008 RojasGratet al., 20093. Edible coatings malso serve
as carriers of food adtives such as antibrowning and antimicrobial agg@ts), colorants,
flavors, nutrients, spices and nutraceuticé®msOliu et al,, 2008 RoblesSanchezt al,,
2013. There are many variables thaaninfluence the effectiveness of edible coatings so
that they should be designed f@aachspecificapplication, whichmay limit their use ad
commerciaization. In addition, the incorporation of certain antibrowning or antimicrobial
agents into edible coatings can yield a organoleptic alteration of the fRogs-Gratet al.,
2009h.

Freezing fruitshas been investigated over several decades to preserve them. However,
conventional methods of freezing tend to destroy the turgidity of living cells in fruit tissue
since theydo not have a fibrous structure that eaesist this destructive effecfdditionally,

fruits to be frozen should be harvested in a fully rgtageand are soft in texturdAbd
Elhady, 201 Fruits have delate flavors that are easily damaged or changedrbgzing.
Chemical treatments or additives are often needed to inactivate the deteriorative enzymes
in fruits.
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1. INTRODUCTION

The use of irradiation with UV light and pulsed light hals®been investigated as physical
treatments to sanitizecut fruit surfaces.In recent years, continuousave ultraviolet light
(UV, 208400 nm) ha attracted an increasing interest asnon-thermal method for surface
decontaminationat postharvestfor preservation of fruits and vegetabldPataroet al.,
2015 Ribeiroet al., 2012 Schenlket al., 2008. Although UV treatments could improve the
microbiological quality rad safety of foodandincrea® their shelf life,irradiation can cause
changes to the sensory quality of the product, betegture the most affected attribute
(FAO/IAEA, 2005Pulsed lightis a nonthermal technology based on the application of
intense pulses of short duration to effectively inactivate microorganisms contained either in
light-transmitting media or on opaque surfac€S6mezlLépezet al, 2007 Pataroet al,,
2015. The treatment has been demonstrated to be cost effective and feasible for the
microbial inactivation of freskbut products(RamosVillarroelet al., 2012a20125.

Nevertheless, none of these techniques provides a defeisolutionfor fresh cutfruits,
providing only slight increases in their shelf life.

Active packaging is a technology of growing interest to improve the quality and shelf life of
food productsandan alternative for packaging fresh cut fruit. Thenefoin thisThesis, the
development of an antimicrobial active packaging technology for minimally processed
orange and pineapple conservation is proposed.

1.2. ACTIVE PACKAGING

The primary functions of a food package are to contain the product, to protexainst
physical and environmental damage and to provide informaffdooksey, 2009 However,

in recent deades the concept ddctive packaging has advanced in science to satisfy the
demand for safe, highuality food products.

Active packaging is defined as a system in which the food, the package and the environment
positively interact to maintain the safegnd quality of the products and to proloritg shelf
life (Suppakukt al,, 20033.

According to Regulation (EC) No. 450/2009, active materials and articles are those intended
to extend the shelfife or to maintain or improve the condition of packaged foddey are
designed to deliberately incorporate components that would release or absorb substances
into or from the packaged food or the environment surrounding the food.
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Active packaging can be devetmpusing any packaging material, but plastics are thedas

materials for thedevelopment of this technology since they are widely used for conventional

packaging.

Active packaging technology positively employs the mass transport phenomena that take

place in polymeric materials suckorption and migration (Catald and Gavara, 2002Zhe

active packaging could absof@l, CQ, water vapor offood related chemicals from the food

or the environment within the packaging surrounding the fdsdrption phenomenon)or

it could releasesubstancesrito the food or the environment surrounding the food such as

preservatives, antioxidantgndflavorings(migration phenomenon)

According to their function, active packaging can be classified into 3 g(By<200p

10

A. Absorbing/scavenging systems:

Absorbing and scavenging systems remove undesired compounds pregbatfood
or in the packageéheadspacesuch asOz, CQ, ethylene, excessive wateand other
specific compounds. Thabsorbing systemare mainly moisture absorber pads used to
absorb the dip from packed meat and fiskBrody et al, 2001 Han, 2014 The
scavenger systenwmich a$), scavengers are those that scavermyeapture residuaDz

from inside the packaging (from the environment surrounding the foodstuff or from the
foodstuff itself). Exposure t@. may result in microbiological growth on the foau
chemical changesEthylene scavengers may be used in sacbetacorporated into a
polymer film. Ethylene, a natural plant growth hormone, is the key to the ripening
process of fruits and vegetables, being released during respiration and then driving the
ripening process itself. The active component is meant gvent an excess of the gas

in order to extend shelf life of the packaged prod@&hvenainen, 20030zdemir and
Floros, 2005

B. Releasing systems:

Releasing systemseausually packaging materials or independent devices that contain
releasing substances such as preservatives, antioxidants, flavandgnzymes(Burt,

2004 Corraleset al,, 2014. These released active substances are intentionally added
into or onto the packaged food to fulfill a purpose in the food or the environment

surrounding the food and to maintain ortext the shelflife of the packed food.
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C. Systems with substances grafted or immobilizedtmsurfaceof the packaging:

These are usually packaging materials containing additireenzyme which are
grafted on the surface in contact with food andvesa technological effect on the food
(Appendini and Hotchkiss, 199Vuriel-Galetet al., 2013h Sailaja and Chanda, 2001
These materials deliberately influersthe condition of the food without intentional
migration. This category of packaging is thus similar to the releasing system with the
differencethat the active substance is not released into the food but it stays grafted or
"immobilized" on the surface of the packaging where it performs its function. Then, any
migration into food is nosintentional.

The addition of an independent device, suchaasachet, pad or label containing the iaet
agentis not well acceptethy consumersThis has led tthe use of packaging materials with
antimicrobial or antioxidant agents incorporated in the packaging matéself (Brody et
al., 2002.

Any active agent deliberately added to a packaging system to have a technological effect on
the food through its release into the food product or by immobilization on the surface
packaging wall should be an authorized food preative according to the Regulation (EC)
No. 1333/2008 on food additives.

Of different active packaging technologiedeveloped in the recent decadesctive
antimicrobial packagingwhich aims to control microbial growth in foday incorporating
antimicrabial agents in the packaging materiad,one that arouses great intereahdit is
experiencingextensive research and technological applicatiobsie to theincreasing
interest and possibilities of antimicrobial active packaging technology, this Dodtoesis
intends to studyits application in fresh cut fruit to improvits shelf life, specificallyin

pineappleand orangefruit.

1.3. ANTIMICROBIAL ACTIVE PACKAGING

Antimicrobialactive packaging is defined as a packaging technology able to kill or inhibit
spoilage and pathogenic microorganisms present in f@¢ddn, 2003 The antimicrobial
packaging limits or prevents microbial growth by extending the lag period, and/or reducing
the growth rate or decreasing mimbial counts(Han, 2000. In comparison with direct
addition of the active agents into food, antimitrial packaging can offer slow, continuous

11
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migration of the agent from the packaging material to the food or the headspace of the
package so that an adequate concentration of the antimicrobial agent is maintained over
the shelf life period of the produ¢Quintavalla and Vicini, 202

As already reported, an antimicrobial packaging system could be in the form of an
independent devicer the antimicrobials could be incorporated in the wall of the package.
In the second case, the antimicrobial agecas beincorporated ina packagingnaterial by:

(i) solvent casting; (ii) extrusioor injectior (iii) coating or adsorbing antimicrobiatsto
polymer surfaces; (iv): immobilization of antimicrobials to polymers bycion covalent
linkages.

The active materials with antimicrobial properties can be divided ggroups according
their mechanism of actian(i) materials that allow the antiforobial agents to migrate into
the food acting by direct contact with the food surfacdii) materials that allow the
antimicrobial agents to be released to tiheadspaceof the packaging dmg on the food
throughthe vapor phase(iii) materials that daot release active substances (immobilized
antimicrobial agers) and act by direct contact with the foq@orraleset al., 2014.

The steps involved iactive agent releastrom the polymeic matrix comprise diffusin to

the surface of the matrix and partition in the interface between the matrix and the food or
the headspacek-or an activematerial to beeffective the releaseshould be higher than the
minimum inhibitory concentration (MIQHan, 2005 Utto, 2009, defined as the lowest
concentration required to produce visible inhibition in the growth of microorganisms
(Hammeret al,, 1999 Lambertet al.,, 200J).

The dffusion coefficient (D) of the active agent in the polymeric matrix and solul{ii)pf

the antimicrobials on food arenportant factors to be consideed. The diffusion may be
influenced not only byhe temperature of exposure but also by interactions between the
active agent and the packaging mater{@ajilataet al, 2007. Solubility also plays an
important role in the effectiveness of the active material. In this regdrthe solubility of

the antimicrobial substance itarget foodsis very high, the release mayccur rapidly,
decreasing the antimicrobial concentration on the food surface. Conversely, if the solubility
is low, the antimicrobial may accumulate on the food surface and migrate slowly through
the food matrix(Bastarr&heaet al., 201J). Both the diffusion coefficient of the active agent

in the polymeric matrix and solubility of the antimicrobiais the food will affect the
antimicrobial effectiveness of the packaging material.

12
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1.3.1. Antimicrobial agents

In general, a laye number of synthetic and naturalbccurring agents with antimicrobial
properties, both of volatile and noewolatile nature, have been tested with the purpose of
inhibiting the growth of microorganisms that can lead to deterioration of foodstuffs
(Appendini and Hotchkiss, 2002orraleset al., 2014 Pereira de Abreet al,, 2019.

Volatile compounds

Some of the common volatile compounds with antimicrobial properties include inorganic
gases (i.e S spicesand herbextracts(i.e basil extracbr horseradish extrac@ssential oils
(EOs) (i.e ogano EO, thyme EQ cinnamon EOand their pure compounds (i.e carvacrol,
eugenol, thymobr cinnamaldehydejBurt, 2004. The advantage of volatile antimicrobials

is that they can be released through theadspacepenetrating the bulk matrix of the food
(Figurel.l).

structural layer
antimicrobial layer

rel eased volatile antimicrobial agents

Figurel.1. Antimicrobial packaging with volatile agents released to the headspace of foodstuff

Antimicrobial vapors or gases are appropriate for applications where theretisuitable
contact between the food and the packaging, as it happens for minimally process fruit
(Appendini and Hotchkiss, 20P2As reported, the diffusion coefficient of the antimicrobial
agents through the pekaging matrix and its solubility in the food system will define the
concentration of the compound released into the food so that the release should not be
slower than microbial growth. Then, a controlled release of the volatile agents is needed to

reach he effective concentrationuringthe shelf life of the product. In any case, taetive

13
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film should act as a reservoir for the antimicrobial agents that will be gradually released into
the headspace of the package.

Nonvolatile compounds

Organic acids antheir salts, parabens, metals, fungicides, bacteriocins, enzymes, chelating
agents or plant extracts have been used as-wolatile antimicrobial agents for packaging
applicationg/Appendini and Hotchkiss, 200Qorraleset al., 2014 Sunget al., 2013.

Antimicrobial packaging materials must contact the aaéf of the food if they are nen
volatile, so the antimicrobial agents can diffuse (migrate) to fthed surface(Figurel.2).
Therefore, surface characteristics and diffusion kinetics become cr(fggdendini and
Hotchkiss, 200R As for volatile compounds, the concentration released to the foodstuff
needs to be higher thathe MICduringthe shelf life of the packed product. In this case, the
active agents are available on the packagsugface in contact with the food or have to
diffuse through the packaging wall to reach the interface between the packaging and the
food.

structural layer

antimicrobial layer released non-volatile antimicrobial agents

Figurel.2. Antimicrobial packaging with nofvolatile agents releaed to the foodstuff by direct
contact

For good performance of the active packaging, products with high water activity are required
in order to support the diffusion of the active compounds through the food matrix.

When nonvolatile antimicrobials agentare immobilized on the polymer surface, there is
no migration to the food, so that their activity is limited to the contact surface of the food
(Figurel.3). Peptide antimicrobials are among the agents commonly immobilized wn fil
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surfaces, especially bacteriocins such as nisin and pedidaiariello et al., 2004 Scannell
et al, 2000 and enzymes such as lysozy(g@pendini and Hotchkiss, 199Buonocoreet
al., 2003 Conteet al., 20079.

structural layer

immobilized antimicrobial agents

Figurel.3. Antimicrobial packaging with nowolatile agents immobilized on the packaging surface

1.3.2. Polymers used in antimicrobial active packaging

Various polymers have been studied as possible candidates for the incorporation of
antimicrobial agents. Synthetic polymers derived from petroleum have been widely used to
develop antimicrobial packaging, including ldensity polyethylene (LDPEJranet al,

2010 Suppakukt al,, 2008, polyethylene terephthalate (PEQunqueiraGoncalvest al.,

2013 Mansoet al., 2013, polypropylene (PR)LaralLledoet al., 2013 Maurielloet al., 2004
Ramoset al, 2012 and ethylene vinyl alcohotopolymer(EVOH (Cerisueloet al., 2012
Muriel-Galetet al., 2012.

Those polymers are commonly used as cotioeral food packaging materials due to their
versatility and advantageous performance/cost rafitiese polymerare suitable for food
applicationsdue to theirgood mechanical properties, transparency, physical stabiity,

variable barrier properties.

Both wlatile and nonrvolatile antimicrobial agents can be homogeneously distributed along
the whole polymeic structure of the packaging material in the case of monolayer films or in
an individual active layer in the case of multilayer materiadsich is usudy the layer in

contact with the foodstuff. Active agents can be also incorporated between passive layers

15
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(Quintavalla and Vicini, 2@Q In practice, a matrix of several layéssused to control the
rate of release of the active substance.

Antimicrobial agents can be incorporatémthe packaging materidy different processing
techniques The selection of the most suitable technewill dependon the characteristics
of the packaging material, packaging system, antimicrobial agent and food.

In the present Doctoral Thesi®P homopolymer matrix Figure 1.4) was selected to
incorporate volatileand nonvolatile antimicrobialagents by extrusion processiagbeing

the most suitable technique to process this type of polyn®homopolymeristranslucent,
crystalline polymer that offer excellent heat and chemical resistance while maintaining a
good balance oftiffness and impact performance. This selection as® madebased on

the medium temperatures of extrusion which protsctantimicrobial agents from
volatilization, low O barrier required for minimally processl fruits and thermoforming
temperaturesneeded to obtain final packaging prototypes.

o
CH_CH2
n

Figurel.4. PPchemical structure

As polypropylene is a ngpolar matrix, ethyl vinyl acetateVA) Figurel.5) was seleted in

the present work as a dispersing aid for raslatile antimicrobials in the PP matrix. this
regard, the polarity of the EVA could have a significant effect on the dispersion ef non
volatile compounds with hydrophilic propertiéSanget al.,, 2002.

H
ool oY,

C
He” Yo

Figurel.5. EVA chemical structure

16


https://www.google.es/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjb15KcwqHJAhUB6RoKHW7jBhAQjRwIBw&url=https://commons.wikimedia.org/wiki/File:Polypropylene.svg&psig=AFQjCNG_Slk0UiySDYMCBlbU1p1JQjHtiQ&ust=1448195340029893

1. INTRODUCTION

In addition, dfferent types of biopolymersuch aspolysacharides (starcland cellulose);
proteins (wheat gluten, soy proteiar gelatin); polylactic acid (PLAJroduced from lactic
acid obtained by fermentationf sugar cangor biopolymers that are produced directly by
microorganisms suchas polyhydroxyalkanoates (PHAgve also been used in the
development ofactiveantimicrobial filmgVieiraet al,, 2017).

lturriagaet al. (2012 incorporated citrus extracts in gelatin and methylcellulose biopolymer
matrices, obtaining film with antimicrobial propertiesand convenient lack of odor and
water solubility.Propolis extracts werecorporated inPLA byMascheroniet al. (2010 to
developa preservative releasingystem fo food packagingTakalaet al. (2013 develoged
polycaprolactone RCl/ alginate films containing natural extracts from rosemary and Asian
and Italian essential oil®r controllingthe growth d food borne pathogens in fresbut
broccoli Theyconcludedhat these composites might be affected by relative humidityhan
packaging, altering theeleasing mechanisntf volatile compounds and consequently their
antimicrohial activity and film properties.

