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RESUME

Malgré la surveillance accrue et la mise en place d'une réglementation sur I'hygiéne et la
salubrité alimentaire, il est encore possible de faire face a des cas de contamination
bactérienne en industrie. Ces contaminations alimentaires provoquent des effets sur la santé
humaine mais également au niveau de I|'‘économie. De nombreux moyens permettent
d'empécher la croissance microbienne dans les aliments mais les agences de santé imposent
des limites au niveau de leur utilisation. Les consommateurs exercent aussi une certaine
influence, en demandant de plus en plus la présence de produits d'origine naturelle. Les huiles
essentielles vont dans ce sens et leurs propriétés antimicrobiennes sont reconnues depuis de
nombreuses années. Leur utilisation reste pourtant difficile puisqu'elles peuvent modifier la
saveur des aliments et leur caractére volatile peut réduire leur usage a long terme. Le but de
cette étude était donc développer un systeme polymérique permettant de protéger ces
composés bioactifs pendant la conservation, tout en assurant une libération contrblée, dans le

but de maintenir un effet antimicrobien contre plusieurs bactéries pathogénes.

Dans un premier temps, un film d'emballage a base de polysaccharides et contenant un
mélange de composés antimicrobiens a été développé. Les résultats ont montré la présence
d'un effet antimicrobien aussi bien in vitro qu'in situ. Le suivi des composés antimicrobiens a
permis de mettre en évidence la libération contrélée de ces molécules et une nouvelle méthode
de quantification des composés antimicrobiens par spectroscopie infrarouge a été développée.
L'étude des propriétés physico-chimiques de ces films a également permis de caractériser la
résistance et I'élasticité des films. La présence d'antimicrobiens a permis d'améliorer leur effet

barriere face a I'numidité et au dioxyde de carbone.

Par la suite, la recherche s'est portée sur le développement de films d'enrobage, directement
appligués sur des légumes. Un criblage in vitro suivi de l'analyse des propriétés
organoleptiques ont permis de sélectionner l'enrobage possédant les meilleures effets
antimicrobiens tout en gardant des caractéristiques organoleptiques similaires aux légumes non
traités. L'effet de cet enrobage sur la respiration, la couleur et la texture des légumes a été

évalué. Les changements mineurs observés ne sont toutefois pas visibles pour le



consommateur tout au long de la conservation. Cet enrobage a également montré un bon effet

antimicrobien, permettant une inhibition de la croissance de Listeria aprés 7 jours.

Enfin, la derniére étape de ce projet était d'évaluer I'effet de cet enrobage antimicrobien en
combinaison avec deux types de traitements physiques : l'irradiation y ou I'ozonation de l'air.
Chacun des traitements utilisé seul a montré une diminution de la charge microbienne. La
combinaison de I'enrobage avec l'irradiation y a montré que la présence de I'enrobage permet
de réduire de 4 fois la dose d'irradiation maximale autorisée. Cette combinaison a induit une
synergie entre les traitements et les bactéries Listeria innocua et Escherichia coli n'étaient plus
détectées. La combinaison de I'enrobage avec I'ozonation de I'air a montré une réduction totale
de L. innocua et E. coli de 3.3 et 3.8 log UFC/g respectivement. De plus, les résultats obtenus
laissent supposer un effet antioxydant de I'enrobage.

Ce projet de doctorat aura permis de développer deux types de films antimicrobiens pouvant

étre facilement transposés en industrie et intégrés lors de la transformation alimentaire.
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1 REVUE DE LITTERATURE

1.1 Consommation des fruits et légumes et normes industrielles

Les fruits et Iégumes font partie de la base de notre alimentation et apportent a l'organisme des
fibres, des vitamines, des minéraux ainsi que de I'énergie (European Food Information Council,
2012). Selon Berger et al. (2010), la consommation de fruits et de légumes permettrait de
réduire les risques de maladies cardiovasculaires ainsi que certains cancers. Le guide
alimentaire canadien recommande aux adultes de consommer 7 a 10 portions de fruits et
légumes chaque jour (Santé Canada, 2007). Selon Statistique Canada (2011), entre 1990 et
2010, les disponibilités en fruits et en légumes frais par personne au Canada ont augmenté de
21% et 4% respectivement.

D0 au mode de vie actuel, les consommateurs demandent de plus en plus de produits préts a
manger ou nécessitant peu de préparation. Cette demande a fait en sorte que le marché des
fruits transformés au Canada a explosé entre 1990 et 2010, avec une augmentation de 137%
(Statistigue Canada, 2011). Cependant, la présence de produits déja préts pour la
consommation impligue une ou plusieurs étapes supplémentaires lors de la transformation
industrielle. Dans le but d'assurer l'innocuité des aliments, plusieurs lois et réglements sont en
vigueur et s'appliquent a "tout lieu ou l'on prépare des aliments pour la consommation humaine

en vue de leur vente ou de leur service moyennant rémunération” (MAPAQ, 2009a).

1.2 Sénescence des fruits et léegumes

1.2.1 Perte de couleur

Les fruits et léegumes peuvent étre classés pour la plupart selon leur couleur, et il existe ainsi
trois principales familles : fruits et légumes a chair blanche (péches, pommes, artichauts,
pommes de terre, etc.), légumes verts (brocolis, haricots verts, etc.) et fruits et [égumes orangés
(carottes, courges, citrouilles, etc.). Selon le type de fruit ou Iégume concerné, les changements

de couleur observés (principalement le brunissement) sont liés a différents mécanismes.
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Les cellules des fruits et légumes a peau blanche sont constituées du cytoplasme et d'une
vacuole. Le cytoplasme contient les organites habituels (mitochondries, réticulum
endoplasmique, ribosome, etc.) ainsi que des plastes qui renferment un groupe d'enzymes : les
polyphénoloxydases (PPO) (Toivonen et al., 2008). La vacuole, quant a elle, contient la majorité
des composés phénoligues de la cellule. Certaines étapes de la transformation industrielle, en
particulier celles faisant intervenir une coupe, vont engendrer une perturbation des membranes
cellulaires. Les composés phénoliques initialement présents dans la vacuole vont alors entrer
en contact avec les PPO et l'oxygene présents dans le cytoplasme. L'oxydation de ces phénols
va alors entrainer une réaction en chaine, présentée a la Figure 1.1, aboutissant a la formation
de mélanine, un composé brun (Artés et al., 2007b, Falguera et al., 2012). Terefe et al. (2014)
citent plusieurs moyens permettant de retarder le brunissement enzymatique des fruits et
léegumes a peau blanche : on retrouve ainsi l'inactivation thermique/chimique des PPO, la
présence d'agents réducteurs/chélateurs ou encore l'absence d'oxygéne. Comme pour toute
enzyme, la température et le pH jouent un role important au niveau de l'activit¢ des PPO.
Cependant, des changements de température peuvent modifier la structure des fruits et
légumes (cuisson ou encore lésion due au froid). L'acide citrique, utilisé pour réduire le
brunissement, est un agent chélateur qui va former un complexe avec le noyau cuivre, et
modifier ainsi la structure des PPO (Terefe et al., 2014). D'autres composés tels que l'acide
ascorbigue ou les thiols vont agir comme agents réducteurs, permettant la réduction des
guinones en phénols (Terefe et al., 2014). Enfin, I'ajout de chlorure de sodium ou de calcium

peut agir directement sur les PPO et les inhiber (Terefe et al., 2014).
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Figure 1.1 Mécanisme de dégradation de phénol aboutissant au brunissement par la formation de
mélanine, adapté de Falguera et al. (2010).