In general,biopolymershave excellent oxygen barrigrroperties under dry conditions.
However,they present inherery high rigidity, difficulties in processing using conventional
equipment and strong water sensitiviue to their hydrophilic character, which leads to
plasticizationthat affects their mechanical and barrier propertiefAnderson and Lamsal,
2011 Valdéset al., 2014.

1.4. ANTIMICROBIAL PACKAGING MINRMALLY PROCESSHVIT

The incorporation of antimicrobial agents énfood packaging matrix could be a tool to
control the microbial population of minimally proceBsit, providing food products with

higher quality.

Both, synthetic and natural preservatives have been widely incorporated in food packaging
materials to cotrol microbial growth. Althoughmost efforts are focused on the use of
natural antimicrobial agerst the use o$yntheticadditives in food are sometimes necessary.

For the selection of antimicrobial agents for active packaging development, factors such as
their activity against target microorganisms, their compatibility with the packaging material,
their volatility, their stability during processing, their mode of action and their sensory
compatibility with the fruit should be taken into account.
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The incorporation of antimicrobial agents into polymers can affect their physical properties,
mechanicalntegrity and thermal stability of packaging if the antimicrobial agents used are
not compatiblewith the polymer(Sunget al,, 2013. Therefore, the study of antimicrobial
packaging materials properties will determine any mechanical, gas barrier, thermal and
morphological alterations originated by de addition of the antimicrobial agents
(Bastarracheat al., 2011J).

Two different groups of antimicrobials, volatile pure compounafs EOs and solid
antimicrobial agents such asganicsalts have been selected in the present Doctoral Thesis
to be incorporated into polymers for extending the shelf life of peeled and cut fruits.

1.4.1. Essential oils and their pure compounds

EOsare volatile oily liquids obtained from different plant parand widely used as food
flavors(Burt, 2004. Steam distillation ithe most commonly usegrocessfor commercial
production of EOs. The highly volatile and antimicrobial nature of naplaat EOsor their
components make them attractive candidates for active packadéwglopment. Sinc&Os
are rich in volatile terpendis and phenolic compounds, thépvegreatpotential to inhibit
a wide spectrum of microorganisni@osentincet al., 1999 Sunget al.,, 2013.

Generally, the active components of plda©snhibit microorganisms through disturbance

of the cytoplasmic membrane, disrupting the proton motive force, electron flow, active
transport and inhibitng protein synthesigSunget al., 2013. Many studies indicate their
antimicrobial effects ge dependent on their ability to act on the cell membrane due to their
high hydrophobicityPatrignaniet al,, 2015. Indeed, this characteristic allows them to have
good partition in the lipids of cemembranes and mitochondria, altering their structures
and making them more permeable, leading to the loss of ions and other cell contents
(Nazzaroet al, 2013. The chemical structure of the individual EO components affects their

precise mode of action and antibacterial activiBorman and Deans, 20p0

The animicrobial activity of EOs and their components have been widely demonsthated
vitro against common spoilage and pathogenic microorganisms of(Beltettiet al., 2004
Combrincket al., 2011 Wuryatmoet al,, 2014 Wuryatmoet al,, 2003 Zhenget al., 2015.
Moreover, application of EOs in real systesuch asvhole andminimally process fruits &
shown promising result&£xamples oEOsand their compounds widely incorporated into
food packagig are oregand=Q lemongras<£0,vanillin EO,hexanal,limonene, linalool,
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carvacrol, citral, hexanal, etelowever, their practical application in fruit could be limited
due to their strong impact and the organoleptic changes they can cause in foodgisodu
(Gutierrezet al., 2008H).

Althoughthe desired antimicrobial activity of several EOs against pathogenic and spoilage
microorganisms is usually achieveédringin vitro tests, it has generally been found that a
higher concentration is needed achieve the same effect in foo{Burt, 2004 Shelefet al,,

1984). This fact may lead to an organolepticpiact as the use of natural preservatives can
alter the taste of food and exceed the flavor threshold acceptable to consu(hrisiehet

al., 2001 Nazeret al,, 2009. In this regardthe market application of EOs and their pure
compoundsin food preservatiorremairs limited due to deterioration in the organoleptic
properties of food(Muriel-Galetet al,, 2012. Tablel.1 comples a literature review on the

use of EOs and their cqrounds directly added into fruit or incorporated by means of
antimicrobial edible coatings or active packaging materials, able to increase the quality and
safety of whole and minimally processed fruits. The impact on the sensory properties of the
food product hasalsobeen reported.

In general, more evidence as found on the use oEOsand their pure compounds as
preservatives for fruits applied by different methods rather than acimekaging systems.
In all reported cases, great antimicrobial potentiaksvshown against spoilage and
pathogenic microflora of the fruit. Despite thfact that exposure of EGs or aroma
compounds induced organoleptic chang#te enhancement of sensorial properties was
some casesreported. Therefore, EOs and their pure compads at concentratios
compatible withthe sensoy features of fruit could significantly prolong the shelf life of
minimally processed fruits without altering their sensory properties.
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Tablel.1. Antimicrobial effectiveness of EOs and their compoundsathole fruits and minimally processedruits

Concentration applied/

Fruit EO or component incorporation way Microbial target Antimicrobial effect Sensory Reference
Freshcut Carvacrol and 1mM Natural microflora  Treatment with 1 mM of carvacrol Without adverse sensory (Roller and
Kiwifruit cinnamic aid (in dipping solutioh or cinnamicacid reduced viable consequences Seedhar,
counts @ kiwifruit by 4 and 1.5 log 2002
CFUg at 4 C and 8C, respectively
Freshcut Carvacrol 1 mM Natural microflora  Extended lag phase, but ca Without adverse sensory
Honeydew (in dipping solutiop initiated, growth proceeded at a consequences
melon similar rate in treated and
untreated fruit
Fresh sliced  Hexanal 0.15 mmol/100 g Natural microflora  Total inhibition of mesophilic According to a non (Lanciotti
apples (inside packaging) bacteria and prolongatin of lag structuredsensorial etal,
phase of psychrotrophic bacteria ¢ analysis, samples couldt 1999
47C. positively appreciated for
Strong inhibition of molds, yeasts, flavor and color.
mesophilic and psychrotrophic Deeperinvestigations are
bacteria at 15C necessary to assess the
organoleptic features
Fresh sliced  Hexanal 150 ppm (hexanal) Salmonella Bactericide effect ohisteria (Lanciotti
apples Hexyl acetate 150 ppm (hexyl acetate Enteritidis monocytogeneand significant etal,
2-(E} hexenal 20 ppm (2(E} hexenal)  Escherichia coli extensions of lag phase Bf coli 2003
(in a filter paper disk Listeria and SaimonellaEnteritidis
inside the packaging)  monocytogenes
FreshO dzii Oregano EO 0.1-0.5% wiw Natural microflora  Significant inhibition of Vanillin containing (Rojas
apples Lemongrass EO  1-1.5% w/w and inoculated psychrophilic bacterigyeass and coatings (0.3% w/w) were  Gralet
Vanillin EO 0.3-0.6% w/w Listeria innocua molds. the best accepted after-2 al., 2007

(in apple puree alginate
edible coatings)

4 log reductiorof Listeria innocua
with lemongrass (4..5% w/w) and

oregano (0.5% wi/w)

weelks storage.
Consumers detected a
residual aromatic herbal
taste of carvacrol.
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Concentration applied/

Fruit EO or component incorporation way Microbial target Antimicrobial effect Sensory Reference
Sanples containing
lemongrassvere
negatively affected.
Fresh cut Hexanal Alone 250 mg/L Naturalmicroflora  Citral and hexanal +E}hexenal  --- (Siroliet
apples Citral Combination 125 mg/L were the most effective to inhibit al., 20153
Hexanal + Citral (dipping) the yeast growth
Citron EO +
Carvacrol
Citral+2(E})
hexenal
Citral + Citron EO
Hexanal + 2(E}
hexenal
Fruits salad Citral 25-125 ppm (citral) Naturalmicroflora  Citral extended lag phase of (Bellettiet
Citron EO 300900 ppm (citron EO and inoculated spoilage flora but exhibited a al., 2009
(addition in the syrup)  Escherichia cgli cytotoxic effect on the fruit.
Salmonella Citron EQtausedonger lag phase
Enteritidisand and reduction of growth rate in
Listeria exporential phase. Strong inhibitio
monocytogenes againstListeria monocytogenes
(about 3 log CFU/g reduction)
Sweet cherries Eugenol 1000 pL Natural microflora  2-4 logCFU/g regarding control (Serrano
Thymol (in a gauze inside the etal,
Menthol packaging) 2005
Table grapes  Eugenol 75-150 pL Natural microflora  Sigrificant reductions of natural Higher scores for treated (Valeroet
Thymol (in a gauze inside the microflora. grapes in terms of al., 2009
packaging) Slightlymore effective for yeast ant appearancefirmness,

molds than for mesophilic aerobic and crunchiness but
bacteria lower scores regarding
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Concentration applied/
Fruit EO or component incorporation way Microbial target Antimicrobial effect Sensory Reference

sweetness angliiciness
compared to control
samples.

Higher percentage of
control samples
developed offflavors and
bad odors. Eugenol
samples were less
accepted han samples
treated with thymol

Strawberries  2-nonanone 16.4 mg/L and 32.80 Botrytis cinerea Fruit spoilage started 3 days later --- (Cagnoret
mg/L with active packaging compared t al., 2013
(incorporated inawheat the control pakaging
gluten protein active
film)
Latematuring Cinnamon EO 0.54 g/nt Funal growth After 12 days of storage None of the panellists (Montero-
peach (incorporated in an at room temperature, percentage reported cinnama flavor  Pradoet
active label) of infected fruit in active packagin¢ in any of the samples al,, 2019
was 13% vs. 86% mon-active
packaging
Freshcut Cinnamon, 0.3 and 0.7% for EO Natural microflora  Significant reduction of natural Lower acceptation of (Raybaudi
YS8t 2y & palmarosaand 0.5% for pure Salmonella microflora. freshcut melon in terms  Massiliaet
al LR ¢ lemongrass EOs  compounds Enteritidis Significant reduction dbalmonella of odor and taste when al., 2009
and eugenol, (incorporated in Enteritidis. EOs were added.
geraniol and citral alginatebased edible Effectiveness depending on the Et Firmness of the fruit was
coating) or active compound incorporated  significantly affected by
and their concentrations lemongrass.
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Concentration applied/

Fruit EO or component incorporation way Microbial target Antimicrobial effect Sensory Reference
Freshcut Lemongrass EO  0.1%, 0.3% and 0.5%, Natural microflora  Yeast and molds and total aerobic 0.5% (w/v) lemongrass  (Azar&hs
pineapple (w/v) incorporated into countswere significantly lower thar decreased firmness and hetal,
alginatebased edible control samples with 0.3 and 0.5% sensory scores 2014
coating lemongrass.
Freshcut Trans 0.5%, 1% and 2% (w/w) Natural microflora Total aerobic counts, molds and  Control samples were (Mantilla
pineapple cinnamaldehyde  (incorporated intoa yeast and psychrotrophigacteria  preferred versus coated etal,
multilayered edible experienceslmog 3 log reduction samplesn terms of odor 2013
coating; at the end of storage period and flavor.Trans
microencapsulatejl compared to the control samples cinnamaldehyde was

detected by panelist but
coated sarples werestill
acceptable to consuers

Peaches Thyme EO PET punnets containing Brown rot Significantly reduced the brown ro Panelists preferred fruits  (Cindiet
sachets with thyme oil  (Moniliniaspp.) incidence to 10% in naturally packedin commercial al., 2015
(thymol (56.43%), infected peaches punnets containing hyme
linalool (37.6%) and oil (sachets) in terms of
caryophyllene (9.47%)) overallappearance, taste,

and natural peach flavor

Oranges Citral 20, 60 or 150 mL/L Geotrichum citri Oranges treated with citral (Wuryatm
(in absorbent pads in a aurantii, Penicillium delayel spoilage by sour rot oetal,
closed system) digitatum, (Geotrichum citraurantii)at 5 °C 2014

Penicillium italicum and, to a lesser extent, at
room temperature, but not by
green and blue moldRenicillium
digitatum and Penicillium italicum
respectively)
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In this bctoral Thesisthe antimicrobial properties of substances such as citral, hexanal,
linalool, limonene, orangEQ orange liquid flavoringnandarin and pineapple essence were
tested. After practical experiencegitral, hexanal and linalool are proposed aolatile
antimicrobials for the development of aemiindustrial active antimicrobial packaging
systemfor minimally processd fresh cut pineapplandorange

Citral

The aldehyde citral is present in lemon, orange and bergamot essential oils, oftenforrtin
of the stereoisomers, geranial and ne(Blgurel.6 and Figurel.7, respectively with citrus
scent or lemon odoiBenvenutiet al, 2001 Fisher and Phillips, 20p8Citral has been
classified as food flavoring by the European Regulation (EC) No. 13342088 .(05.020).

O// F

Figurel.6. Geranial or citral A (transitral) chemical structure

P Z

==
0]

Figurel.7. Neral or citral B (cigitral) chemical structure

Antimicrobial activity of citral has been widetwestigated. The antibacterial properties of
citral againstCampylobacter jejuniEscherichia colD157H7, Listeria monocytogenes
Bacillus cereuand Staphylococcus aureirs vitro and in food systems were demonstrated
by Fisher and Phillips (20p6According toDorman and Deans (20§Ocis/trans citral
displayed moderate activity gainst the test microorganismsSerratia marcescens
Pseudomonas aeruginosand Bacillus subtilismong others
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Citral was found to be effective against citrus posthatveathogenssuch asPenicillum
italicum, Penicillium digitatunand Geotrichum candidurin the vapor phasgWuryatmo et
al., 2003. Also,Belletti et al. (2004 found this mixture of isomers to have the highest
antifungal activity againsGaccharomyces cerevisia® broth as compared with other
components of citrus essential ollhe antimicrobial effect of citral was also reported in fruit
as shown inTable 1.1. Wuryatmo et al. (20149 demonstrated that citral delayed the
development of sour rot on oranges inoculated wiBeotrichumcitri-aurantii at room
temperature and 5 C, supporting the effect previously sérvedin vitro. Siroliet al. (20153
and Belletti et al. (2008 showed the antimicrobilaproperties of citral on freslout apples
and fruit saladreducing the viability of thepoilage microorganisms of the fruit sucHastic
acid bacterial(AB and yeastsBelletti et al. (2008 also reported strong inhibition of citral
againstlListeria monocytogendn fruit salad.

Nevertheless, infanation regarding the antimicrobial activity of citral when incorporated in

a film matrix is limited and its application has been focused on minimally processed
vegetable saladgther than freshcut fruits (Muriel-Galetet al, 2013a Muriel-Galetet al.,,
2012.

Hexanal

Hexanal, is a sizarbon aldehydéFigurel.8) with fruity flavorsand ascentwhichresembles
freshly cut grass. Hexanal has been classified as food flavoring by the European Regulation
(EC) No. 1334/200& I No. 05.008).

\/WO
Figurel.8. Hexanal chemical structe

SaenzGarzeet al. (2013 examined the antifungal properties of microencapsulated hexanal
againstPenicillium expansunn vitro at different temperatires, observing inhibition of
conidial germination at 25C. K wasslightly less effective at 12C, probably due to the
slower releaseof hexanalassociated with reducedlapor pressure at lower temperature.
Almenaret al. (2009 Sy O LJa dzf | § SR-OKSE 2 K $ED) &l deddondirated
that the fungi testedin vitro, Colletotrichum acutatumAlternaria alternataand Botrytis
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cinereg were susceptible to hexanal vapor. The antimicrobial effect of hexanal was also
demonstraed in fruit as shown ifTablel.1. As shown by anciottiet al. (1999, the addition

of hexanal at levels not exceeding 100 ppm in the storage atmosphere of fresh sliced apples
had an important effect on their quality bydacing the growth rate athe natural occurring
microbial population, mold, yeasts, mesophilic and psychrotrophic bacteria, during storage
at 4 and 15C. Later onl.anciottiet al. (2003 demonstrated that 150 ppm of hexanal had a
significant inhibitory effect against pathogemicroorganismsshowing bactericidl effects

on Listeria monocytogeneand significant extensions of lag phas# Escherichia coind
Salmonelldnteritidis. Siroliet al. (20153 also demonstrated the effects of hexanal alone or

in combination with citron EO, -@E}hexenal, citraland carvacrolon the shelflife of
minimally processed apples packaged in modified atmosphere.niiReures citral and
hexanal + ZE}hexanalwere the most effective to inhibit yeast growth compared to the
other samples.

However, information o the antimicrobial activity of hexanal incorporated in a polymeric
matrix is scarcefadidaet al. (2015 reported the antifungal activity of hexanal covalently
attached to chitosan on wheat grain spoilagéter 4 weeks of storage, 80% spoilage was
observed in the grain exposed to the active films (no dicmttact) whilst 100% spoilage
was observed after 2 days for the control samples not exposed to active films.

Linalool

Linalool is an oxygenated monoterpe(feigurel.9) present in the oil of several plants and
fruits, such as aitis, basiandcorianderwith floral scent and with a touch of spicingsssher
and Phillips, 200&ristet al., 2008 Suppakukt al., 20031. Linalool has been classified as
food flavoring by the European Regulation (EC) No. 1334/Z€108!6. 02.013).

OH

Figurel.9. Linalool chemical structure
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According tathe literature, linalool is known to possess a broad spectrum of antimicrobial
activity against a variety of pathogenic bacteria such Escherichia cqliListeria
monocytogens, Staphylococcus aurewnd other spoilage bacterigDorman and Deans,
2000 Friedmanet al., 2002, but also has antifungal effegbn spalage yeasts and molds
such assaccharomyces cerevisjdspergillusp., andPenicilliunsp.(Lachowiczt al., 1998
Suppakukt al., 20038.

Linalool is stable at relatiwelhigh temperatures ands potential to be incorporated into
polymers and used in antimicrobial packagivas been demonstratedn this perspective,
numerous studies have evaluatéd antimicrobial activity on food systems such as cheese
but there is limited information on their application on fruits. In this ca&Seppakulket al.
(2008 reported that linalool incorporated into LDPE film exhibited inhibitory activity against
the growth ofStaphylococcus aureusisteria innocugEscherichia cqlandSaccharomyces
cerevsiaeon culture media and on the surface of Cheddar cheese. Cheddar cheese packaged
in LDPBased film containing linalool also showed significantly lower growth of éatiadbic
bacteria.Rupila et al. (2009 alsoreported that linalool incorporated into LDPE filinad
significant inhibitory activity against the growth lokteria innocuand Escherichia cofioth

in vitroand on the surface of Cheddar cheese.

Regarding the application of aet¢ films containing linalool in fruitCindiet al. (2015

demonstrate that PET punnets containing thyme oil saclfitgmol (56.43%), linalool
(37.6%) and caryophyllen(9.47%), and sealed with chitosan/bdeemite nanocomposite
lidding films significantly reduced the brown rot incidence to 10% inumally infected
peaches stored at 0.5C and90% RH for 7 days

Although some of these active agents have been incorporated in active packaging materials,
these developments have not reached the market yet.

1.4.2. Organicacidsand their salts

Some of the mostammonly used preservative ageritsfood are weak organic acids, such
as acetic, benzoic, lactic, citric, malic, tartaric, propionic, fumaric, or sorbiaadidheir
salts Weak organic acids are naturally occurring preservatinesany fruits(Plumridgeet
al., 2004 whilst theirsalts arefrom laboratory synthesego 2 & (i NJO5R Q& = H
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Weak acids exist in a ptependent equilibrium between the undissociated and dissociated
state (Corraleset al., 2014. The principle mode of action is believed to be the transport of
undissociated acid intthe cell through the plasma membrane which dissociates in a higher
pH environment to form protons and anions that cannot return through the plasma
membrane(JunqueiraGoncalvest al, 2013. Intracellular acidification of the cell cytosol
resulting from the accumulation of protons inhibits key metabolic activities involved in
glycolysis and hence inhibits ATP yidlesimridgeet al, 2004. It is known that maximal
antimicrobial activity is obtained dtJl @I f dzSa 0 Sf 2 ¢ nicéh&§ant (KA)R Q &
(Kuplenniket al., 2015.

Among the listed preservatives, potassium sorb@@&)and ®dium benzoatgSB)are the

most commonly used preservativas fruits. The preservatives are often added the salt
of the acid because salts are more soluble in aqueous sol(&ohrand Nielsen, 2004

Therefore, in this Doctoral Thesis, potassium sorbate and sodium benzoate are proposed as
non-volatile antimicrobials for the development of an antimicrobial active packaging for
minimally processad fresh cut orange and pineapple.

Paassium sorbate

Potassium sorbate is thealt of sorbic acich polyunsaturatedatty acid used to inhibit mokl
andyeast and some bacterial strains in various foodst{ffanciset al., 2009, althoughit
inhibits bacteria to a lesser degréeigurel.10) (Sofos and Busta, 1981

0O
/NO—K+

Figurel.10. Potassium sorbate chemical structure

Potassium sorbate is a white crystalline powdath greatersolubility in water than sorbic
acid Itiseffective at pH up to 6.5 and ifais 4.75Sofos and Bsta, 198). As pH increases,
less acid is undiss@téd, so the antimicrobial activity diminish€Schmidl and Labuza,
2000.
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Potassium sorbatbas been classified as food additive2®) under EuropeaRegulation
(EC) No. 1333/2008 on food additivehis additives suitable to be useth beverages,
syrups, fruit juices, jellies, jams, salads, picktizsry products, cheeses, dried fruits and
vegetables, fruits and vegetables imegar, oil or brine, confectionary, bakery products,
processed meat, processed fish and fish products, soups, sauces, flavorechddmkise.

Sodium benzoate

Sodium benzoate is the salt loénzoicacid, and works well in acidic media to inhibit yeasts,
moldsand bacterial growtt{Figurel.11) (Pylypiw Jr and Grether, 20D0

Figurel.11. Sodium benzoate chemical structure

As for poaissium sorbate, as pH increagbge antimicrdial activity of sodium benzoate
diminishes. In this case it is effective at pH up #.8 and its dissociation constant is 4.21
(Sofos and Busta, 1981According to EuropeaRegulation EC) No. 1333/2008 on food
additives, sodium benzoate has been classified as food additi2é Fto be used irfiruit
and vegetables in vinegar, oil, or brirjam, ellies and marmalades and similar products,
processed meaprocessed fish and fishery products, sauces, fruit juices, flavored dnitks

wine.

The antimicrobial activity of potassium sorbate and sodium benzoatdéan evaluatedn
vitro against commonspoilage microorganisms of fruitddeydaryinia et al. (2017
demonstrated the effect of potassium sorbate and sodium benzoataspergillus nigern
another study Fagunde®t al. (2013 showed the antimicrobial effect of potassn sorbate
and sodium benzoatén vitro againstBotritis cinereaand Alternaria alternateas fungal
pathogens of cherry tomato fruit.Stanojevicet al. (2009 also demonstrated the
antimicrobial potential of these preservatives agairtgpical fruit spoilage moldshat
included Aspergillus flavysFusarium oxysporuniTrichoderma harsianurand Penicillium
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italicum. Karacaet al. (2014 showed significant inhibitory effesbf potassium sorbate and
sodium benzoate on the growth ofonilinia fructicola, an important mold causing
postharvest disease of stone fruits.

When specified by the RegulatigieC)No. 1333/2008 potassium sorbate and sodium
benzoate can be used in combinati@®@ynergistic effestof potassium sorbate and sodium
benzoate have been reportedBuranapim and Areeku|2011) demonstrated that the
combination ofthese preservatives increasketheir effectiveness. Ae combination of
potassiumsorbate andsodium benzoate at 600 and 400 ppmespectively, completely
inhibited Penicillium citrinumHowever, there are manfactors such as water activity, pH
and temperature of storage that can affect this effe@chmidl and Labuza, 2000~or
example, the synergism between benzoic acid and sorbic acid Wadependentwith
respect tothe growth rate of the yeasfygosaccharomyces bailii.

Potassium sorbate and sodium benzoate are generally applied through dipping oingpray
onto the food matrix. However, this procedure could result in a potential loss df the
antimicrobial activity due to a possible reaction with food components, diluttsngquick
consumption (Appendini and Hotchkiss, 2002Therefore, heir incorporation into the
packaging materialcould result n longer term protectiveeffect. In addition, hese
antimicrobials are traditionlafood preservatives that have been widelgal in the food
industry. Their high thermal stabilittandminimal tendency to causgensory alteratiomake
them attractive antimgrobial agents for active packaging.

In this perspective, @assium sorbate, sodium benzoate or their combinatiorvénbeen
successfullyincorporated into various packaging materials to extend the shelf life of
different foodstuff. Potassium sorbate inquorated into starch films inhibited the growth of
Salmonellalyphimuriumand Escherichia coiind extended the shelf life of poultry (Baron
and Summer, 1993 ellulose films containing potassium sorbate prevented the growth of
Staphylococcuspp., mesophiic and psychotropicbacteriain pastry doughSilveiraet al.,
2007. Han and Floros (1997ound that potassium sorbate (1% w/w) incorporated in LDPE
films not only extendedhe lag time of a bakery yeast but also reduced the growth rate and
its maximum growth. Villarruel et al. (2015 demonstrated the effectiveness of
carboxymethyl celllose (CMC) and polyvinyl alcohol (PVOH) blends contanlg (w/w)

of sodium benzoate again&tenicilliumspp and Candidaspp. with potential applications to
food.
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The use of potassium sorbate and sodium benzoate in fruits directly added into theqgbrod
or incorporated by means of antimicrobial edible coasirgg active packaging materidias
alsobeenreported. Tablel.2 comples a literature review on the use pbtassium sorbate
and sodium benzoate in fruits

In general potassium sorbate and sodium benzoate significantly inhibited the growth of
spoilage flora in minimally processed fruit. As observed for the volatile antimicrobials, the
application of potassium sorbate and/or sodium benzoate by dipping ercasting were

more often reported than active packaging applications. Sensory alteration of fruit was not
reported for these antimicrobials. In all the reported cases, direct contact with the food is a
requisite to ensure effective antimicrobial activity on the faadface.

As reported for active packaging materials containing volatile active agents, active packaging
materials containing potassium sorbate or sodium benzoate are not yet commercialized.
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Tablel.2. Antimicrobial effectiveness of potassium sorbate and sodium benzoate and their combinatiombale andminimally processed fruits

Concentration applied/

Fruit Active agent incorporation way Microbial target Antimicrobial effect Sensory Reference
Strawberries Potassium sorbate 0.2 g/L Natural microflora Yeast and mold counts significant - (Garcieet al,,
(potato starch coating) decreased compared with 1998
untreated samples extending
strawberry storage life from 14
days to 28 days in coated
strawberries
Citrus Potassium sorbate 0.2 M individually Penicillium digitatum  Potassium sorbate and sodium (Palouet al,,
(oranges and  Sodium benzoate 0.1 M +0.1 Min Penicilliumtalicum benzoate reduced gen mold 2002
lemons) mixture combination Penicillium digitatunby 70680%
(by dipping) F¥GSNJ T RI&acz2¥
Berries Potassium sorbate 2.5 and 4.6 Botrytis cinerea 2 log CFU/g reduction (Junqueira
(Incorporated by Gongcalveet al,,
extrusion in recycled PE 2013 Junqueira
and thernoformed into Gongalvegt al,,
clamshelly 2014
Apples, Potassium sorbate 0.1% (w/v) Penicillium expansum, 1.5-2.9 log CFU/g reduction for (Mehyaret al.,,
cucumbers, (incorporated in Cladosporium apples 201)
andtomatoes polysaccharide edible  herbarumand 1.1-1.5 log CFU/g faucumbers
coatingg Aspergillus nigeirom  1.3-1.5 log CFU/g faomatoes
apples

Penicillium oxalicum
andCladosporium
cucumerinunfrom
cucumbers
Penicilliumexpansium
and Cladosporium
fulvum fom tomatoes
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Concentration applied/

Fruit Active agent incorporation way Microbial target Antimicrobial effect Sensory Reference
Slicedapple Potassium sorbate 0.1-1.5% sodium Naturalmicroflora Significant CFU/g reduction - (Baldwinet al.,
Sodium benzoate benzoate or potassium compared tocontrol coatingduring 1996
sorbate 4 weeks of storage
(incorporated in a
cellulosebased edible
coating
Peaches and Potassium sorbate 10% Candida pelliculosa Strong significant decrease in (Rudraet al,,
and plums (coating material on Kloeckera apis Candida pelliculosa ari{loeckera 2013
wrapping paper for apis
individual packing of
fruit)
W/ t SYSy Potassium sorbate 2% PS Penicillium digitatum  SB + PBased coating was the No alteration (Valencia
mandarins Sodium benzoate 2.5% SB Pengillium italicum most effective to reduce disease of flavour or Chamorreet al,,
and their mixture  2+0.5% SB + PS severity fruit 201)

(in hydroxypropyl
methylcellulose lipid
edible composite
coatings)

appearance
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1.5. LEGISLATIVE FRAMEWORK ON ACTIVE FOOD PACKAGING MATERIAL:

The framework Regulation (ECp.NL935/2004 establishes general principles for all the
materialsintended to come into contact with foad he principle underlying this Regulation

is that any material or article intended to come into contact directly or indirectly with food
shall be manufactured in compliance with good manufacturing prastsce that, under
normal or foreseeable conditions of use, they do not transfer their constituents to food in
quantities which could: (a) endanger human health; or (b) bring about an unacceptable
change in the composition of the food; or (c) bring about a deterioraiiothe organoleptic
characteristics thereofThis Regulation apigisto all materials and articlegitended to be in
contact withfoodstuff, including active and intelligent food contact materials and articles

Theframework Regulation establishes genlgpainciplesfor each packaging materiblt it

does not describe how they must be accomplished depending on its nature. It is the
Regulation (EC) No. 450/2009 which lays dawe specific provisions for active and
intelligent materials and articlegr addtion to the general requirements established in
Regulation (EC) N&935/2004 for their safe use.

Unlike conventional food contact materials, active packaging materialsagies, which

are designed to actively maintain or improve the condition offtid, are not inert by their
design.According to theactive packagingRegulation, only substances which are included in

GKS W/ 2YYdzyAeé 2N LRAAGAGS tAa0Q 2F | dzii K2 N&A
active materials and articlesFor new active ubstances an application for their
authorizationshall be submittedThe Community list should include the identity, conditions

of use, restrictions and/or specifications of use of the substance or of a combination of
substances and, where necessary, loé tomponent or of the material or of the article in

which they are added to or incorporated intdhe listhasnot beenpublished yet.

For theactivesubstancesvhich are inended to be released into foodr are immobilized on
the packaging surface in stact with foodshould only be used under the conditions set out
in FoodLawRegulation. In thisase, preservativethat have a technological effect on the
food prolondng their shelf life and/or protecing them against growt of pathogenic
microorganismshould belisted in the Regulation (EC) No. 1333/2008 on food additives for
their intended useNew food additives or an extension of use subject to amuthorization
procedure laid down inRegulation (EC) Nal331/2008 that establishesa common
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authorization procedure for food additives, food enzymes and fdtaborings.Then, EFSA
performsa risk assessment of the substance and publishes a Scientific Opinioritaluset
Finally, it ishe European Commissiavho approvesthe use and the applicablestrictions
for thesesubstancs.

Regardindhe passive parts which theactivesubstances are incorporatethey should be
covered by the specific Community or national provisions applicable to those materials and
articles. For example, if an activebstiance is incorporated in a polymeric matrix, the
polymer have to comply with the Regulation (EU) No. 10/2011 on plastic materials and
articles intended to come into contact with footh this way, Articles 11 and I# plastic
Regulation specify the agphble restrictions regardingpecific migration limits(SML) and
overallmigration limits(OML), respectively. TH&MLis the maximum permitted amount of

a given substance released from a material or article into food or food simulants, and those
limits are established in the Union list of the Regulation. On the other hand, the OML is the
maximum permitted amount of nowolatile substances released from a material or article
into food simulants. Plastic materials and articles shall not transfer their itoasts into

food simulants in quantities exceeding 10 mg of total constituents released peofdimod
contact surface (mg/df). However, according to Regulation (EC) No. 450/2009 on active
and intelligent materials, the overall migration from activeeasing materials can exceed
the overall migration limits as long as the levels transferred to the food comply with
restrictions in the existing food law (e.g. as authorized food additives). As a result, the
transfer of these active substances should notilmgluded in the calculation of the overall

migration limit

Active materials and articles shall be adequately labeled to indicate that the materials or
articles have an active function, indicating also the +egiible componentswheneve they
are perceiveds edible as it could occur for external active devices.