Aprés la récolte, les légumes verts (brocoli, haricots verts) peuvent perdre leur couleur,
diminuant ainsi leur attrait visuel. Ceci est di a la dégradation de la chlorophylle, dont différents
mécanismes ont été décrits (Costa et al., 2005, Toivonen et al., 2008, Yamauchi et al., 2004).
La premiére étape est la formation de chlorophyllide a, suite a la perte de phytol par la
chlorophyllase. La deuxiéme étape est I'élimination du magnésium (Mg) par une Mg-
déchélatase pour produire la phéophorbide a, qui est décomposée en un catabolite rouge par la
phéophorbide oxygénase. La derniére étape est la formation d’'un composé incolore par une
réductase. Un deuxieme mécanisme de transformation serait la séquence alternative : la
chlorophylle a est dégradée en phéophytine a par une Mg-déchélatase. La chlorophyllase agit

ensuite sur la phéophytine a pour produire la phéophorbide a, qui est finalement éliminée en un
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produit incolore. Cette perte de couleur, percue comme un brunissement, correspond en réalité

a un jaunissement.

En ce qui concerne les fruits et légumes orangés, la décoloration peut faire suite a une
déshydratation ou a une accumulation de phénols et de lignine (Goldberg et al., 1985, Lavelli et
al., 2006). C’est le cas des carottes par exemple, qui subissent un desséchement aprés avoir
été pelées et/ou coupées. La lignification, une guérison naturelle des tissus résulte en un
changement irréversible de la couleur et provoque la formation de composés phénoliques
solubles avant leur conversion en lignine (Artés et al., 2007b, Costa et al., 2005). Cependant,
Simdes et al. (2010) ont montré que la décoloration pouvait étre réversible dans les cas ou la

déshydratation n’était pas extréme.

1.2.2 Modification de la texture

Les différences de structure qui existent entre les fruits et les légumes induisent un
comportement différent au cours du marissement. Les cellules des légumes sont épaisses et
rigides alors que celles des fruits sont généralement minces et extensibles. Ces derniéres
contiennent de la pectine, qui va étre dégradée lors du mdrissement. C'est cette dégradation
qui va provoquer une diminution de la fermeté ainsi qu'un ramollissement de la chair (Toivonen
et al., 2008).

Lors de la transformation des fruits et des légumes, les blessures créées accélérent leur
détérioration. L'endommagement des cellules provoque ainsi une fuite et un mélange des
différents composés cellulaires. Suite a ces blessures, le métabolisme des tissus sains
environnants est affecté (Hodges et al., 2008). Il semble que de nombreux composés
phénoliques soient libérés, précipitant le brunissement (Degl'Innocenti et al., 2005). Le
phénoméne de respiration augmente, tout comme la production d'éthylene, une hormone
végétale. D'ailleurs, la présence de cette hormone en quantité plus importante accélere le

phénomene de maturation et de sénescence.
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1.2.3 Respiration

La photosynthése et la respiration sont des phénomeénes particulierement importants au niveau
des plantes. La Figure 1.2 décrit, de fagcon simplifiée, les places que prennent la photosynthése
et la respiration dans la production d'énergie, principalement sous forme d'adénosine
triphosphate (ATP), par les cellules végétales. La photosynthése, ayant lieu dans les
chloroplastes situés majoritairement dans les feuilles de la plante, utilise I'énergie solaire et le
dioxyde de carbone pour synthétiser des glucides (Grace, 2007, Yoshihara et al., 2000). Ceux-
ci sont par la suite dégradés lors de la respiration. Ce mécanisme, se traduisant par I'oxydation
des glucides en CO, et H,0, est associé a la libération d'ATP (Grace, 2007, Hill, 2007, Mishra
et al., 2007). Cette énergie va par la suite pouvoir étre utilisée par la plante, principalement pour
sa croissance (Grace, 2007). La récolte des fruits et des légumes ainsi que les transformations
industrielles vont déclencher un stress, qui a pour effet d'augmenter la respiration. L'absence de
photosynthése limitant les réserves en glucides, l'augmentation de la respiration aboutit a une

dégradation plus rapide des fruits et des légumes (Perera, 2007).

Les réactions biochimiques impliquées lors de la respiration (glycolyse, cycle de Krebs et
chaine respiratoire mitochondriale) nécessitent la présence d'enzymes, dont l'activité peut étre
réduite (Bhande et al., 2008). La température est un des facteurs influengant ['activité
enzymatique et donc la respiration. Ainsi, une augmentation de température de 10°C
augmenterait de 2 a 3 fois le taux de respiration (Hong et al., 2001), d'ou l'importance de

réfrigérer les fruits et Iégumes.
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Figure 1.2 Apercu simplifié de la production d'énergie chez les végétaux

1.3 Deéveloppement bactérien

1.3.1 Détérioration des aliments

Les fruits et légumes contiennent une flore microbienne naturelle, pouvant étre composée de
bactéries, de levures et/ou de moisissures (Rico et al., 2007). La nature de ces micro-
organismes dépend du type d'aliment mais aussi de I'environnement (Francis et al., 1999).
Dans leur revue, Francis et al. (1999) indiquent que la majorité des bactéries présentes dans

cette flore sont des bactéries Gram négatif.

Toutes les étapes intervenant au cours de la transformation industrielle, depuis la récolte dans
les champs jusqu'au consommateur, sont susceptibles de fragiliser les fruits et les [égumes et
peuvent accélérer le processus de décomposition. En effet, les blessures physiques causées

pendant la récolte, la manipulation et le transport constituent un point d'entrée pour les micro-
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organismes et favorisent leur croissance (Talibi et al., 2014, Uchechukwu-Agua et al., 2015).
Prusky (2011) précise ainsi que les pourritures sont plus fréquemment retrouvées lorsque les
fruits et les légumes sont endommagés. Ces blessures vont également induire une

déshydratation et causer un stress supplémentaire aux fruits et légumes (lyer et al., 2010).