Regarding lie active substancescorporated in active packaging materials to extend the
shelf life of minimally processdruit, they must be approved as food additives for their use
in Group 4, fuits and vegetables, category 04.1(j@eeled, cut and shredded fruit and
vegetable$ under Regulation (EC) No. 1333/2008 on food additives

Therefore,in order to incorporatecitral, hexanal and linaloah a packaging materiab be
used with minimally ppocesses fruit ordeas it isproposed in the present Doctoral Thesis, it
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will be necessary to submit a new food additive applicatiortHeir use as preservatives for
peeled, cut and shredded fruit and vegetables under Regulation (EC) No. 1333/2008.

In addition, the solid antimicrobialspotassium sorbatend sodiumbenzoate,proposedin
the present Doctoral Thesifor the development of an active packaging material for
minimally processed frujtare already approved as food additives by Regulation (EC) N
1333/2008 However,for its use as preservatives for minimally process fruitswvill be
necessary to submit an application for exsgmm of use.
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2. OBJECTIVES

2.1. GENERAL OBJECTIVE

The main objective of the present Doctoral Thesis is dewelopment of anactive

antimicrobial packaging systenwhich involve the characterization ofits functional

properties andits ability to extend the shelf life of minimally processed pineapple and

orangefruit. The active packaging system is composegnoéctive Pased film containing

volatileantimicrobials and an active FR/Abased tray with nofvolatile antimicrobials with

industrial application.

2.2. SPECIFIC OBJECTIVES

To achieve the main objective, the specific objectives set are the following:

A

To séect the antimicrobial agents based on the study of their antimicrobial
propertiesin vitroand their synergistic effect.

To develop a RPased antimicrobial bilayer film a& semtindustrial scale
containing an equal mixture or citral, hexanal and lindlby compounding
followed by cast film coextrusion.

To develop a PP:E\based antimicrobial bilayer tray a semtindustrial scale
containing a mixture of potassium sorbate and sodium benzoate by compounding
followed by sheet coextrusion and thermoforming

To evaluate the effect of the antimicrobial agents on the most relevant engineering
properties of the developed film and tray.

To study the release kinetics of the active agents from the film and the tray.

To evaluate the antimicrobial properties of tfian and trayin vitro against typical

fruit spoilage microorganisms.

To study the potential of the active film, active tray and their combination to keep
the quality parameters of peeled and cut pineapple and orange for a longer period
of time.

To evaluge the food safety of the film and tray in foodnd food simulants,
according to the currenEuropearegislation orfood andfood contact materials.
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3.1. MATERIALS

3.1.1. Chemicals

-/ AGNI 6 LIdzNJAlbdch(MadridcSpainyd { A 3 Y |

- I SEIF yI f 6 LJdzN}Afdéch (Maddoy:Spairp. { A I Y|

- [AylFt22t 0 LldzNEdiick (MadridpSgaig).®  { A I Y
- [ AY2y Sy S 6 LldzNIAldech (Madddr:Spaird. {A3YI
- Orange liquid flavoring (890% limonene). Lucta (Barcelona, Spain).

- Orange essential oil (995% limonene, 0:B.5 linalool, <0.05 % citronellol and
<0.05% geraniol). Guinama (Valencia, Spain).

- Mandarin essence (8590% limonene, 0.08.1% linalool). Guinama (Valencia,
Spain).

- Pineapple essence. Guinama (ValenSin).

- Potassium sNB I S LJ2 6 RSNJ 0 LidzNIhgiedients andiodiouns ©@  / 2 1
(Valencia, Spain).

- Sodium benzoate powder (purity ¢ da’z 0 dngredeNks dndio¥burs (Valencia,
Spain).

- Calcium chloride (analysis grade). Scharlab (Barcelona, Spain).

- Acetic acid (HPLC g&d Scharlab (Barcelona, Spain).

- MilliQ water. Millipore (Madrid, Spain).

- Ammonium acetate (HPLC grade). Scharlab (Barcelona, Spain).

- Acetonitrile (HPLC grade). Scharlab (Barcelona, Spain).

- Methanol multisolvent (HPLC grade). Scharlab (Barcelona, Spain).

- Acetone (GC grade). VWR (Leuven, Belgium).
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3.1.2.

3.1.3.

3.1.4.

3.1.5.

44

Gases

High purity helium (99.999%).
b A G NR IBSIh). 6 x
Oxygero %9.5%).

Carby RA 2 HO5R)S 06 x

Dry nitrogen.

Gases were supplied #bell6 Linde (Valencia, Spain).

Culture media

Malt extract agar (MEA).
Potato dextrose broth (PDB).
Peptone water.

Plate Count Agar (PCA).
Sabouaud agar.

Oxytetracicline supplement for Sabouraud agar.

Culture media and supplement were suppliedSgharlal{Barcelona, Spain).

Microorganisms

Saccharomyces cerevisi@ECT 13084Aspergillus nigelCECT 2807Renicillium
aurantiogriseumCECT 2264 olecciénEspafiola de Cultivos tipo, CEH®alencia,
Spain).

Polymers

Polypropylene€CAPILENE GTE. Carmel Olefins Ltd., (Haifa, Israel).

Ethylenevinyl acetatePA540. REPSOL (Madrid, Spain).
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3.1.6. Others

- Petri dishes. Gosselin (Barcelona, Spain).

- Parafilm® PechineyPlasticPackaging (Chicago, IL, USA).

- Fluoroelastomer tube ISO Versingaint Gobain (Charny, France).

- Nylon filters 0.22 umScharlab (Barcelona, Spain).

- Butyl/Teflon® septum. Nation&tientific (Langerwehe, Germany).

- Selfadhesive septum 15 m diameter. PBDansensor (Barcelona, Spain)

- Peeled and cut orange and pineapple (2 kg tray). Cooperativa Benaguasil (Valencia,
Spain).

3.2. METHODS
3.2.1. Antimicrobial efficacy test in vapor phase

3.2.1.1. Culture preparation

Saccharomyces cerevisjaspergillus nigeand Penicillium aurantiogriseumvere kept on

Malt Extract Agar (MEA) at € and streaked on agar plates on a weekly basis in fresh media
for further experiments. The yeast stock culture was prepared by transferring a single colony
of Saccharomyces cereviside 50 mL of Potato Dextrose Broth (PDB) and incubated
overnight at 25 C reaching a 7 log CFU/mL inoculum. The mold stock csitere prepared

by adding 34 mL of sterile peptone water to a sporulated MEA plate, collecting spores and
counting them with aNeubauer chamber from Marienfield Superior (Lattnigshofen,

Germany) adjusting the concentration to®<pores/mL.

3.2.1.2. Volatile active agents vapor phase inhibition test

The antimicrobial properties of citral, hexanal, linalool, limonene, ord&@eorangeliquid

flavoring, mandarin and pineapple essence were testedtro vapor phase.

Fifty uL of yeast and mold inoculum were cultured on MEA agar Petri dishes. Sterilized
square pieces of paper (2x2 cm) were placed on the lid of the Petri dish and imprdgn
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individually with 10, 20 and 30 uL of each active agent. According to the initial antimicrobial
effectiveness results, 1, 2.5, 5, 7.5 and 15 pL of citral, hexanal and linalool, were also tested.

Petri dishes were sealed with parafilm® to reduce vVielatiosses. Inoculated agar plates
without active agents were included as reference control. Plates were incubated &t {26

5 days. After the incubation period, qualitative analysis was carried out by visual inspection,
measuringthe inhibition halo ofthe microbial growth. From this test, the reduction
concentration (RC), the minimum inhibitory concentration (Mi@hd the maximum
concentration(Cmax) of the antimicrobials were also evaluated. The RC is defined as the
lowest concentration resulting in a visible microorganism growth reduction. The MIC is
defined as the lowest concentration showing absence of visible ¢ir¢whibition halo) and

the Cmaxis the concentration of the antimicrobial that yielded the highest inhibition area
(90 mm) (Gofii et al., 2009). Tests were performed in triplicate.

After the exposure to the active agents for 5 days at@%he fungistatic or fungicidal effect
was evaluatedTo that, agar plates that showed no visual growth were incubatedafor
extra 48 h at 25C withoutthe presence of active agents, replacing the lid containing the
active paper by an empty Petri diBtl. The antimicrobials were considered fungistatic when
growth appeared during the additional incubation period while they were considered
fungicidal if no additional growth was detected. Tests were performed in triplicate.

In addition, the three most effctive active agents evaluated, citral, hexanal and linalool,
were mixed in equal volumes (1:1:1 mQpe 2.5, 5, 7.5, 10, 15, 20 and 30 pL of the mixture
were tested in vapor phase againSaccharomyces cerevisja@spergillus nigerand
Penicillium auratiogriseumand incubated for 5 days at 2&. After the incubation period,

the diameter of the resulting inhibition zone was measured, identifying the MIC and Cmax

concentrations. Tests were performed in triplicate.

In order to quantitativéy assess thesynergistic, additive or antagonistic effects of the
antimicrobial combination, the FIC index (fractional inhibition concentration) ofrtix¢éure

of citral, hexanal and linalool was calculated as the sum of tk& féit each individual
compoundin the seleted mixture. The FIC index was calculated in terms Cmax (uL/Petri
dish) according to th&quation3.1.

46



3. MATERIALS AND METHODS

.06 0O®Q0E DA 68 MO 6 d OIQE OIO® .
000 s e o, Equation3.1
0 & OMQO M @D € A OB W O &EINE € AN DAQE DD CE &

According toPeiet al. (2009, FIC values below 1 were considered synergistic, values equal
to 1 were considered additive, values betweef Were set as indiffererand values above
2 were considered antagonistic.

3.2.2. Organoleptic compatibility of volatile active aents with minimally

processed fruit

In order to evaluate the organoleptic compatibility of the selected volatile ager®§ tray
(170x127x28 mmyvas filled with 0.150 + 15 g oluit and peeledineapple or orange and

the active agents were added to a paphsk stacked to the inner side of a PP film. The trays
were sealed with the PP film containing the impregnated paper disk by using a
semiautomatic traysealing machineSmart 300 from ULMA (Ofati, Spainnder air
conditions.The packed fruit was storedr 24 h at 4 2" C before testing.

The concentratios tested were proportionaly converted from the Cmax obtained for
individual citral, hexanal, linalool and their mixture (1:1:1 volume ratio}hia Petri dish
described in sectio8.2.1.2 This conversion was performed taking into account the free
headspace of th®etri dish (0.039)Land the free headspace of the tray (0.3 L) subtracting
the agar and the fruit and volume, respectively.

A blind test was performed by 10 ceumers that evaluated the organoleptic compatibility
of the volatile active agents with the fruit in terms of flavor (smell and taste). Ratings were
based on a 4$oint hedonic scale where 4 was very compatible, 3 was compatible, 2 was

poorly compatible and was not compatible.

3.2.3. Thermal stability of active agents

Thermogravimetric analysis of the selected active agents was carried out using a-TGA Q
5000Rfrom TA Instruments (New Castle; USA). Approximately, 5 to 15 mg of active agents,
were weighed in alatinum pan. Samples were heated from 26 to 900 C at a heating

rate of 20 C/min. The flow rate of dry nitrogen was 25 mL/min.
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3.2.4. Active materials processing

Active materials, films and trays, were processed abtatory and at semindustrial scale.
Monolayer active films containing the seted volatile active agents were developed at lab
scale byone-step extrusion. Bilayer active films containing the same volatile agents were
developed at semindustrial scale by compounding followed by cast film coextrusion.
Preliminary monolayer materiglcontaining solid active agents were developed at lab scale
by microecompounding Active trays containing solid active agents were also developed at
semiindustrial in 3 steps: compounding, bilayer sheet by coextrusion and a final
thermoforming stepFigure3.1 shows a scheme of the active packaging materials developed
at lab and semindustrial scale and the nomenclature of the materials used along the

present work.

3.2.4.1. Monolayer active films at lab scale with volatactive agents

A twin screw extruderBrabender DSE 20/40D (Duisburg, Germaeguipped with a
gravimetric main feedenMaguire MGF 4T Aston, USA) was used to process two
monolayer active films of PP at lab scale containing different concentsatiban active
mixture of citral:hexanal:linalool (1:1:1; volume ratio) and 100 um thickness. PP control film
was also processed in the same way.

The nain feeder was set to deliver 1 kgP®R Incorporation of active agents was carried out
in the last sectin of the extruder by means of a piston punfpewa M3 Leonberg,
Germany).

The volumetric pump flow was adjustéal 2.3 and 2.8 mL/min to provide film with 10 and
12% nominal active agent conteah a weight basis to polymer (%/w), respectivelyThis
procedure was carried out by weighing the pumped mixture per minute dhegpump
reached a steady state. A fluoroelastomer tube was used for transferring the liquid active

agents to the extruder.
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Monolayer films at lab scalg PP100_10%CHL
with volatile active agents Extrusion (active PP film) PP100_12%CHL
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Bilayer films at serindustrial
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Figure3.1. Active packaging materials developed lab and at semindustrial scaé
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Figure3.2 shows the parts of a twin extruder including the main hopper for the polymer
feeding, the screw, the active agents feeding paortl the active film.

Screw speed was fixed at 50 rpm. Temperature profile along the six barrel zones from hopper
to die was set as indicated Trable3.1 for control and active film processing.

The active packaging materials weggrocessd through a variable thickness flat sheet die. A
nominal die gap of 200 um was adjusted, and final film thickness was controlled by means
of take-off unit speed (m/min).

Polymer feeding

Main hopper Active
compound
Liquid feeding
h'd Exhaust
& & -
Active film
Extruder screw [ |

Figure3.2. Twin extruderscheme

Table3.1. Temperature profile set for the processing of control and active PP films with citral,
hexanal and linalool mixture along the twin extruder barrel

Zone 1 2 3 4 5 6
Temperature (C) 180 185 185 185 190 190
Zone 1 (hopper, PP feeding)

Zone 4 (active agents feeding)
Zone 6 (die)

3.2.4.2. Bilayer active films at seAmdustrial scale with volatile active agents

As a first step, a polymeric compound of PP with 8.5% (w/w) of citral, hexanhhatwbl! in
an equal composition (1:1:1) was processed using a compounding line based-otatiog
twin screw extrude(Coperion Zsk 26 M&tuttgart, Germany). The twin screw extruder had
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a 26 mm diameter screw and a lengthameter ratio (L/D) of 4@nd was equipped with a
gravimetric main feeder for polymeric pelle{®rabender DDWAST FWA40 Duisburg,

Germany) and a liquid gravimetric feedéBrabender FDDWID2 DZF6, Duisburg,

Germany) to incorporate the liquid active mixture. A water bath, dryiny and pelletizer

were coupled to the twin screw extruder for the compound processing as shoWwigime

3.3.

For the processing of polymeric active compounds, a screw speed of 400 rpm was selected.
Temperature profile along th&0 barrel zones from hopper to die was set as indicated in
Table3.2.

Polymer Active
Main hopper compound
g mixture
: ;: ﬂ Pelletizing
L Strand dryer unit
b ol

Figure3.3. Semiindustrial scale compounder scheme

Table3.2. Temperature profile set for the processingf PP compound with citral, hexanal and
linalool mixture along the barrel of the cootating twin screw extruder

Zone 1 2 3 4 5 6 7 8 9 10
Temperature (C) 170 175 180 185 185 185 185 185 185 185

Zone 1 ffjopper, PP feeding)
Zone 5 (liquid feeding)
Zone 10 (Die)

The polymeric compound initially processedhich contaired 8.5% (w/w; nominal
concentration) of the citral, hexanal and linalool (1:1:1) mixtuvas used as raw material

to feed the line that suplied the active layer. Two PP bilayer structures based on 100 pm
films, with two different thicknesses of active layer, (40 and 70 um), and a PP film based on
80 um thicknesawith 70 um of active layewere processed using a seindustrial scale co
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extrusion line. Two control films of 80 and 100 um with no antimicrobials were also
processé as reference materials.

The bilayer active films were processed aasemiindustrial scale using a MEXB 600
Coextrusion line from Dr. Collin, Ebersberg, Germahys ceextrusion linewas based on
three single screw extruders (E30P, 25 L/D) connected to alfieett and a variable
thickness flexible lip dieThefeed-block can provide up to five layers (ABCBA), as well as
different multilayer rearrangements (ABBCB, ACA), bilayer (AC, BC), or monolayer
structures. In this casehe feed-block was modified to provida two-layer structure (BC).

For film processing, the extruders were fed with solid pellets through the hopper. Blank PP
was used to feed extruder Bd the active compound was used to feed extruder C.

Figure3.4 describes the coextrusion line scheme which showstihe extrudersusedto
obtain the bilayer filmsThe material was transferred, melted and pustiedards the end
of the equipment as the screw rotade

Width of the films was adjustetb 480 mmby controlling the air gap between the die and
chill roll using an air knifeQverall thickness was adjusted through coextrusion taiee off
speed. Thicknesdeviations on cross section of the film were adjusted by means of die
screwsduring processing. Trimming of edgeasearried out online using edge trimmets
adjust the reel to 27 cm, as it is the required thidor tray sealing equipment.

Polymer Polymer
Hopper Hopper

V7
——%m

Screw extruder Screw extruder

Film

Figure3.4. Coextrusion line scheme
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Processing temperatures of control and active §ilong the extrusion line are indicated in
Table3.3. Table3.4 compiles tle screw speed and takeff of control and active materials

along the extrusion process.

Table3.3. Temperature of extruders and die zone for active film processing in the simiistrial
scale ceextrusion Ine

Equipment zone Extruder B{C) Extruder CC) (C)
Inlet 40 40 -
Cylinder 1 190 190 -
Cylinder 2 190 190 -
Cylinder 3 200 200 -
Cylinder 4 200 200 -
Adapter to feedblock 200 200 -
Coextrusion feedblock - - 200
Die temperature - - 210
Lip temperature - - 210

Table3.4. Processing parameters of control and active bilayer films developed by cagbtauision

Screw speed Screw speed

Sample Extruder B (rpm Extruder C (rpm Takeoff (m/min)
PP®/40a_8.5%CHL 160 66 6.3
PP30/70a_8.5%CHL 80 127 6.3
PP10/70a_8.5%CHL 30 127 5.3
PP100_2 - 160 6.3
PP80 - 145 6.3

Extruder B: raw PP feeding
Extruder C: PP active compound feeding

3.2.4.3. Monolayer active matedls at lab scale with solid active agents for tray
development
A preliminary lab scalextrusion processvas carried out to evaluate the processability and

dispersion of the active agents potassium sorbate and sodium benzoate in different
polymeric matrixe (PP, EVA and FR/A blends

A conical twin screw mirgxtruder micreacompounder(Xplore® MC 15, 15lnfrom Xplore
Instruments Geleen, The Netherlands) was used to incorporate potassium sorbate and
sodium benzoate mixture in a ratio 60:40 (w/w) and2i% (w/w) concentration in the
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polymer. The selection of theatio was based otthe literature (Buranapim and Areekul,
2011).

The strand obtained fronthe microcompounder was processed by compression molding

by using a manual hydraulic pre@stlas 15 Ton from Speca@rpington, Englandyith a
heated accessory (High temperature film maker, Specac, Orpington, England). Round
specimens were obtainelly applying one Ton pressure to a fixed weight of polymer (0.1 g)

at 180 C for 2 min using a spacer ring between plates of 75 um. A specific adapter was used
to cool down this heated accessory to ambient temperature, coupled to a water refrigerator,
with a caling speed of 40C/min.

Figure3.5 andFigure3.6 show the extrusion and compression molding processpectively
to obtain the final test samples.

Heat/shear
Raw polypropylene, PS and SB

=t
a8 -

/

/

~

|1

L~

|

"1

L1

=]

Compounded materials with -.‘:, wls e
PS and SB ot

Figure3.5. Micro-compounding of active materials containing solid antimicrobial agents (hot plate
press)

54



3. MATERIALS AND METHODS

Heat/pressure

U

Compounded
materials

Round specimens

Figure3.6. Compression molding of active materials containing solid antimicrobial agents

The extusion processing conditions were selected for each polymer based on the technical
data sheets supplied by polymer producers. The extrusion conditions such as temperature
profile, screw speed, residence time and average melt temperature for each polymer or
blend are shown inTable 3.5. Residence time was selected considering slightly higher
residence time than those applicable at pilot/industrial scale.

Table3.5. Processing conditins of the miniextruder equipment set folPS:SBound specimens

Temperature  Screw speec Residence time  Average melt

Sample profile (C) (rpm) (min) temperature (C)
PRbased materials 210/220/230 100 2 218
EVAbased materials 90/90/100 100 2 98
PP:EVA blends 210/220/230 100 2 207

3.2.4.4. Active tray at semindustrial scale with solid active agents

Active tray were obtained throughtwo extrusion steps followed by a final thermoforming
step. As a first step,wto different masterbatches with potassium sorbate or sodium
benzoate were formulated and processed. The first blend consistdéPofnd 10% BV

(w/w) containing 24% of potassium sorbate (w/w). A second blend was made of PP and 10%
EVA (w/w) containing 16% of sodium benzoate (w/w). Control PP compounds with 10% EVA
(w/w) were processed as referenosaterials

These mastebatcheswere processed ging a cerotating twin screw extrudefZsk 26 My,
equipped with a gravimetric main feeder f&P dosing (DDWWMST FW40, Brabender;
Duisburg, Germany), a small gravimetric feeder for EVA dosing (Maguir&MGFAston,
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USA), and a powder gravimetric feeder potassium sorbate and sodium benzoate feeding
(DDW MD2 DSR 28 from BrabenderDuisburg, Germany).

Feeding was set to provide 10 kg/h for the different madtatches, and processing speed
was sett 500 rpm. Temperature profile along tharrel far the processing of PEVA master
batches containingpotassium sorbater sodium benzoatare compiled inTable3.6. This
profile was applied for processing control and active compoumtis. semindustrial scale
compounder scheme was already describedFigure3.3.

Table3.6. Temperature profile along the barrel of the emtating twin screw extruder sefor the
processing of active PBVA nasterbatches containing PS or SB

Zone 1 2 3 4 5 6 7 8 9 10
Temperature (C) 170 175 180 185 185 185 185 185 185 185

Zone 1ljopper, PP feeding)
Zone 5 (liquid feeding)
Zone 10 (Die)

Abilayer sheet of 680 um (nominal layer) distributed in an exaéfayer of PP (580 um) and
an internal active layenf PP:EVA (10Qim) containing potassium sorbatand sodium
benzoatewere processed using a-extrusion lineMFEXB 600 from Dr. Collas described
for the processing of active films in secti8r2.4.2 A bilayer control sheet with 580 um PP
external layer and 10Qm of blankPP:EVA layer was also procebkae control material.

Two extruders were operated to obtain an AC structure. PP was fedtheiegtruder A and
the two masterbatches (PRO%E/A:24%PS and PP:10%HB®%A6SB)were fed through
extruder C.

Processing temperatures of control and active sheet set for extruder A and C and for the die
zone are indicated inTable 3.7. Table 3.8 summarizes the details of the processing
parameters for control and active sheets.

The $ieet wastrimmed to remove edges and provide a uniform sheet of 450 mm width.
Thermoforming of the sheet was carried out using a vacubermoforming machine
(FORMECH 45Barpenden, United Kingdom).

Thesheets A 1 K | LILINREA Y (St & c ywasclampedyn2aYfrargelahd G KA O
inserted into the heating chamber, previously preheated to obtain an active tray with
dimensions 170x127x28m.
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Table3.7. Extrusion temperatures of extruders and die zone for control and active sheet processing
in the semiindustrial scale ceextrusion line

Extruder zone Extruder AC) Extruder CC) Diezone {C)

Inlet 45 45 Coextrusion feedblock 210
Cylinder 1 185 185 Die zone 210
Cylinder 2 195 195 Die lip 230
Cylinder 3 200 200

Cylinder 4 210 210

Adapter to die 210 210

Extruder A: raw PP feeding
Extruder C: PP active compound feeding

Table3.8. Processing parameters of control and active bilayer sheets developed bgxtaision

Screw speed Screw speed
Reference Extruder A (rpm) Extruder C (rpm) Takeoff (m/min)
PP/PP:10%EVA sheet 150 50 0.8
PP/PP:10%EVA:20%PS_SB shee 150 43 1

The thermoforming moldRigure3.7) was an aluminum male mold drilled for vacuum flow
with uniformly distributed thermoforming holes (100 prdiameter). Thermofoming
parameters were 43 s and 14Q.Figue 3.8 shows the final appearance of control and active

thermoformed trays.

Figure3.7. Thermoforming tray mold
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Figue 3.8. Control tray (left);Active tray (right)

3.2.5. Active material characterization

3.2.5.1. Thickness and weight measurements

The thickness of the films was measured using a microm@niTest 7200 FH from
ElektroPhgic, Cologne, Germany) with a sensitivity of + 2 um. The mean thickness and
standard deviation were calculated from measurements takedGadlifferent locationsof

each film.

Film and active sheet weightese determined by weighting 5 pieces of 10X cm ofeach
film and tray bottom using a KERN 448N balance(lKERN & Sohn GmbH (Ballingen,
Germany.

3.2.5.2. Quantification of active agents in the packaging materials
3.2.5.2.1. Quantification of volatile active agents

The volatile active substances (citral, hexanal and linploworporated in the active
compound and active films wereecovered by solvent extraction and quantified by
chromatographic technique#ctive compound0.5 g wasextracted with D mL of acetone
in a 20 mL heaspace vial. The vial was closed using ylileflon® septum andhakenat
100 rpm for 24 h at 25 + 2C. A ®cond extraction was carried out with 10 mL of fresh
acetone and incubated as described for the first extraction.

For the film quantification, 6x10 cwf each film were extracted in acetores already
described for the active compounds. First and second extractions were also performed.
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Separation and quantification of the active agents were performed by gas chromatography
(GC)using a 7890A gas chromatograph (é@)pled to a Triple Quad BOC Mass detector
(Agilent TechnologiesSanta Clara, & USA). An HBPMS column (30 m 8.317 mm ID,
0.25um) from Agilent Technologies was usé&the wlume of injection was 1 pL. The
temperature program of the GC oven was set initially at@%held forl min) followed by a
ramp of 4 C/min to 160 C andhen a ramp of 20C/min to 280 C (held for 1 min). The GC
injection temperature was set at 28@ working in split mode (split ratio 1:20). The-K3&
transfer line was set at 28(C. High purity heliunwas used as carrier gas at 20 mL/min flow
rate. Mass spectrum in the electron mode was generated at 70 eVtlmdon source
temperature was 250C. The quadrupole mass filter was operated at I80The MS
detector was set in SIM mode at m/z@&8 for ctral, 44 for hexanaand 71 for linalool.

Stock standard solutions of 1000 rkg/were prepared by accurately weighing the required
amount of each standard dfitral, hexanal andinalool and dissolving them in acetone.
Calibration curves were obtained byeguate dilution of the stocktandard solutions. Five
standard solutions of different concentration were prepargdacetoneto estimate the
calibration curve. Each standard solution was injedteliplicate.

The calibration curve was obtained by lingagression analysis of the chromatographic
peak area versus concentration of each active agent. Slope and intergept estimated

for each calibration curve and used to estimate the concentration of the active agents in the
samples by interpolating ithe linear model obtained by least squares.

The analytical method was validated in terms of lineanigpeatability, limit of detection
(LOD) and limit of quantificatioft. OQ)

{1 Linearity was evaluated considering the regression coefficiedjofRhe Inear fit
by least squares.

1 Repeatability was evaluated by analyZiivg replicates of a standard solution of 10
mg/kg of each active agent injected within the same day and batch of analysis. It
was estimated as the relative standard deviation (RSD)edith chromatographic
peak area obtained and calculated as: 100 x (standard deviation / mean value of

the 5 peak area values).

91 Limits of detection (LOD) and quantification (LOQ) were calculated based on the

injection often standard solutions at levelsf 1 mg/kg of each active agent. LOD
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and LOQ were calculated from the standard deviation of the area obtained for each
active agent in théen injections. In particular, LOD was determinedtage times

the standard deviation divided by the slope of thaibration curve while LOQ was
determined agen times the standard deviation dividebythe slope.

3.2.5.2.2. Quantification of solid active agents

The quantification of potassium sorbate and sodium benzoate in the active compounds and
active tray was carried outy determining the ash content in the compouwsand in the
packaging material as described in URE ISO 345 Yunny &0l yRlFNRZ
Determination of ash Part 1: General methods (ISO 3461y H n ny 0 ¢ Nabérthedmd A y 3
muffle furnace(Lilienthal, @rmany).

Fifteengrams of active compound and whole trays (28pproximately were heated from

25 C to 950 C at 8 C/min and held aB50 Cfor 30 min. To correlate the ash content of
the active compounds and tray with the amount ofganicsalts,5 g o the potassium
sorbate or sodium benzoate arilg of the mixture PS:SB3:2) also experienced the same
procedure. The evaluation of the potassium sorbate and sodium benao#te compound

was obtainedby relating the ash content of the correspondingltsato the ash of the
compound. For the tray evaluation, the ash content of the active mixture was related to the
ash content of the trays. Samples were analyireiiplicate.

3.2.5.3. Thermal properties
3.2.5.3.1. Thermogravimetric analysis (TGA)

TGA analysis of active fémereperformed as described in secti@®.3for thermal stability
assessment of volatile compounds.

3.2.5.3.2. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimgt(DSC) analysis of the packaging matemals performed

by using a TA DSG2Q00 instrument (New Castle, USA) under inert nitrogen atmosphere.
Fiveto 10mg of film and tray samples were accurately weighted in a Tzero aluminum pan
hermetically sealed with a Tzero lid from TA instruments.
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Films were aalyzed wingthe following thermal program: fast cooling #80” C ancholding
for 4 min,then heating from-80 C to 200 Cat arate of20 C/min, cooling from 200C to
-80 Cat a rate ofLl0 C/minfollowed by asecond heatreatment from -80 C to 200 Cat
a rate of10 /min.

Trays were analyzedaly applying a thermal ramp ahitial heating from 0 C to 200 C at 10
“C/min, cooling from 200C to 0 C at 10 C/min anda second heating from OC to 200 C
at 10" C/min.

Melting temperature (F), crystalization temperature (> YSt GAy 3am) SO K f L
ONBadGETtt AT I @ofzohtrobayidiaktive filndd and fnays were evaluated with the
Universal Analysis software 2000 from TA instruments (New Castle, USA). The percentage of
crystallinity was calculated according Exuation3.2 (Persicoet al, 2009 Ramoset al.,

2012:

P @i diam QeYmEow 2Y0 2z p mmt Equation3.2

where W is the PP weight fraction in the sample akt{ is the theoretical latent heapf
fusion for 100% crystalline PP setliéb J/g(Zhu, 2002

3.2.5.4. Visual appearance

Changes in the visual appearance of the films was evaluated by photographic inspection
placing a logo behind theontrol and active filmsisingan EOS 500D Camera from Canon
coupled with a flasliSpeedite 430EX JICanon Tokyo, dpan).

3.2.5.5. Mechanical properties

Tensile tess were carried out by using a Universal Testing machihestometric M350,
Lancashire, United Kingdom) equipped with a 1000 N load cell and manual screw action
grips. Samples were cirt 10 mm width and 150 mm length according torstard ISO 527
1:2012 Plastic®etermination of tensile propertiesPart 1: General principles. Grips had an
initial separation of 100nm and crosshead speed was set to 306/min.

Tensile strength (force peunit area applied when the film is broken), elongation at break
(percentage of change in the film length when the film is broken after a certain level of force)
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and Young Modulus or elastic modulus (force per unit area necessary to increase the length
of a flm sample to a specific extentf the films were evaluated. Results were the average
of ten measurements + standard deviation.

GCompression testof the trayswerecarried out by using the saniéniversal Testing machine
equipped with flat plates wit a preload of IN, based on the standard ASTM6BR dTest

method for determining compressive resistance of shipping containgbs ¢ KA a (1 Sai
performed to evaluate the behavior of the tray to compressive forces that simulate the
stacking of the traysduring storage.The speed compression was set at 15 mm/min and the

test was stopped at 15 mrof plate separation to avoitbad celldamage. Maximum force

and deformation at the point of maximum load were evaluat@ésults were the average of

ten measurementst standard deviation.