La présence de micro-organismes pathogénes est moins répandue mais peut avoir diverses
origines. Parmi tous les micro-organismes dont la présence sur des aliments peut induire une
infection, on retrouve principalement Escherichia coli et Listeria monocytogenes. Dans leur
revue, Kozak et al. (2013) mentionnent l'origine de certaines épisodes de contaminations
microbiennes. Par exemple, en 2002, la propagation d'E. coli dans plusieurs établissements de
soins de santé, situés dans la province de I'lle-du-Prince-Edouard au Canada, semble avoir une
origine humaine. En effet, un membre du personnel préparant les repas aurait continué a
travailler tout en prenant des antibiotiques pour lutter contre les diarrhées (Kozak et al., 2013,
Public Health Agency of Canada, 2004). Plus récemment, en 2006 en Californie, plus de 200
cas de contamination par E. coli ont été observés (Kozak et al., 2013). La contamination des
eaux de riviére et des champs par des matieres fécales bovines et porcines pourrait avoir induit

la présence de ces bactéries dans des épinards.

1.3.2 Maladies d'origine alimentaire

1.3.2.1 Contaminations par Escherichia coli

Escherichia coli est une bactérie Gram négatif dont la croissance, optimale a 37°C, peut
s'effectuer en présence ou en absence d'oxygene (Croxen et al., 2013). On retrouve
naturellement cette bactérie au niveau de lintestin, mais il existe sept souches entériques
pathogenes pour I'étre humain, une des plus connues étant E. coli O157:H7. Les symptomes
observés sont généralement des diarrhées hémorragiques, pouvant étre accompagnées de
vomissements, de crampes abdominales et/ou de fievre (Croxen et al., 2013). Les aliments
contaminés par cette bactérie sont souvent des produits d'origine bovine, mais la
consommation de fruits et légumes crus pose également un probléme (Berger et al., 2010,
Kozak et al., 2013). Selon I'Agence de santé publique du Canada (ASPC), plus de 400 cas de
contaminations par E. coli sont recensés en moyenne chaque année au Canada (Agence de
Santé Publique du Canada, 2015).
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1.3.2.2 Contaminations par Listeria monocytogenes

Listeria monocytogenes est une bactérie Gram positive, anaérobie facultative, pouvant croitre a
des températures allant de 0.5°C & 45°C et a des pH compris entre 4.3 et 9.8 (Warriner et al.,
2009). De par sa capacité a adhérer a de nombreuses surfaces, L. monocytogenes peut étre
distribuée dans I'environnement, que ce soit sur des surfaces d'acier inoxydable, de polystyréne
ou encore dans les aliments (Valimaa et al., 2015). La consommation d'un aliment contaminé
va provoquer des symptdomes gastroentériques tels que des crampes abdominales et/ou des
diarrhées. Cependant, certaines souches plus virulentes peuvent entrainer des complications
telles qu'une infection du systéme nerveux, une septicémie, une fausse couche, voire méme la
mort. Les personnes les plus a risque (femmes enceintes, personnes agées, enfants,
personnes immunodéprimées) doivent donc étre particulierement vigilantes. L'ASPC estime
gu'environ 132 cas de listérioses sont recensés chaque année au Canada (Agence de Santé
Publique du Canada, 2012).

1.3.2.3 Agences de santé et de salubrité alimentaire

Au Canada, les politiques et les normes reliées a la salubrité alimentaire sont mises en place
par Santé Canada (2012). L'Agence Canadienne d'Inspection des Aliments procéde aux
inspections et s'assure que les industries répondent aux exigences imposées par Santé
Canada. Les aliments préts a manger ont été classés par Santé Canada selon deux catégories
(Santé Canada, 2011). La premiére catégorie concerne les produits au sein desquels le
développement de L. monocytogenes peut étre présent pendant toute la durée de conservation
(principalement les fromages et les produits a base de viande). La deuxiéme catégorie
d’aliments se subdivise en deux sous-classes: 2A et 2B. La catégorie 2A comprend les
aliments préts a manger dans lesquels le développement de L. monocytogenes est limité, c’est-
a-dire ne dépassant pas 100 unités formatrices de colonies (UFC)/g. Il s’agit habituellement des
aliments dont la durée de conservation est inférieure a 5 jours. Les produits faisant partie de la
catégorie 2B sont les aliments dans lesquels L. monocytogenes ne peut pas croitre (creme
glacée, par exemple). Pour ces deux types de catégories, le seuil de tolérance pour L.
monocytogenes est de 100 UFC/g, une valeur au-dela de cette limite représentant un risque

pour la santé. Au Québec, le MAPAQ (Ministere de I'Agriculture, des Pécheries et de
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I'Alimentation du Québec) applique les lois et réglements permettant I'essor du secteur
agroalimentaire. Les lignes directrices du MAPAQ recommandent que, pour des légumes préts
a manger, L. monocytogenes ne devrait pas étre retrouvé dans 25 g d'aliment, alors que la
limite pour E. coli ne devrait pas dépasser 10 UFC/g (MAPAQ, 2009b).

Aux Etats-Unis, I'agence fédérale chargée d'assurer la salubrité alimentaire est la Federal and
Drug Administration (FDA). En 2013, il a été estimé qu’aux Etats-Unis, 63 153 personnes ont
été infectées par E. coli. Cela a mené a I'hospitalisation de 2138 personnes, dont 30 sont
décédées. Ces contaminations ont généré des codts de plus de 270 millions de dollars. Quant a
L. monocytogenes, la contamination de 1591 personnes a provoqué le décés de 306 patients,
dont 59 nouveau-nés contaminés pendant la grossesse. Les frais médicaux reliés ont ainsi
atteint pres de 3 milliards de dollars (United States Department of Agriculture - Economic
Research Service, 2014).

Méme si le nombre de cas liés a la présence de L. monocytogenes et E. coli parait faible, il
semble que de nombreux cas ne soient pas déclarés aux autorités et agences de santé
(Agence de Santé Publigue du Canada, 2015). En effet, d'aprés Scavia et al. (2012) seuls 36%
des personnes présentant des symptdmes gastro-intestinaux sévéres iraient vers une aide

médicale. Parmi ceux-ci, moins de 3% feraient I'objet d'une investigation plus poussée.

De plus, les rappels de produits alimentaires contaminés par des bactéries pathogénes peut
provoquer de lourdes pertes économiques aux industries et briser la confiance des
consommateurs (Ilvanek et al., 2005). Suite a une étude menée par Thomsen et al. (2001) entre
1982 et 1998, Ilvanek et al. (2005) ont estimé que les colts liés a un rappel pouvaient atteindre
jusqu'a 2.4 milliards de dollars par année. La présence des micro-organismes dans les aliments
doit donc étre prise trés au sérieux. Un moyen répandu au niveau industriel consisterait a
prévenir leur apparition (lvanek et al., 2005), permettant ainsi de réduire les colts associés aux
rappels de produits, de réduire les dépenses de santé, en plus d’augmenter la durée et la

gualité de vie des consommateurs.