3.2.5.6. Sealing properties

The heat sealability between active and control monolayer films developed at lalveasle
evaluated by using a Gradient Laboratory Heat Sealer RDM3HE&n MOCON
(Minneapolis, USA). Temperatures tested rangexdnf 125 C to 175 C. Dwell time and
pressure were sedt 0.5 sec and 31.4 psi, respectively. Correct sealingudagdwhen the
two sealed materials could not be manually separated.

The heat sealability of materials developed at sémdustrial scale wer evaluated using a
semiautomatic tray sealing machin8mart 300(UIma, Ofati, Spaih The temperatures

tested rangedrom 150 to 200 C and thesealing time was seit 3.5 secOptimum sealing

wasdeterminedwhen the film could not be manually separatiedm the tray.

3.2.5.7. Optical properties

Qurface reflectance spectra of the control and active films and trays developed at semi
industrial scale was determined from 400 to 700 nm with a spectrocolorinm{€e¥2600d
Minolta Co., Tokyo, Japan) on both a whitela black background.

Transparency was determined by applying the Kubglkank theory (Hutchings, 1999) by
means of the internal transmittance (Ti) of tpackaging materialaccording toEquation
3.3. In this equation, R is the reflectance of the film on an ideal black background.
Parameters a and b were calculatedEquation3.4 and Equation3.5, respectivelywhere R
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is the refectance of the sample layer backed mjideal white backgroundnd Rg i& known
reflectanceon a white backgroundMeasurements were carried out in triplicate for each

sample.
YO B Y Equation3.3
s Py XY Y Equation3.4
IR . N Y quation3.
d O p Equation3.5

3.2.5.8. Structural properties

The microstructure of bilayer films and trays developed at sedhistrial scale was angled
by using light microscopyror crosssectional detail, samplesexe cut transversally into 70
pm layers using a microtom@RM 2145 from LeigaVetzlar, Germany) and mounted onto
slides. For top visualization, samples were cut longitudinally into 2x1 cm sections.

Light microscopy was performed using a DMLM light microscope from Leica (Wetzlar,
Germany)in transmission mode with Leica X0.25 N PLAN objectives. Micrographs of
random areas of the samples were acquired at 2088x1550 pixel resolution.

3.2.5.9. Barrier properties
3.2.5.9.1. Oxygertransmission rate

Oxygentransmissionrate (OTR) fobilayer control and active Ifns developed at semi
industrial scalevascarried out using an GXRAN equipment from MOC(Model 2/21 ST
Minneapolis, USA)The specimen was preonditioned forl h. The test was performed
according to the standardSTM D3986Standard test method fooxygen gas transmission

rate through plastic film and sheeting using a coulometic/ & 2 NE+ 0.6 @ 0H 3%
relative humidity (RH) and 100% oxygen permeant concentration. The area of the sample
was 100 cri Measurements were carried out in quadrigaite for each sample.

OTR of control and active trays were carried out using also ahREN 2/21 ST. Trays were
hermetically sealed to an aluminufmase, whichwas crossed by two sealed tubes that
circulated the gas carrier carrying permeatingxygen molecules into the tub to the

measuring sensor. The exposed area was the complete tray (170x127x28 mm). The test was
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performed basedon 1 KS adl yRIFINR ! {¢a Cmont a{idl yRFN]
transmission rate through dry packages using a coulomsfig & &t R¥+ 2 C, 50 + 59RH

and 21% oxygen permataconcentration (ambient airMeasurements were carried out in
quadruplicate for each sample.

3.2.5.9.2. Water vaportransmission rate

Watervaportransmissiomrate (WVTRYf control and active bilayer films developetissmi
AYRAZAGNALFE gl a LISNF2NX¥SR | O0O2NRAYy3 (2 (GKS
gl GSNI O LI2NJ GNIyavyArAaarzy 2F YIGSNRAIfagod
perforatedjar lidin such a manner thahe diameter of the perforation (B2 cm) defined

Qx

1 O

the area of the film exposed to theatervapor. Three glass jars of 3Qrolume, containing
about15 g of calcium chloridereviously dried for 4 h at 24@and two referenceontainers
(jars with samplend without calcium chlorideyyere tightly closedo the mounted lidsand
placed in a cabinet at & 2 Cand 100% of RH. Samples weantinually weighed until
constant weight was reached.

Water vapor transmissiorrate of control and active trays (170x127x28 mm) were carried
out using a PERMATRAW instrument 3/33 Plus from MOCON (Minneapolis, USA). This
instrument sets the standard for water vapor transmission rate testing of finished packages.
Trays wee hermetically sealed to an aluminum base which was crossed by two copper tubes
that lead the carrier gas that collected the water vapor molecules permeating the tray to the
measuring sensor. The test was performed at 23 € 2nda differencein RH iRH)of 90 +

5%.

3.2.6. Evaluation of active agents release kinetics from active packaging

materials

3.2.6.1. Release kinetics of volatile active agents from multilayer active film

The release kinetics of volatile active agents from the bilaygive film developed at semi

industrial scalevere studied at 4+ 2" Cand 25+ 2 C

For the release test carriedub at refrigeration temperature4 £ 2 C and 90 + 5% RH, the
active filmwas cut into small pieces (8xm, 0.25 £ 0.02 g) and were waégl ina KERN 440
45N balance. The film pieces were placed on a glass tray with the active side up and
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introduced inside a chamber with controlled RH and temperature. The RH was adjusted by
using a humidified air flow (50@L/min) through a chamber of 216 Air was humidified by
bubbling air in a tray containing water. Temperature and RH were registered using a
hygrometer(HR EBI 20H1 from Ebro Loggeingolstadt, Germany)rigure3.9 depicts a
schematic represdation of the system developed to evaluate the release of the active
agents tothe atmosphere.Three pieces of film were removed from the chamber each time

at different intervalsfor 38 days, and the remaining citral, hexanal and linalool were
determined ty solvent extraction followed by gas chromatography as described in section
3.25.21

The release kinetics of active volatile active agents from the active film was also studied at
25 + 2°C and 50 + 5% RHhe film was cut into pieces (80 cm) and were weighed and
placed on a tray with the active side up in a laboratory bench. Temperature and RH were
registered using a hygrometer. Two pieces of film were taken each time at different intervals
for 28 days, andhe remaining active agents, citral, hexanal and linalool were determined
by solvent extraction followed by gas chromatography as described in se&cfdn2.1

Flowmeter

Exhaust
Pressure regulator i

| Refrigerator
P ;
F

[ ; ] i

Temperature and | . TM

moisture data Q

logger

Samples

Bubbling system

for moisture = —q

generation

Chamber

Figure3.9. Schematic representation of the system developed to evaluate the release kinetics of
volatile agents from active films
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3.2.6.2. Release kinetics of newvolatile agents from monolayer and bilayer active

materials

Active materials were cut in circles 5 cm diameter. Samples were weighed accurately
and the samples thickness measured with a micromefeliniTest 7200 FH from
ElektroPhysicCologne, GermanyThe releasing test was carried out in a closed Erlenmeyer
with 50 mL ofan aqueous solutionf 3%(w/v) acetic aciccontinuously shaken on an orbital
shaker(IKA KS 130 BagslikA Staufen, Germanyandplaced inside an incubator at#2 C
Three pieces of monolayer samplgere immersedn the food simulantFor the active trays,
samples from théray bottom were takerand onepiecewasimmersedin the food simulant.
The test was performed in duplicatt order to follow the release kinetics of potassium
sorbate and sodium benzoate from the active materials, aliquots of 2 mL were withdrawn
from the solution medium at various time intervads’er 10 days for monolayer materials
and 36 days for the active trayhewithdrawn volume was refilled each time with mL of
new 3% (w/v)acetic acid

To quantify the amount of potassium sorbate and sodium loate released, aliquots were
passed through0.22 pm nylon filters and analyzed by Higherformance liquid
chromatographyHPLC) from Waters equipped with a separation module (model 2659) and
a photodiode array detector module (model 2998). The chromatdgi@apolumn usd was

Fy 1 df | yidA &50mon) fiom WatersS(Barcetonas Spain). The method was based
on that of Pylypiw Jr and Grether (2000The mobile phse was acetate buffer (pH
4.3)acetonitrile (85:15) (v/v) with a flow rate of 0.8 mL/min at 5. Peaks we detected

by measurement of absorbance at 227 nm for sodium benzoate and 260 nm for potassium
sorbate.

Stock standard solutions of 1000 rkg/were prepared by accurately weighing the required
amount of each standard of sodium benzoate and potassiumagerénd dissolving them in
methanol. Calibration curves for each analyte were obtained by adequate dilution of the
stock standard solution$ive standard solutions of different concentration were prepared

in methanolto estimate the calibration curve. Hacstandard solution was injecteth
triplicate.

The calibration curve and the validation of the method in terms of lineardyeatability,

limit of detection (LOD) and limit of quantificatighOQ)was carried out as described in
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section3.2.5.2.1 Specifically, LOD and LOQ were calculated based on the injectien of
standard solutions at levels of 0.4 mg/kg of each active agent.

3.2.6.3. Mathematical modeling of the active agents from the packaging materials

ThediF dzaA2y 2F GKS I O0GAD I 3 Seyoadiaws | & Y2 RSt SR

16 ’OT 6 Equation
TOo0 1O 3.6

In particular, the diffusion coefficients (D) of the active agents released from the active
materials were estimated by adjusting the experimerdata obtained as described above
to a mathematicah 2 f dziA2y 2F CAO01Qa {SO2YyR [l 6D

It should be considered that the release of active agents was determined by quantifying the
amount of active agent remaining in the packaging material over time or by dyiagtithe
amount of active agent in the med{food simulantver time in contact with the packaging
material. For the first casd&quation3.7 was used to estimate the D values whigquation

3.8 was used for the second case:

¢ p | _Aob O 0 qua;ion
p I 1N v :
a o} g p | Ton o Equation
, , —AoDB
S R R R 3.8

wherein Equation3.7, mPpackaging_material Mf%ackaging_material Mpackaging_materiaiare the quantites
of active substance at initial, final (or equilibrium) and at any timen the packaging
material, respectively. IfEquation3.8, M%imuian; M%imulan; Msimuian; are the quantity of
active substance at initial, final (or equilibrium) and at any timen the food simulant,
respectively.

Other parameters present in both equations are the thickness of the packaging materials
releasing the active substanc@$ackaging_materig; the diffusion coefficient (to be estimated)
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for each substance through the packaging matéijthe time (t) and the nonzero positive

roots (gn values)of the following equation:

R AY:] I n Equation3.9

where,a is calculated from the percentage of substance migrated from the aoiaterial

at equilibrium or after infinite time as shown Equation3.10:

a QA HPQE ¢
pTT
a QQI HPQE
pTT

Equation3.10

The application oEquation3.7 and Equation3.8 supposes the assumption of the following

hypothess and conditions:
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1)

2)

3)

4)

5)

A constant diffusivity is assumed whatever the active agent concentration in the
material and in the external media.

The rate at which the diffusing subsize leaves the material is constantly equal to
the rate at whicht enters the external media.

The external media is well stirrethen the concentration in the external media
depends only on time.

In the case of monolayer materials, the release of tbiva agents is unidirectional
towards both sides of the material. In this case, L is considered the real thickness of
the active layer. In the case of bilayer materials, the release of the active agents is
unidirectional towards one side of the materidh this case, L is considered as
double the real thickness.

The external media cannot be considered of limited voluommsidering the
experimental design for the study of the release of the active agents from the
packaging materials3(2.6.1and 3.2.6.9. Complete migration is expected after
infinite time. In the case of the volatile active agents, their concentration is
considered as null because the air flowwh through the chambewould enabke
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a purge of the air at each timé In the case of nowolatiles, the food simulant is
continuously renewed with new simulantvhich forces the complete migration by
displacing the system towards the release. Therefore, ath bsituations, the
equilibrium conditions are continuously perturbed and not really achieved. This can
be solvedif a valuesare madeequal to 99 which corresponds$o 99% migration
beingexpected at the end of the release tests.

Equation3.7 andEquation3.8 need to be solved to estimat®. In this regard, it is quite usual

in the practice to simplify these equations based on several approaches and to takea few
valuesthat are tabulated for somez values. In this Thesig§quation3.7 to Equation3.10

were used as shown by developing some routines made in house using MATLAB software
(Version 5.3.0.10183 (R11), ©TH&thwoks Inc., Natick, MA).

The routines developed are able to calculate as n@nvalues as desired for amyvalue. In
this case, the number of g roots were fixed at 15. It wasfied that the introduction of
more ¢ roots did not improve the D estinians.

Dwasestimated by an iterative process that finds thealue that gives the best fit between
the observed (experimental) and modelled kinetic data. The fit was determined as root mean
square error (RMSREyhich wascalculated as follows iBquation3.11:

e-
e

YO "YO Equation3.11

Cs

where wand ware the experimental and predicted fractional release of the active agents
respectively, as expressed irEquation 3.7 and Equation 3.8. 0 is the number of
measurements, ang the number of identified parameters.

3.2.7. Evaluation of antimicrobial properties of active materiais vitro

3.2.7.1. Antimicrobial eféctiveness of active films with volatile active agents

The antimicrobial effectiveness of active filmasevaluaed in vapor phase diffusion dt+
2 C and 25 = 2C. MEA Petri dishes were plated with 50 pulSatcharomyces cerevisjae
Aspergillus nigeor Penicillium aurantiogriseunmoculum prepared as described in section
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3.2.1.1 Pieces of monolayer active films (5x5 cm) were stdakethe lid of the Petri dish
which werewere sealed with Parafim®

For thetest carried out at 25C, the inoculated plates with yeast and moldsre incubated
for 7 and 10 days, respectively. The test was perforimettiplicate for the yeast andn
duplicate for the molds. The inoculated plates exposed &t 4vere incubateddr 12 days
and the test was performeih triplicate. Inoculated Petri dishes exposed to control film in
the absence of active agents were also evaluated as control samples.

Duringthe exposureperiod, plates incubated at 25C were evaluated by visual pection

in order to quantify the degree of microbial growth. After the exposure period &, 4he
agar was collected and 4mated according to the method described taralledéet al.
(2013. For this purpse, the inoculated agar was recovered with a sterile spatula and
homogenized wh 50 mL of peptone water in 17888 mm stomacher bags (Bag Filter®,
Interscience, SNom, France) for 2 min using a Stomacher (Bagmixer® 400W, Interscience,
StNom, France). Apopriate serial dilutions were carried out in sterile 0.1% (w/v) peptone
water and plated in duplicate oMEA plates using an Automatic spiral plateasySpiral
Pro®, Interscien¢&aint Nom, FranceThen, the plates were incubated for 3 days at 25
and the colonies were counted with digital colony counter S from $ekcta (Barcelona,
Spain).

3.2.7.2. Antimicrobial effectiveness of preliminary monolayer active materials for

active tray development

The animicrobial activity of the EVA:20%PS_SB and PP:308& monolayer materials
developed at lab scale was evaluated against the target microorganisms by direct contact in
liquid media at 25 + 2C.

One disk of 2.38 cm diameter was introduced into the tubes containing 5 mL of PDB and
50 pL of Saccharomyes cerevisiae Aspergillus nigeror Penicillium aurantiogriseum
inoculum. The tubes wer@cubated for 3 days at 25C. The area of exposure of the
specimens corresporatito 2.5 and 2.2 mg/mL of PS8 mixture for PP and EVA specimens
respectivelyand regesented themaximum concentration that could be released into the
liquid media. PP and EVA specimens without active agents were also evaluated as reference

materials. A positive control with only microorganisms was also added to the test. After the
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exposue period,appropriate serial dilutions were carried out in sterile 0.1% (w/v) peptone
water and plated and incubated as described in secBch7.1 The test was performeth
triplicate.

3.2.7.3. Antimicrobial effectieness of active tray with solid antimicrobial agents

The antimicrobial effectiveness of the active trays against the target microorganisms was
evaluatedin liquid media. The active and the control trays weredXgosedfor 1 min using

aUV chamber ELC 560m Edmund optics (Nedersey, USA) arifled with 100 mL of PDB

The broth wasinoculated with 1 mL of the inoculum suspensiof Saccharomyces
cerevisiaeAspergillus nigeor Penicillium aurantiogriseumpreparedas described in section
3.2.1.1 The trays were sealed with a PP control film in a smmmatic traysealing machine
andincubatedat 25 + 2 Cfor 7 daysor at 4+ 2 Cfor 12 days Samples were evaluad in
triplicate.

After the incubation periodthe trays were opened and the inoculatbtbth waspouredin
astomacher bag and mixed for 2 min using a Stomacher to phppeéx the mycelial growth.
Appropriate serial dilutions were carried out in sterile 0.1% (w/v) peptone water and plated
in dupliate onMEA plates using an Automatic spiral plafehen, the plates were incubated

at 25+ 2" Cfor 3 daysand the colonies were counte@he test was performeth triplicate.

A gavimetricmethod was also performed after the incubation period at 4 #based on

the method described byCérdovalLopezet al. (1996. The inoculated broth exposed to
active aml control trays was filtered with a filter paper previously desiccated at®Bfor 1 h

in an incubator. The filtered broth was placed in a Petri dish previously conditioned and the
samples were weighted. Samples were covered with aluminum foil with feYonagions

and incubated at 65C for 24 h. After that, samples were conditioned in a desiccator for
0.5 h and weighed. Differences between samples before and after drying were considered
the microbial mass able to grow in contact with control andwactrays.

3.2.8. Shelf life of minimally processed orange and pineapple

3.2.8.1. Fruit samples, packaging process and storage conditions

Disinfected, peeled and cut pieces of pineapple (Gold Madura or MD2 cultivar) and orange

(Navel, Landate or Navelina cultivar) wergupplied in 2 kg trays by Cooperativa Benaguasil
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(Benaguasil, Spain). The fruit waspackedin the semiindustrial active and control
packaging materiaJsleveloped in the present researdhsing a semautomatic tray sealing
machine(Smart 309 underaerobic conditions. Trays were previously @xposedor 1 min

in a UV chamber and then filled with 150 + 15 g of peeled and cut orange or pineapple pieces
Filled trays weresealed with the multilayer films developed.

All the filmswere microperforated with two holes of 250 um to allow gas exchange with the
environment and avoid anaerobic conditions of the fruit. Packed samples were stored at 4 +
2 C for the initial 7 days followed by 8 £@ for the last days of storage to simulate abuse
temperatures tha can occur along the supply chain.

3.2.8.2. Antimicrobial activity of films on the microflora of minimally processed

fruit

The microbial evolution of the packed fruit was evaluatkdting storageat 4/8 "C. Packed
fruit was removed from the packages and blendathvt50 mL of 0.1% peptone water (w/v)

for 60 sec in a Stomacher. Additional dilutions were made in 0.1% peptone (w/v), Sthen
pL of the undiluted homogenate and the subsequent dilutions were spread in duplicate in
agar plates by usingma Automatic spird plater. PCAwas used for enumerating total
mesophilic aerobic counts and psychrotrophic bacteria whilst supplemented Sabouraud agar
with oxytetrag/cline was used for molds and yeastsunting PCA was incubated at 30 + 2
“"Cfor48 h and at 4 + T for D days for mesophilic bacteria and psychrotrophic bacteria,
respectively, and supplemented Sabouraud agar was incubated at 25CGt+f@r 3 days.
Samples were evaluated in triplicathuring storage of the fruit (from 0 to 12 days) at
different sampling days

3.2.8.3. Evolution of active agent concentratisim the packaging materials

The remaining active agents in the active packaging materials was evaldiatied) the
storage of the packed fruit. Volatile active agents, citral, hexanal and linalool, remaining in
the active lid were evaluated at day O (packaging dayd days3, 7, 10 and 12. The
potassium sorbate and sodium benzoate remaining in the active tray were measured at day
0, 6 and 12. Each sample was analyzed in triplicate.

The concentration of citral, hexal and linalool remaining in the active film was evaluated
by solvent extraction with acetone followed by ®S analysis as described3r2.5.2.1 The
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total amount of potassium sorbate and sodium benzoate ealuated by muffle furnace
as described in sectidh2.5.2.2

3.2.8.4. Evolution of headpace composition

The Q and CQ concentration (% v/v) in the headspace of packed pineajpplé orange
samples was monitored fregntly duringstorage using a portable gas analy@@heck Mate

Il from PBI DansensdBarcelona, Spain). A given volume of the headspace was withdrawn
by injecting a needle through a selflhesive septum attached to the top filfRivereplicates
were evallatedduringstorage of the fruit (from 0 to 12 days) at different sampling days.

3.2.8.5. Juice leakage

Juice leakage from pineapple and orange pieces packed with control and active packaging
materials was measured by makieg0.5 cm hole in the packaging lid apthcing the
packaging inan upright positon on top of a cylinder (60 mL).céumulated liquidwas
recoveredfor 5 min. The juice was weigtiusing a balance. Samples were tested in triplicate
duringstorage of the fruit (from 0 to 12 days) at different saling days.

3.2.8.6. pH

The pH of thevineappleand orangepacked with control and active packaging materials was
evaluatedduring storage of the fruit (from 0 to 12 days) at different sampling days. Fruit
pieces were crushednd homogenizedvith a mixer(Hand Bleder BAPI 750 from Taurus
Barcelona, Spain)Measurementswere made usinga pHmeter (Basic 20+ from Crispn
Barcelona, Spain). Samples were evaluated in triplidatangstorage of the fruit (from O to

12 days) at different sampling days.

3.2.8.7. Total soluble glids (TSS)

Changes ifSS opineappleand orangepacked with control and active packaging materials
were evaluatedduring storage of the fruit.To that orange and pineapple pieces were
smashed and homogenized usingnixer Hand BlendeBAPI 750 fromdurus Barcelona,
Spain) The released juice was directly measured in a digital refractom@aid-3, Atagg
Tokyo, Japan). Samples were evaluated in tripliciteéngstorage of the fruit (from 0 to 12
days) at different sampling days.
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3.2.8.8. Sensory evaluation

A sensory evaluation test was carried outsbganel o6 maleand5 femaleconsumersaged
between 27 and 36 yeardThe panelistscored the color, general appearance and odor
perception of peeled and cuygineappleand orangepackedin control andactive mckaging
materialsduring storageof the fruit from 0 to 12 daysRatings were based on apdint
hedonic scale where 5 was very good, 4 was good, 3 was fair (limit of marketability), 2 was
poor and 1 was bad (unusable).

A visual compasonbetween the fuit packedin control and active packaging materials was
performedduring storage by photography using an EOS 568mera from Canon coupled
with a Canon Speedlite 430EXdkh(Tokyo, Japan).

3.2.9. Food contact materials compliance

3.2.9.1. Overall migration tests ifood simulants

The overall migration of the control and active packaging maternédsfood simulantsvas
evaluated undestandardised testing conditioreccording to the European Regulation (EU)
No. 10/2011, which establishes specific requirements flastic materials and articles
intended to come into contact with food. Specificallyetoverall migration test was carried
out with food simulantB 3% (w/v)acetic acifland food simulant C (20% (v/@jhanol)
during 10 days of contact at 20 + ZZ (OM1)in an incubator(FED 240 from Binder,
Tuttlingen,Germany.

The overall migration of the control and active films at sémdustrial scale were performed

by migrationcell according to th&uropean Standard EN 11862002LJ- NIi p a¢ Sad Y S
foroveraf YA INI GA2Yy Ayd2 | | dzSretidedandfcan®dRfilmgA.76dzt | y (0 &
dm?) were mounted on a migration cMC 60 from Fabe#unich, Germany)Rigure3.10)

where the active layer was in contact with 8@ of food simulant. Three samples and two

blank simulants were evaluated for each material.

The overall migration of the control and active trayasperformed bytotal immersion in

150 mL glass tubes from Afora (Barcelona, Spé#&igufe3.10), according theEuropean

Standard EN 1188:2002, pat 3a ¢ S&0 YSGiK2Ra F2NJ 2@0SNI ff YA
AAYdzZ ' yGa oe@ Bagkaging maleNalf S8n¥)Evassybieabged into 100 mL of
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food simulant andhe glass tube wasightly closed. Three samples and two blank simulants
were evaluated for each material.

Figure3.10. Cell migration (Left picture); Tube migration (right picture)

After the contact periodthe tested samples were removed and the food simulants were
poured irto aDURANMigration capsule(ScharlabBarcelona, Spain) and evaporated at 180
“C in anorbital Rotatherm from Selecta (Barcelgn@pain) until constant weight was
reached. The overathigration was calculated accordibguation3.12:

0 a O(, “pmm Equation3.12

wheremsampleiS the dry residugg)after simulant evaporatiorin contact with the materials
Mbolank iS the dry residue from blank simulant ai®{dnv) is the area of exposure of the

material.

After theoverall migratiortest of active tray, the dry residue resulting from overall migration
was redssolved in 100 mL of the corresponding food simulant, B or C, and analyzed by HPLC
UV as described in secti@?2.6.2

3.2.9.2. Specific migration test in food simulants

The specific migration of the active agents incorporated in tbtiva packaging materials

was evaluated into food simulants and undstandardised testing conditiorsccording to
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the plastic Regulation (EU) No. 10/2011 éimelEuropean Standard EN 1313(20050n test
methods for the specific migration of substancesnfr plastics to foods and food simulants
The specific migration of the films was performed by pefirationas described in section
3.2.9.1 The specific migration of the active tray was performeddigl immersionasalso
described in sectioB.2.9.1 In this case, 1 dfiof tray was used

The specific migration tesbf citral, hexanal and linalool incorporated in the active films
deweloped at semindustrial scalevere carried out in food simulant C (ethanol 20% (v/v))
for 10 days of contact at 20 =+ & Thespecificmigration of potassium sorbate and sodium
benzoate incorporated in the active trayascarried in food simulant BB%6 (w/v)acetic acidl
and C (20%v(v) ethano)) for 10 days of contact at 20 + £.

After the contact period, the tested materials were removed and the food simulants in
contact with the film were analysed by @4S while the simulants in contact with the tray
were analyzed by HPU®/ as dscribed in sectio.2.5.2.1and sectiorB.2.6.2 respectively.

For the expression of migration test results, according to Article 17 of the Regulation (EU)
No. 10/2011, the value of migration was expressed in mg/kg applying a surface to volume
ratio of 6 dn#¥ per kg of food.

The exposuref active agents from the migration and the fruit storage test wakulated
according toEquation3.13 and expressedn mg/kg ody weight (bwjday considering an
average of 60 kg bw/person

A0 QU Qi, ¢ 'QoN Qi i ¢ Equation
a0 &Ed

L
OGN &1 64 '@ &G “D"Q Séloo"i)zQl okaok | oan_r?_&{_lsgoscpnﬂfbu 3.13

3.2.10. Statistical analysis

Statistical analses of the resultswere performed with Statgraphics Plus version 2.0
(Warrenton, Virginia, USA). Omay analysis of variance (ANOVA) was carried out.
Differences between means were evaluated on the basis ofid@mce intervals using
Tukeytist atp XX nsiynificarcelevel.
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4.1. Selection of antimicrobial agents

4.1. EVALUATION AND SELECTION OF ANTIMICROBIAL SUBSTANCES F
ACTIVE MATERIAL DEVELOPMENT

4.1.1. Selectionof active agents

An initial selection of antimicrobial agents was carried out in onbeselect the most
promising ones to be further incorporated in the active packaging masefdlis selection
was performed according to the literature data (presented in the introduction of this Thesis)
in terms of antimicrobial activity in fruit prodts; origin (given preference to natural or
those that have been already used in food), organoleptic compigikilth the fruit product,
processabilityand also the current European legislation on food.

The selected antimicrobials includiéhe followingvolatile (flavoring) and nowmolatile (food
preservative) agents:

1 Volatiles: citral (FL No. 05.020), hexaril No. 05.008)inalool £L No. 02.013)
limonene (FL No. 01.001), orange esseri@(90-95% limonene, 0-B.5 linalool,
< 0.05 % citronellol md < 0.05% geraniol) orange liquid flavoring {80%
limonene), mandrin (8590% limonene, 0.08.1% linalool) and pineapple essence.

1 Nonvolatiles: potassium sorbate-2) and sodium benzoate-gd.1).

4.1.2. Study of antimicrobial effectiveness of the vol#i active agents in

the vapor phase

The evaluation of the antimicrobial activity of the volatile selected agents was carried out
against some species of yeast and molds suclsaxharomyces cerevisjaeenicillium
aurantiogriseurmand Aspergillus nigein the vapor phaseMicrobial cultures were prepared

as described iB8.2.1.1 To this end, a range between 1 to 30 pL of the selected antimicrobials
were individually added to a paper disk which was placed inithefIMEA Petri dishes and
incubated at 25 2" C over a period of 5 days as describe#@.ih1.2 Inoculated Petri dishes
without antimicrobials and noinoculated Petri dishes with paper dsskwithout

antimicrobials were included as positive and negative controls, respectively.

Table4.1 shows the antimicrobial effect of the selected antimicrobialshie vapor phase
evaluated by measuring theiaineter of the inhibition halo (mm). From this test, the
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reduction concentration (RC) (lowest concentration resulting in a visible growth reduction
density), the minimum inhibitory concentration (MIC) (lowest concentration showdng
inhibition halo) andhe maximum concentration of the antimicrobials (Cmax) (concentration
that yielded the highest inhibition area) were evaluated in terms of pL active agent/Petri
dish.

The evaluated active agents differed significantly in their antimicrobial activity aadexa
dosedependent effect was observed. In general, citral, hexanal and linalool showed strong
activity againsBaccharomyces cerevisj&enicillium aurantiogriseumnd Aspergillus niger.

The MIC of citral against the 3 target microorganisms corredpdnto the lowest
concentration tested (1 pL/Petri dish). The MIC observed for hexanal agaiosharomyces
cerevisiaeandPenicillium aurantiogriseumwas also the lowest concentration testéat this
antimicrobial (1 pL/Petri dish). Howeveg higher MICof hexanal,2.5 pL/Petri dish, was
observed forAspergillus nigewith a RC of 1 uL/Petri dish.

Compared to citral and hexanal, linalool exerted lower antimicrobial activity with a MIC of 5
MUL/Petri dish for Saccharomyces cerevisiagnd 7.5 pL/Petri dish for Penicillium
aurantiogriseumand Aspergillus niger-or molds, a RC waslsosetat 5 pL/Petri dishof
linalool.

Regarding Cmax values, and in agreement with the pattern observed for the MIC values, the
lowest amount of citral, hexanal and linaloohttyielded the highest inhibition area (90 mm)
increased in the following der: citral (5 pL/Petri dish) kexanal (510 pL/Petri dish) <
linalool (7.515 pL/Petri dish). According to these values, citral showed the same
effectiveness against the three onborganisms, while hexanal was more effective against
molds. In the case of linalool, the highest effect was observed agaspsrgillus niger

Inhibition hals were observed for thehree amounts of limonene and orange essential oil
testedagainstSacclaromyces cerevisiaestablishing 10 uL/Petri dish as the MIC.