26



1.4 Lutte contre les contaminations bactériennes

Chaque étape de la transformation alimentaire peut étre a l'origine d'une contamination
bactérienne. Cependant, il existe plusieurs procédés de désinfection permettant d'assurer la
salubrité alimentaire. Les désinfectants utilisés en industrie peuvent étre chimiques
(hypochlorite de sodium, dioxyde de chlore, peroxyde d'hydrogene, acide peracétique, ozone),
physiques (UV-C, irradiation y) ou biologiques (huiles essentielles, acides organiques). Les
principaux traitements utilisés pour la désinfection des aliments sont présentés dans le Tableau
1.1.
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Tableau 1.1. Principaux désinfectants utilisés en industrie alimentaire

Désinfectant

Mode d'action

Limites réglementaires

Autre

Référence

Hypochlorite de Inactivation Interdit en Europe sur les | Puissant oxydant Gil et al. (2009)
sodium en%ym.athue, produits frais Dégradation en | Artés et al. (2009)
altération du .
, . chloroforme, chloramine
métabolisme . .
et/ou trihalométhanes
Dioxyde de Inhibition du | Ringage a l'eau Agent oxydant, | Olmez et al. (2009)
hlor > ' aliminati .
chlore métabolisme ellmlngtlon des Joshi et al. (2013)
mauvaises odeurs, peut
entrainer un
brunissement
Peroxyde Inhibiton  de  la | Non autorisé par la FDA | Peut entrainer un | Parish et al. (2003)
'h en [ i i
d'hydrogéne croissance pour . usage sur des | brunissement Joshi et al. (2013)
produits frais Dégradation en eau et
gre Artés et al. (2009)
oxygene
Artés et al. (2007a)
Acide Oxydation des | 80 ppm Efficacité influencée par | Code of Federal
peracétique membranes le pH et la température Regulations (2012)

Dégradation en acide
acétique, eau et oxygene

Joshi et al. (2013)
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Suite du Tableau 1.1

Ozone Oxydation des | 100 ppm  pour  8h | Puissant oxydant, | Alencar et al. (2013)
parois, modification | d'exposition dégradation rapide,
de 'ADN action en surface Shah etal. (2013)
Dégradation en oxygéene Kim etal. (1999)
Irradiation y Cassures de 'ADN 1 kGy (fruits et légumes) Pénétration des rayons y | Hussain et al. (2014)

Jeong et al. (2010)

Irradiation UV-C Inhibition de la |1 W pour une surface de | Action en surface USFDA (2000)
i -10 pi® ,
croissance 5-10 pi Hollésy (2002)
Labas et al. (2005)
Acides Altération du pH | Reconnu sans danger | Nécessite un long temps | Ricke (2003)
organiques cytoplasmique ("Generally  Recognized | d'exposition, peut .
.. | D l. (2007
As Safe" - GRAS) affecter les qualités avidson et al. (2007)
organoleptiques
Huiles Modification de la | Reconnu sans danger | Trés volatile, peut | Dima et al. (2015)
essentielles perméabilité (GRAS) affecter les qualités

membranaire

organoleptiques

Burt (2004)
Nazzaro et al. (2013)
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1.4.1 Désinfection par traitement chimique

L'hypochlorite de sodium, NaClO, est un puissant oxydant. Son effet antimicrobien provient de
la formation de l'acide hypochlorite (HCIO) aprés ajout dans de l'eau. Selon Estrela et al.
(2002), I'nypochlorite de sodium induit une inactivation enzymatique irréversible et altére le
métabolisme cellulaire des bactéries. Il a été décrit que I'nypochlorite de sodium réagit avec la
matiére organique présente dans les aliments, menant a la formation de produits de
dégradation potentiellement carcinogénes et/ou toxiques tels que le chloroforme, la chloramine
ou les trihalométhanes. Suite & cela, plusieurs pays européens en ont interdit 'usage sur les
produits frais (Artés et al., 2009). Pourtant, Gil et al. (2009) citent une étude menée sur des
salades, qui aurait conclu que la teneur en produits chlorés aprés traitement avec NaClO était
inférieure a la limite autorisée dans I'eau de consommation. Selon Russell (2005), il faudrait
consommer plusieurs kilos de salade pour que la teneur en trihalométhanes soit proche des
limites toxicologiques.

Le dioxyde de chlore (CIO,), un agent oxydant puissant, est également utilisé pour la
désinfection des aliments. Ce composé pénétre a travers les parois cellulaires et induit
également une inhibition du métabolisme (Joshi et al., 2013). Il a été montré que le lavage de
salades avec une solution de dioxyde de chlore & 2 mg/L induisait une réduction de la
population d'E. coli de 1.4 log UFC/g (Petri et al., 2015). Un avantage supplémentaire du
dioxyde de chlore est sa capacité a éliminer les mauvaises odeurs alimentaires. Cependant, la
réglementation américaine exige que tout produit désinfecté avec du dioxyde de chlore soit

rincé a l'eau potable par la suite.

Le peroxyde d'hydrogéne (H,O,) posséde de bonnes propriétés bactéricides et
bactériostatiques. En effet, les radicaux hydroxyles produits vont cibler les différents composés
cellulaires, induisant une inhibition de la croissance microbienne (Santé Canada, 2013). Les
produits de dégradation du peroxyde d'hydrogéne sont l'eau et l'oxygene, ce qui le rend
particulierement intéressant (Joshi et al., 2013). Des études ont été menées sur la survie de
micro-organismes sur la cantaloup et elles ont montré que des traitements au peroxyde
d'hydrogene étaient efficaces contre L. monocytogenes et réduisaient la flore totale (Sapers et
al., 2001b, Ukuku et al., 2002). Cependant, il semblerait qu'une utilisation a faible concentration
ne soit pas suffisante pour éliminer efficacement les micro-organismes (Artés et al., 2009, Joshi

et al., 2013). De plus, plusieurs études signalent I'apparition d'un brunissement de certains fruits
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et légumes, indiquant que les traitements au peroxyde d'hydrogene nécessitent l'ajout d'un

agent anti-brunissement (Parish et al., 2003, Sapers et al., 2001a).

L'acide peracétique peut étre utilisé comme alternative face aux désinfectants chlorés. Son effet
antimicrobien provient de 'oxydation de la membrane externe des bactéries et ses produits de
dégradation (acide acétique, eau et oxygéne) sont peu dangereux (Joshi et al.,, 2013).
Cependant, la réglementation américaine impose une concentration maximale de 80 ppm
(Code of Federal Regulations, 2012), ce qui ne semble pas étre suffisant pour éliminer
totalement les micro-organismes. En effet, Rodgers et al. (2004) ont montré que l'acide
peracétique permettait une réduction de L. monocytogenes et d'E. coli, mais qu'il était moins
efficace que les autres traitements testés (chlore, dioxyde de chlore, ozone). De méme,
Gonzalez et al. (2004) ont démontré que I'acide peracétique était moins efficace que le chlore et
le chlorite de sodium.

L'ozone, un allotrope de I'oxygéne, peut étre produit par I'effet corona. L'air est exposé a un
courant a haute tension, provoquant une séparation des électrons apres leur excitation. Les
atomes d'oxygéne se retrouvant seuls vont par la suite se combiner aux molécules d'oxygéne,
formant ainsi une nouvelle molécule d'ozone possédant une demi-vie plus courte (Alencar et al.,
2013, Kim et al.,, 1999, Shah et al.,, 2013). L'effet antimicrobien de l'ozone a été étudié et
plusieurs mécanismes ont été mis en évidence (Kim et al., 1999). En effet, il a été proposé que
l'ozone induit des changements au niveau de I'ADN des micro-organismes, menant a leur
inactivation. Selon d'autres auteurs (Beuchat, 1992), I'ozone réagirait sur les parois cellulaires
des bactéries en oxydant les composés majoritaires. Il est a noté que l'utilisation d'ozone est
déja autorisée par la FDA pour le traitement, I'entreposage et la transformation des aliments
(Khadre et al., 2001). L'usage de I'ozone se fait principalement dans l'eau et plusieurs études
ont observé un effet antimicrobien. En effet, César et al. (2012) ont contaminé des instruments
dentaires avec E. coli et ont montré qu'un traitement a I'eau ozonée pendant 10 min permettait
de réduire la population bactérienne d'environ 2.7 log UFC/g. Il est aussi possible d'utiliser
I'ozone sous forme gazeuse. Ainsi, Akbas et al. (2008) ont traité des figues avec de I'air ozoné a

1 ppm pendant 10 min et ont obtenu une réduction de la population d'E. coli de 3.5 log UFC/g.

Au cours des derniéres années, un nouveau procédé a été combiné a I'ozonation de l'air :
l'ionisation négative. Cette nouvelle méthode, utilisée pour purifier de l'air, apporte des charges
négatives aux particules, provoquant leur accumulation sur les murs et les sols (Holt et al.,
1999). Selon Digel et al. (2005), la formation de radicaux libres induirait des dommages au

niveau des membranes bactériennes, a l'origine de la mort cellulaire. Dans leur revue, Tyagi et
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al. (2012) indiquent que les conditions environnementales peuvent influencer l'effet de
l'lonisation négative de l'air sur les bactéries. Ainsi, Shargawi et al. (1999) ont démontré que
plus la distance entre I'échantillon et le générateur d'ions était petite, plus l'inhibition de la
croissance de Candida albicans augmentait. Le type de micro-organisme ciblé peut également
influencer l'effet antimicrobien (Tyagi et al., 2008). Les auteurs ont ainsi montré qu'une
exposition aux ions négatifs induisait une réduction de la viabilité d'E. coli de 33% alors que
celle de Pseudomonas fluorescens était de 42%. Challenger et al. (1996) ont aussi montré que
l'utilisation d'ions négatifs peut aussi mener a la formation de peroxyde d'hydrogéne, comme

présenté dans I'équation suivante :

e” + Hy,0 — egq
0, + €aq 0,

20, + 2H* 2 20H™ + 20 = H,0, + 0,

1.4.2 Désinfection par traitement physique

L'irradiation y est un procédé a froid pouvant étre utilisé pour la protection des aliments contre
les micro-organismes. En effet, les rayons y pénétrent a I'intérieur des aliments sans induire de
radioactivité. Les doses d'irradiation sont exprimées en kilo Gray (kGy), unité pour laquelle 1 Gy
équivaut a 1 J/kg de produit irradié. L'irradiation y produit des effets directs et indirects sur les
cellules. En effet, la cible principale du rayonnement y est I'ADN, induisant des cassures
(Hussain et al., 2014, Jeong et al., 2010). Ces modifications peuvent empécher la réplication de
la cellule et méme conduire a sa mort en cas de dommages trop importants. Un des effets
indirects de lirradiation y provient des produits issus de la radiolyse de l'eau. Des espéces
réactives de l'oxygene (OH, H*, O,) sont formées et vont a leur tour cibler certaines
composantes de I'ADN (Beauchamp et al., 2012). En 2005, il a été estimé que 185 686 tonnes
d’épices et légumes secs, 81 593 tonnes de céréales et fruits, 32 471 tonnes de viandes et
produits de la mer, 88 196 tonnes de racines alimentaires et 16 858 tonnes d’aliments divers
(parmi lesquels les champignons ou le miel) ont été irradiés dans le monde (Kume et al., 2009).
Des limites ont été imposées par les autorités : la dose maximale pouvant étre appliquée sur

des fruits et Iégumes frais ne devrait pas dépasser 1 kGy (Komolprasert et al., December
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2007/January 2008). Cependant, certaines bactéries pathogénes telles que L. monocytogenes
peuvent survivre et nécessitent des doses supérieures pour étre éliminées (Bari et al., 2006).
Dans leur étude, Turgis et al. (2012) ont montré qu'une dose de 0.50 kGy permettait d'obtenir
une réduction de L. monocytogenes de 1.3 log UFC/g sur des carottes. Dépendamment du
niveau initial de contamination, il est possible que ce traitement ne permette pas une élimination
totale des bactéries. Une étude récente de Ndoti-Nembe et al. (2015) a montré qu'une dose
dirradiation de 1 kGy sur des carottes inoculés par Salmonella Typhimurium a une
concentration de 7 log UCF/g induisait une réduction de 1.7 log UFC/g aprés 24 h et 3.9 log
UFC/g aprés 9 jours.

Les ultraviolets (UV) font partie de la région non ionisante (200-400 nm) et sont divisés en 3
régions : UV-C (longueur d’onde comprise entre 200 et 280 nm), UV-B (longueur d’onde
comprise entre 280 et 320 nm) et UV-A (longueur d’onde comprise entre 320 et 400 nm). Le
soleil est la principale source de radiation naturelle et émet des longueurs d’ondes entre 250 et
1200 nm (Falguera et al., 2011). Cependant, les radiations correspondantes n’atteignent pas
entiérement la surface de la Terre grace a la couche d’ozone qui agit en tant que filtre et bloque
les UV dont la longueur d’onde est inférieure a 280 nm (Falguera et al., 2011, Hollésy, 2002).
Hollésy (2002) a décrit différents types de cibles affectées par les radiations UV, la plus
importante étant ’ADN. Une fois irradié par les UV-C, 'ADN peut subir des lésions, entrainant
une inhibition de la division cellulaire et donc une mort des cellules. D'aprés Skowron et al.
(2014) et Labas et al. (2005), une longueur d'onde de 254 nm permettrait d'obtenir un effet
bactéricide maximal. En effet, les photons sont absorbés par I'ADN microbien a cette longueur
d'onde, provoquant des modifications structurelles de I'ADN menant a la mort cellulaire (Bae et
al., 2012, Labas et al., 2005). La facilité d'utilisation ainsi que I'absence de produits toxiques
figurent parmi les avantages du rayonnement UV-C. Cependant, d0 a la faible pénétration des
rayons UV, son usage peut étre limité a la désinfection en surface (Skowron et al., 2014). Une
étude de Chun et al. (2009) a montré qu'une dose de 8 kJ/m? appliquée sur des tranches de
jambon pouvait réduire de 2 et 2.7 log UFC/g les populations de S. Typhimurium et L.
monocytogenes respectivement. Ge et al. (2013) ont étudié différentes doses et différents
temps de traitement sur la survie de S. Typhimurium dans de la salade. Une dose de 0.25
mW.cm™ appliquée pendant 5 ou 10 min a permis de réduire la charge microbienne de 1.4 ou
2.2 log UFC/g respectivement. En augmentant la dose d'irradiation UV-C & 1.5 mW.cm?, les

auteurs ont observé une réduction de 2.3 log UFC/g, indépendamment du temps de traitement.
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1.43 Désinfection par traitement biologique