Moreover, a visible density reductioin the growth ofPenicillium aurantiogriseum and

Aspergillus nigetook place in presence of orange liquid flavoring for the amounts tested.
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4.1.Selection of antimicrobial agents

Table4.1. In vitro antimicrobial effect of volatile agents ithe vapor phase after 5 days at 2%

Inhibition halo (mm + SD)

. . Saccharomyces cerevisia Penlicillilum Aspergillus niger
Active agent pL/Petri dish aurantiogriseum
Control 0.0+ 0.0 0.0+ 0.0 0.0+0.0
Citral 1 25.0+2.8 (MIC) 34.3+1.6 (MIC) 19.8+3.3 (MIC)
2.5 84.5+0.9 46.7£3.5 37.0£12.0
5 90.0 £ 0.0 (Cmax) 90.0 £ 0.0 (Cmax) 90.0 £ 0.0 (Cmax)
7.5 90.0+ 0.0 90.0+ 0.0 90.0+ 0.0
10 90.0£ 0.0 90.0£ 0.0 90.0+£ 0.0
15 90.0£ 0.0 90.0£ 0.0 90.0£ 0.0
20 90.0+ 0.0 90.0+ 0.0 90.0+ 0.0
30 90.0+ 0.0 90.0+ 0.0 90.0+ 0.0
Hexanal 21.2+1.0
1 26.7+8.8 (MIC) 25.7+4.5 (MIC) (RCgrowth reductionhalo)
2.5 39.8+1.1 46.5+6.6 29.5+£1.3 (MIC)
5 53.8+2.5 90.0 £ 0.0 (Cmax) 90.0 £ 0.0 (Cmax)
7.5 61.7+8.5 90.0+£ 0.0 90.0+0.0
10 90.0 + 0.0 (Cmax) 90.0£ 0.0 90.0+0.0
15 90.0£ 0.0 90.0£ 0.0 90.0£ 0.0
20 90.0+£ 0.0 90.0+£0.0 90.0+£ 0.0
30 90.0+£ 0.0 90.0+£ 0.0 90.0+0.0
Linalool 1 0.0+ 0.0 0.0£0.0 0.0+ 0.0
2.5 0.0+ 0.0 0.0£0.0 0.0+ 0.0
5 18.3+2.9 (MIC) Growth reduction(RC) Growth reduction(RC)
7.5 20.7+0.8 25.8£0.2 (MIC) 90.0 £ 0.0 (MIC; Cma
10 35.0£15 28.8+£2.4 90.0£ 0.0
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4. RESULTAND DISCUSSION

Inhibition halo (mm + SD)
Penicillium

Active agent pL/Petri dish Saccharomyces cerevisia aurantiogriseum Aspergillus niger

15 90.0 £ 0.0 (Cmax 90.0+0.0 (Cmax) 90.0+ 0.0

20 90.0+ 0.0 90.0+0.0 90.0+ 0.0

30 90.0+ 00 90.0+0.0 90.0+ 0.0
Limonene 10 22.5+ 2.3 (MIC) 0.0 0.0 0.0£0.0

20 27.1+05 0.0+ 0.0 0.0+0.0

30 29.0+7.4 0.0+0.0 Growth reduction(RC)
Orange essential oil 10 10.6 £ 2.8 (MIC) 0.0+0.0 Growth reduction(RC)

20 18.2+4.3 0.0+£0.0 Growth reduction

30 16.7+7.7 0.0+ 0.0 Growth reduction
Orange liquid flavoring 10 0.0+ 0.0 Growth reduction(RC) Growth reduction(RC)

20 0.0+ 0.0 Growth reduction Growth reduction

30 00+0.0 Growth reduction Growth reduction
Mandarin essence 10 0.0£0.0 0.0£0.0 Growth reduction(RC)

20 0.0+ 0.0 0.0+£0.0 Growth reduction

30 0.0+ 0.0 0.0+£0.0 Growth reduction
Pineapple essence 10 0.0£0.0 0.0£0.0 0.0£0.0

20 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0

30 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0

82



4.1. Selection of antimicrobial agents

Retraction in the growth ofspergillus nigewas also observed for orange essential oil and
mandarin essence. For pineapple essence, no effect was observed against the target
microorganisms.

After exposing the microorganisms to the antimicrobials, the platgth total inhibition
(citral, hexanal and linalool) were-iecubated inthe absence of the antimicrobial agents
for two extra days at 25C.The antimicrobial effect wasonsidered fungistatic if microbial
growth wasobserved during the additional incubation period or fungicidal if no additional
growth wasdetected (Balaguer et al., 201%esults of the fungistatic/fungicidal activity

the active filmsare shown inTable4.2.

Asit can be observed general fungicidal effect was observed for citral, hexanal and linalool
againstSaccharomyces cerevisiaad Penicillium aurantiogriseunOn the contrary, only

citral and hexanal at the highest concentrations (i.e. 20 and 30 pL) showed fungicidal activity
againstAspergillus nigemwhilst this microorganism was able to grow in the case of linalool
showing fungistatic activity.

Antifungal properties of citral ithe vapor phase was found byuryatmo et al. (2003
against some citrus postharvest patienssuch adPenicillim italicumPenicillium digitatum
and Geotrichum candidumin this study, 15 pL of citral directly added to the lid of the
inoculated Petri dish complete inhibited the growth of ttieee tested fungi while 6 uL of
citral exerted almst complete inhibition.This effectwas directly comparable with the
inhibition observed wherey 5 pL of citral was the minimum amount (Cmax) that compjete
inhibited the growth of Saccharomyces cerevisjaPenicillium aurantiogriseumand
Aspergillus nigr under similar exposure conditions the present research

Also,Bdletti et al.(2004) found this mixture of isomers to have the highest antifungal activity
as compared with other components of citrus essential oil ag&astharomyces cerevisiae
in the vapor phaseWuryatmo et al. (2008observedthe fungicidal activity 15 pL/Petri
dish of citral on the growth dPenicillium digitatunwhile a fungistatic effect was observed
for Penicillum italicumThereforethe fungicidal/fungistatic activity of citral and its isomers
differed among the type of fungi and the concentration tested. These resuksin
accordanceto what was observed in the preseresearch, where 10 pL of citral showed
fungistatic activity againsbaccharomyces cerevisiaad Aspegillus nigewhile the same
amount of citral showed fungicidal activity agaif&nicillium aurantiogriseum
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4. RESULTS AND DISCUSSION

Table4.2. Fungistatic/fungicidal activity of citral, hexanal and linalool against the target

microorganisms after 2 days at 2%

Saccharomyces Penicillium
Active agent pL/Petri dish cerevisiae aurantiogriseum  Aspergillus niger
Citral 10 Fungistatic Fungicidal Fungistatic
20 Fungicidal Fungicidal Fungicidal
30 Fungicidal Fungicidal Fungicidal
Hexanal 10 Fungicidal Fungicida Fungistatic
20 Fungicidal Fungicidal Fungicidal
30 Fungicidal Fungicidal Fungicidal
Linalool 10 - - Fungistatic
20 Fungicidal Fungicidal Fungistatic
30 Fungicidal Fungicidal Fungistatic

(-) samplesot evaluated.

Hexanal has a welinown arifungal capacity.SdenzGarzaet al. (2013 examined the
antifungal properties of microencapsulated hexanal agaiRgmnicillium expansunin
laboratory nedia at different temperatures, observing inhibition of conidial germination at
257C and slightly less effective at 12, probably due to the slower release associated with
reduced vapor pressure at the lower temperatufdmenaret al. (2007)also encapsulated
KSEI yI f-0&xdf (igR SIED Bdk yémonétiated that hexanal vapor completely
inhibited growth ofColletotrichum acutatumAlternaria alternataand Botrytis cinereaat

H ® 6. TisyaRthom sbso observed]
at the concentrationtested that hexanal had fungistatic effsobn all fungi testedand

02y OSy i N

iAz2ya
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fungicidal activity was observed only fOplletotrichum acutatum.

The antimicrobial activity of linalool in vapor phase against numerous microorganisms has
been already reported in sexa studies(Fisher and Phillips, 200&ato et al, 2007%.
According toNakaharaet al. (2003, linalool exerted antifungal activity ithe vapor phase

against differat strains ofAspergillus and Penicilliuat 27 C showing potent activity with

AN

MIC ranging from 28 to 56 ppm (mg/L in air). In this case, the MIC was defined as the lowest

concentration of volatile compounds which inhibited cojdiormation of test fungi by 5.
In addition,Kordaliet al. (2008 obsened potent fungicidaleffects of linalool against most

of the tested fungal species in accordance with the fungicidal teridsbserved in the

present study for this antimicrobial.
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4.1. Selection of antimicrobial agents

The rest of the orangbased antimicrobials tested in the present study, whose main
compound wa largdy limonene, showed lower or no inhibitiorf the growth of the yeast
and molds. These results are in line with the low antifungal effect observed for pure
limonene tested. In accordance with these findinGsccionket al. (1998 also observed a
weaker antifungal activity of orange essent@l in the vapor phase againd®enicillium
digitatum and Penicillium italicunwith respect to other citrus essential oils contrastto

the effect found in the present and previous studieghie vapor phase, limonene showed
antifungal and antibacteriabctivity againstmany species of microorganisnsich as
Trichoderma virideCladosporium herbarumand Aspergillus flavusn liquid media or in
direct contact with agafMourey and Canillac, 200®zturk and Ercisli, 200&inghet al.,
2010.

In general, when microorganisms were exposethmvapor of essenal oils, the inhibitory
effect was different from those found hyirect contact(EdwardsJoneset al, 2004. Tyagi

et al.(2013 observed that inhibition ragdting from the exposure to mentha oil vaporstire

disk volatilization method was significantly larger than the same concentration of essential
oil in liquid phase measured by well diffusion. These differences may be dependent on the
physicochemical praogrties of the antimicrobial agents, the culture medidhe
microorganisrmand type of contact between the microorganism and the antimicrobial agent.
In vapor, the antimicrobial efficiency depends on the volatility of each compound while in
liquid or agar itdepends on the diffusion and solubility of the active compounds into the
culture medium(Goiiiet al., 2009 Kureket al,, 2013. The antimicrobial effect in direct
contact is mostly attributed to the activity of the more hydrophilic (wasetuble)
components However, during vapor phase an equilibrium is achieved among the volatile
compounds released in the headspe, both hydrophilic and hydrophobic, so that part of
the most hydrophilic ones are absorbatithe agar surfacéGoniet al, 2009 Kalemba and
Kunicka, 2008

4.1.2.1. Study of the synergistic effect derived from the combination of volatile

active agents

The use of volatile natural preservatives can alter the organoleptic properties of the food

system and exceed theaffor threshold acceptable by consumess.way to reduce the
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4. RESULTS AND DISCUSSION

sensory impact is to combine different EOs or their pure components to obtain possible
additive or synergistic effec{8assolé and Juliani, 2012

Synergy occurs when the effect of the combined substances is higher than the sum of the
individual effectqBurt, 2004, which could provide effective antimicrobiattionbelow the
acceptablesensorythreshold but above the required MIC values. An additive effect is
observed when the combined effec equal to the sum of the individual effects. On the
contrary, antagonism is observed when the effect of the active agents is less when they are
applied together than when individually applie@assolé and Juliani, 2012

Toidentify the most promising combinatiothat exerted the highest antimicrobial activity,
a range of volumes between 1 and BD/Petri dish of citral, hexanal and linalauixture
(C:H:L) (equal volume)were tested against Saccharomyces -cerevisiae, Penicillium
aurantiogiseumand Aspergillus nigein the vapor phase at 25C for 5 days as described in
3.2.1.2 Results of inhibitiontest (halos) are shown inTable4.3 as the mean otfhree
replicates tstandard deviation The MIC and Cmax values of the mixtuvreere also
identified.

Asit can be observed iable4.3, the lowest amountbof the mixturethat produced a clear
inhibition halo inSaccharomyces cerevisjdeenicillium arantiogrisesumand Aspergillus
nigergrowth was1 pL/Petri dish (MIC)The amount that generated total inhibitidor the
three microorganismsvas 5ni/Petri dish(Cmax).

Table4.3. Antimicrobial effect of citral, hexanal and linalool combinations (1:1:1}lve vapor
phase at 25C for 5 days

C:H:L mixture Inhibition halo (mm + SD)
(uL/Petri dish) Sactiaromyces cerevisia Penicillium aurantiogriseun  Aspergillus niger
1 23.2+0.1(MIC) 26.5+4.6 (MIC) 23.7+1.5 (MIC)
25 33.8£2.8 37.7£6.3 35.7£3.7
5 90.0+0.0 (Cmax) 90.0+0.0 (Cmax) 90.0+0.0(Cmax)
7.5 90.0£0.0 90.0+£0.0 90.0£0.0
10 90.0£0.0 90.0+£0.0 90.0£0.0
15 90.0+0.0 90.0+0.0 90.0+0.0
20 90.0£0.0 90.0+£0.0 90.0£0.0
30 90.0£0.0 90.0+£0.0 90.0£0.0
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4.1. Selection of antimicrobial agents

The FIC index (fractional inhibity concentration) was used to numerically assess the
antimicrobial effect of the combination of individual substances. This index is defined as the
concentration that produces a given effect when used in combination with another agent
divided by the concentratin that has the same effect when used aldhtallet al,, 1983.

In general, MIC or Cmax are used as thererice concentration to calculate the FRit@ex
(Delaquiset al,, 2002 Goiiet al, 2009. In this case, th&IC index for the combination of
citral, hexanal and linaloalas calculated using the Cmtor the individual agent§Table

4.1) and their combinationTable4.3) according to théequation3.1 (section3.2.1.9. Cmax

was considered since the MIC values were not accurately determined (lower amounts of the
individual agentsn the ternary mixture should be tested).

The FC values obtained for the individual agents in the mixture and the sum of the individual
FIC valuefor each microorganisrare shown ifTable4.4. In general, FIC values were below

1 indicating a synergistic antimicrobial effeat the ternary mixture. In particular, the
synergistic effect was clearly observed in the caseSatcharomyces cerevisiaand
Penicillium aurantiogriseurwhile it was in the border of synergistditive effect in the
case ofAspergillus niger

Table4.4. FIC index of the combination citral, hexanal and linalool (1:1:1) for 3 days at®@5
considering (Cmax) as reference

Individual FIC
(V in mixture (uL)/ V alone (uL)) C:H:L
Microorganism Citral Hexanal Linalool RC Effect
Saccharomyceserevisiae 0.33 0.17 0.11 0.61 <1 Synergistic
Penicilliumaurantiogriseum 0.33 0.33 0.11 0.78 <1 Synergistic
Aspergillusniger 0.33 0.33 0.22 0.89 <1 Synergistic

The antimicrobial effect of the combination of @i, hexanal and linalool has not been
previously reported inthe literature, but there are some studies demonstrating the
synergistic effect between other EOs or their compone®sveral authors reported the
synergistic effect between thymol and carvakragainst bacteria and fungin vitro
(Cosentinoet al, 1999 Guardaet al, 201). Delaquiset al. (2002 found that the
combination of cilantro, coriander, dill and eucalyptus EOs, resulted in additive, synergistic
or antagonistic effects subject to the mimrganisms and the fraction tested. The
combination of clove and rosemary exerted all three effects, depending on the
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4. RESULTS AND DISCUSSION

corresponding microorganisnFu et al, 2007. The potential of the combinationfo
cinnamon EO and clove EO (1uly) as antibacterial agestin the vapor phase was
demonstrated byGoiiiet al. (2009. However, due to thabsence of standard screening tests
for the synergistic effect of@ and their pure compunds, and difficulties in evaluating the
real effective concentration or amount released that prevent microbial growtk difficult

to compare resultdetweenresearchergBalagueret al, 2013 Bassolé and Juliani, 2012
Kalemba and Kunicka, 2003auceket al.,, 2012.

4.1.3. Studyof the organoleptic compatibility of the volatile antimicrobial

agents with the fruit

Organoleptic alteration of the food due to the addition of volatile active agents through the

LI O1F3Ay3 O2dz R I FFS diin didér® mididhigeSeryofy Mdpact ot OO S |
the fruit packed with active packaging materials, the selected antimicrobitatd, hexanal

and linaloolwere evaluated regarding their sensory compatibility with peeled and cut
orange and pineapple.

The maximim Cmax obtained for citral, hexanal, linal¢oL/Petri dish)individuallytested
and in the mixture (C:H:L)Ysection4.1.2, were proportionally added to a paper diskd
exposed to packed orange and pineapfar 24 hat 4+ 2" C before testingThecompatibility
between fruit and individuahctive agentaind their ternary mixturevere evaluated by 10
consumers in terms of flavor (smell and tastBxtings were based on apbint hedonic
scale.Table4.5 summarizes the amount of active agents added to the pajisk and the
results of the compatibility tests expressed as thean often answerst standard deviation
According to the compatibility test, the combinatiofcitral, hexaml and linalool a was best

accepted by the consumers with scores higher than 3 (compatible with fruit).

Specifically, for orangghe smell attribute of the mixture was scored significantly higher,
with values above 3, compared with the rest of individagénts.Althoughthere were no
significant differences for the smell attribute between the mixture and cithed scorewas
higher for the mixtureTaste was scored significantly higher for the mixtunethe case of
pineapple, no significant differensewere perceivedy the consumers in terms of smell
compatibility although the scores were higher for the active mixture. The taste of the
mixture in pineapple fruit was also scareas compatible, beingthis compatibility
significantly higher than the indidual citral, hexanal and linalool.
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