De nombreux composés d'origine naturelle sont reconnus pour leurs propriétés
antimicrobiennes. On retrouve ainsi les huiles essentielles (HE) et les acides organiques, qui
ont déja montré leur efficacité sur plusieurs bactéries pathogénes telles que L. monocytogenes
et E. coli O157:H7 (Dussault et al., 2014).

L'utilisation d'acides organiques comme antimicrobiens permet d'agir directement au niveau du
cytoplasme des bactéries. Dans sa revue, Ricke (2003) explique qu'apres leur passage a
travers la membrane, les acides organiques vont se dissocier en anions et protons a l'intérieur
du cytoplasme. La neutralité du pH est alors affectée, tout comme les composés cellulaires. Il a
également été indiqué que I'énergie des cellules est utilisée pour transférer les protons en
dehors de la cellule, résultant en un manque d'énergie pour assurer les fonctions cellulaires
(Davidson et al., 2007).

Les HE sont des molécules odorantes issues du métabolisme des plantes. Leur role est de
protéger les plantes contre les différents stress qu'elle peut subir, tels que virus, bactéries,
moisissures, rayonnement UV ou encore changements de températures (Nabavi et al., 2015).
Dans leur revue, Dima et al. (2015) ont décrit les différentes classes de composés retrouvés
dans les HE : les terpénes/terpénoides, les phénylpropanoides, les composés soufrés et les
composés azotés. Les terpenes sont constitués d'unités d'isoprene (présenté en Figure 1.3)
linéaires ou cycliques alors que les terpénoides correspondent a des terpénes possédant un ou

plusieurs atomes d'oxygene.

CH,
chv&
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Figure 1.3 Molécule d'isoprene (unité de base des terpenes et terpénoides).

2

Parmi les terpénes les plus répandus, on retrouve le p-ciméne, le y-terpinéne ou encore l'a-
pinéne. La famille des terpénoides contient, entre autres, le néral, le géranial, le thymol ainsi
gue le carvacrol. Enfin, les phénylpropanoides comprennent le trans-cinnamaldéhyde, I'eugénol
et l'acétate d'eugényle. Les structures chimiques de tous ces composés sont présentées a la

Figure 1.4. Les composés phénoliques, ayant comme base un cycle aromatique et une fonction
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alcool, sont largement décrits dans la littérature (Burt, 2004, Llana-Ruiz-Cabello et al., 2015,
Sivakumar et al., 2014, Wen et al., 2003) et contiennent des fragments de terpénoides. C'est le

cas du thymol et du carvacrol.

Phénylpropénes : Terpenes :
CH, CH,
CH H.C
I
Om°”- He
HO CH,
H,C CH, H,C CH,
eugeénol
CH, y-terpinene p-cymene a-pinéne
[
0 CH:
0 Z Terpénoides :
)L CH, CH, CH CH,
H,C 0
) OH \
acétate o N
d'eugenyle SN
OH
/ 1]
@_//_/ H,C CH, H,C CH, H.C CH H,C CH,
carvacrol thymol geranial néral
trans-

cinnamaldéhyde

Figure 1.4 Structure chimique des principaux composés retrouvés dans les huiles essentielles.

Dans leur étude, Cosentino et al. (1999) ont identifié les composés présents dans trois HE de
thym. lls ont ainsi déterminé que I'effet antimicrobien contre différentes bactéries et levures était

dd principalement aux composés phénoliques (thymol et carvacrol) présents dans ces HE.

L'effet des HE differe selon que la bactérie est un Gram positif ou un Gram négatif (Nazzaro et
al., 2013). Les bactéries a Gram négatif possédent une mince couche de peptidoglycanes reliée
a une membrane externe, composée d'une bicouche phospholipidique. Les lipopolysaccharides
sont formés de lipides A et de chaines latérales osidiques procurant une certaine résistance aux
HE. En effet, le caractére hydrophile de cette membrane limite le passage des composés

antimicrobiens, principalement hydrophobes (Calo et al., 2015). En revanche, les bactéries a
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Gram positif possedent une structure membranaire composée de 90 a 95% de peptidoglycanes.
La structure de cette membrane permet aux composés hydrophobes de la pénétrer et de se
retrouver dans le cytoplasme. Ainsi, I'entrée des HE va perturber les membranes cellulaires des
bactéries Gram positif et augmenter leur perméabilité (Burt, 2004, Calo et al., 2015, Nazzaro et
al., 2013). Oussalah et al. (2006a) ont étudié I'effet des HE sur les composés cellulaires. Les
auteurs ont rapporté que la concentration intracellulaire en ATP est réduite en présence d'HE,
ce qui meénerait & des modifications au niveau de la membrane. Ces changements
provoqueraient par la suite une perte des composés cellulaires et entraineraient la mort
cellulaire. Calillet et al. (2009) mentionnent également le fait que certaines huiles essentielles
pourraient réduire I'activité d'une enzyme a l'origine des liaisons entre les peptides qui forment

la paroi cellulaire.

Ainsi, le Tableau 1.2 montre que la concentration minimale inhibitrice (CMI) des HE peut varier
selon la bactérie ciblée. En effet, selon Oussalah et al. (2007), I'utilisation de citronnelle & 0.4%
permet une inhibition totale de L. monocytogenes alors qu'il faut une concentration supérieure a
0.8% pour obtenir le méme résultat sur E. coli. L'utilisation de mélanges d'HE permettrait aussi
d'atteindre une gamme plus large de micro-organismes tout en permettant une inhibition de
ceux-ci. Fratini et al. (2014) ont ainsi étudié l'effet de la combinaison de deux HE (Satureja
montana L. et Thymus vulgaris L. ct. thymol) sur six souches bactériennes. Des géloses ont été
inoculées avec les bactéries ciblées puis un disque imprégné d'une des deux HE ou du
mélange des deux a été déposé sur ces géloses. Les auteurs ont ensuite mesuré les zones
d'inhibition présentes autour du disque. Les résultats ont montré que les HE utilisées seules
provoquaient une inhibition des six souches bactériennes, a I'exception de Thymus vulgaris L.
ct. thymol qui ne présente pas d'effet sur E. coli. En combinant ces deux HE, les auteurs ont
observé un effet antimicrobien sur toutes les souches bactériennes, ainsi qu'une augmentation

des zones d'inhibition.

Cependant, le caractere tres volatile des HE réduit leur durée de vie et leur utilisation
industrielle. L'oxydation par I'oxygéne présent dans l'air peut également réduire I'efficacité des
HE. Ainsi, la protection de ces composés devient donc nécessaire pour garantir des effets

antimicrobiens optimaux a plus long terme.
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Tableau 1.2 Composition d'huiles essentielles fréequemment utilisées et concentration minimale

inhibant la croissance de L. monocytogenes et E. coli, adapté de Oussalah et al.

(2007)
Huile Composés CMI sur L. | CMI sur E. coli (%
essentielle majoritaires (%) monocytogenes (% v/v) | viv)
Cannelle Trans-
cinnamaldéhyde 0.05 0.025
(87)
Citronnelle Géranial (46)
0.4 >0.8
Néral (31)
Clou de | Eugénol (78)
girofle Eugenyl acetate 0.2 0.1
(14)
Coriandre Linalool (70)
_ >0.8 0.2
a-pinene(6)
Origan Carvacrol (54)
p-cyméne (14) 0.05 0.025
y-terpinéne (14)
Thym Carvacrol (33)
p-cyméne (24) 0.1 0.05
Thymol (12)
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1.5 Immobilisation des composés bioactifs

Depuis 1997, la recherche s’oriente de plus en plus sur le développement de films de polymére
dans lesquels des agents antimicrobiens ont été incorporés (Appendini et al., 2002). Ces films
peuvent étre directement intégrés a 'emballage des fruits et des Iégumes, et sont généralement
faits a base de polysaccharides. Cependant, ils peuvent contenir d’autres composés tels que du
glycérol, utilisé en tant que plastifiant, ou des huiles végétales, augmentant la solubilité des
composeés bioactifs hydrophobes. Il existe deux types de films : les films d'enrobage et les films
d'emballage bioactifs. Les films d'enrobage bioactifs sont directement appliqués sur les aliments
et sont ingérés par les consommateurs. Tous les composés présents doivent donc étre
comestibles et dans les limites autorisées par les agences de santé. Les films d'emballage
bioactifs biodégradables peuvent étre intégrés dans I'emballage alimentaire et vont bien
souvent contenir des composés volatiles qui diffuseront dans I'environnement alimentaire. lls
doivent par contre avoir une certaine résistance et/ou flexibilité afin de faire face aux chocs qui

peuvent survenir.

15.1 Matrices polymériques

Parmi les polysaccharides régulierement utilisées pour I'immobilisation de composés bioactifs,
on retrouve principalement la cellulose et ses dérivés, I'amidon et ses dérivés, le chitosane,
l'alginate, la gomme xanthane ou encore la gomme gellane. La cellulose est le principal
constituant des plantes, ce qui en fait le polymére le plus abondant dans la nature. Insoluble
dans la majorité des solvants, la cellulose doit étre fonctionnalisée avant utilisation. La
méthylcellulose (MC), un des éthers cellulosiques les plus hydrophobes, est utilisée dans
l'industrie depuis plusieurs années pour la production de gels en pharmaceutique, alimentaire,
peinture, adhésifs ou encore cosmétiques (Khan et al., 2010b). La nanocellulose cristalline
(NCC) est un dérivé cellulosique composé d’un réseau de nanofibres. Les fibres de NCC ont un
diameétre de 2 a 20 nm et une longueur allant de quelques centaines de nanomeétres a quelques
micromeétres (Klemm et al., 2009). Des études ont rapporté que la NCC améliore les propriétés
mécaniques, diminue la perméabilité des films a base de MC et augmente la stabilité des
agents bioactifs dans les films (Khan et al., 2010b). Azeredo et al. (2010) ont également montré

gue les nanofibres de cellulose améliorent les propriétés mécaniques et réduisent la
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perméabilité a la vapeur d’eau de films a base de chitosane. Des études menées sur des
cellules endothéliales de cerveau ont montré que l'utilisation de NCC n’avait pas d’effet toxique
sur les cellules. Ces résultats encouragent lI'usage de la NCC comme transporteur de

médicaments (Roman et al., 2009).

L’amidon est un polymére ramifié fréquemment utilisé dans l'industrie alimentaire, di a son
abondance et son colt peu élevé. Il est constitué d’amylose, une chaine linéaire de D-glucose,
et d’amylopectine, une chaine ramifiee de D-glucose. L’amylose est responsable des propriétés
flmogénes des films a base d’amidon, ceux ayant une forte teneur en amylopectine étant
cassants. A cause des groupements hydroxyles, 'amidon natif est trés perméable & la vapeur
d’eau. Il est cependant possible de le modifier de maniére physique, chimique ou enzymatique
pour améliorer ses propriétés (Pareta et al., 2006). La maltodextrine (MD) est produite par
hydrolyse partielle de I'amidon et se caractérise par son "dextrose équivalent" (DE). Plus le DE
est élevé, plus I'amidon a été hydrolysé. Les MD ont un DE inférieur a 20; au-dela, on parle de
sirop de glucose (Wang et al., 2015). Il a été décrit que les MD possédant un DE élevé
présentaient une meilleure efficacité pour I'encapsulation des composés bioactifs tout en offrant

une meilleure protection contre I'oxydation (Jafari et al., 2008, Wang et al., 2015).

Le chitosane est obtenu par désacétylation partielle de la chitine, un composant de
I'exosquelette des crustacés. Il s'agit d'un polysaccharide cationique, soluble en solution acide
grace a ses groupements amines et composé de moins de 20 % de (-(1,4)-2-acétaminido-D-
glucopyranose et de plus de 80 % de B-(1,4)-2-amino-D-gucopyranose (Zou et al., 2016). Le
chitosane est également connu pour ses propriétés antimicrobiennes (Coma et al.,, 2002,
Jayakumar et al., 2007, Krasniewska et al., 2012, Sanchez-Gonzalez, Laura et al., 2011a). Pour
expliquer cet effet antimicrobien, Goy et al. (2009) décrivent en détail trois mécanismes, dont le
plus probable serait d0 aux interactions entre les charges positives du chitosane et les charges
négatives des bactéries. Cependant, le chitosane est principalement utilisé pour des films

d'emballage car sa consommation n'est pas autorisée aux Etats-Unis (Baldwin, 2007).

L'alginate est un polysaccharide extrait des algues marines et est constitué des acides 3-D-
mannuronique et a-L-guluronique alternés pour former une chaine linéaire. L'alginate est
souvent utilisé comme matrice pour colorants et ardbmes. Une particularité de l'alginate est sa
capacité a réagir avec les cations divalents ou trivalents tels que le calcium ou le fer. Les
interactions avec le calcium et les groupements carboxyliques permettent la formation d'un

réseau tridimensionnel et donc la formation de gels résistants.
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La gomme xanthane est un polysaccharide produit par la bactérie Xanthomonas campestri. Ce
polymére est constitué de deux unités de glucose, deux unités de mannose et une unité d'acide
glucuronique (Garcia-Ochoa et al., 2000). La gomme xanthane est reconnue comme additif
alimentaire par la FDA et comme agent émulsifiant/stabilisant par la Communauté Européenne
(Garcia-Ochoa et al., 2000). La viscosité élevée de ce polysaccharide lui permet d'agir en tant

gu'agent épaississant.

La gomme gellane est produite par la bactérie Sphingomonas elodea et est constituée de
glucose, d'acide glucuronique et de rhamnose (Pérez et al.,, 2009). Ce polysaccharide est
souvent utilisé en tant qu'agent gélifiant et ses interactions avec le calcium lui permettent de

former des films résistants (Moreira et al., 2015).

Il est & noter que l'alginate, la gomme xanthane, la gomme gellane et la méthylcellulose sont
reconnus par Santé Canada comme étant des additifs alimentaires, et classés dans la catégorie
"agent émulsifiant, stabilisant ou épaississant" (Santé Canada, 2006). Leur consommation par
le biais des films d'enrobage n'est donc pas problématique.

1.5.2 Effet des films sur les fruits et |égumes

Les films d'enrobages alimentaires sont principalement développés dans le but d'augmenter la
durée de vie du produit, que ce soit par réduction du développement bactérien ou par réduction
de la perte de qualité au cours du temps. Le Tableau 1.3 présente des exemples de films a

base de polysaccharides ayant été développés ces derniéres années.

Les enrobages a base de gellane développés par Rojas-Grau et al. (2007) ont induit un
maintien de la couleur des pommes pendant 48h, grace a la présence des composés bioactifs
(N-acétylcystéine ou glutathion). Ce polysaccharide a permis de retarder le brunissement des
pommes et constitue donc une bonne matrice pour I'immobilisation de la N-acétylcystéine et du
glutathion. Le gellane étant une faible barriére a I'eau, les auteurs ont ajouté de I'huile végétale
avant de mesurer la résistance de I'enrobage a I'eau. La présence de lipides dans I'enrobage a

permis d'obtenir un enrobage présentant un meilleur effet barriére face a l'eau.

Guerreiro et al. (2015) ont développé un enrobage a base d'alginate 1 ou 2% et I'ont appliqué
sur des fraises. Les fruits ainsi traités ont gardé leur couleur et leur texture pendant 14 jours.

Les auteurs ont noté que I'ajout d'eugénol dans I'enrobage d'alginate permettait d'augmenter la
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fermeté des fraises enrobées. Le traitement a également permis de réduire le développement
des levures/moisissures tout au long de la conservation. Les meilleurs enrobages se sont
révélés étre ceux ayant une concentration en alginate de 2%. L'utilisation de concentrations
plus faibles en alginate pourrait réduire la rétention des composés bioactifs et favoriser leur

évaporation.

Chafer et al. (2012) ont préparé un enrobage a base de chitosane et d'HE. La présence de
thymol ou d'huile d'arbre a thé a permis de réduire le développement de moisissures sur des
oranges. Les auteurs ont comparé l'effet de ces enrobages selon leur utilisation a des fins
préventives ou curatives. Les résultats ont montré que la présence de I'enrobage a provoqué un
ralentissement de la croissance des moisissures au cours du temps. L'HE de thym a présenté le
meilleur effet préventif alors que I'huile d'arbre a thé est plus efficace pour un traitement curatif.

Randazzo et al. (2016) ont préparé des films d'emballage a base de chitosane ou de MC, et
contenant de I'HE de citron. Les résultats obtenus ont démontré un effet antimicrobien in vitro
contre L. monocytogenes. Les films de chitosane contenant I'HE de citron ont induit un meilleur
effet antimicrobien, ce qui serait d0 aux propriétés antimicrobiennes du chitosane. Les auteurs
suggeérent également que l'entreposage a basse température favoriserait la diffusion des HE a
travers les membranes bactériennes, menant ainsi a un effet antimicrobien plus important.
Cette étude indique également qu'une bonne incorporation des composés bioactifs dans la
matrice polymérique réduirait le taux de diffusion des antimicrobiens, permettant donc la

présence d'un effet a plus long terme.

Das et al. (2013) ont utilisé I'amidon comme matrice de base pour la préparation de leur
enrobage. L'étude a montré que ces enrobages agissaient en tant que barriére physique face
aux micro-organismes mais qu'ils ne possédaient pas de propriétés antimicrobiennes. En
revanche, leur utilisation a permis de réduire la maturation des tomates et les changements de
couleur ont été retardés. Les auteurs attribuent cet effet a la présence d'extrait de thé vert qui,

grace a ses effets antioxydants, limiterait I'accumulation de caroténoides.

Mei et al. (2002) ont introduit de la vitamine E ou du calcium dans une matrice de gomme
xanthane pour un usage sur des carottes. lIs ont observé une réduction de la décoloration en
présence de l'enrobage. Les auteurs proposent deux effets pour expliquer ces observations. La
décoloration des carottes étant due a une déshydratation, I'enrobage agirait comme une couche
permettant d'hydrater les carottes. L'enrobage pourrait également combler les abrasions
causées lors de la transformation alimentaire, permettre une certaine rétention de l'eau,

présente sous forme d'humidité, et ainsi hydrater les fruits et Iégumes.
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L'enrobage de MC développé par Maftoonazad et al. (2005) a permis d'augmenter la durée de
vie d'avocats. En effet, les auteurs ont observé que I'enrobage avec de la MC permettait de
ralentir le mQrissement en agissant comme une barriére physique face aux échanges gazeux,
allongeant ainsi la conservation des avocats a 10 jours au lieu de 6. Ces études montrent que
I'ajout de composés antimicrobiens permet de limiter le développement des micro-organismes
présents, réduisant les risques de contaminations (bactéries telles que L. monocytogenes) et
augmentant la durée de vie en réduisant les moisissures et/ou les bactéries naturellement
présentes dans les légumes. Egalement, la matrice polymérique agit comme une barriére et
réduit les échanges avec l'oxygene environnant. Cela a pour effet de diminuer les réactions
d'oxydation et donc de retarder les mécanismes aboutissant a des pertes de couleur et de
fermeté. L'enrobage joue aussi un rble quant a la déshydratation des fruits et légumes.
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Tableau 1.3 Exemple de matrices utilisées pour améliorer la qualité des fruits et [égumes

Matrices Composés bioactifs | Type de film | Aliments Effets Références
Gellane Glycérol Enrobage Pomme Amélioration de la résistance a | Rojas-Grau et al.
N-acétylcystéine (épaisseur de leau (2007)
Glutathion 155 nm) Maintien de la couleur pendant
48h
Alginate Acide ascorbique Enrobage Fraise Maintien de la couleur et de la | Guerreiro et al.
Citral fermeté (2015)
Eugénol Actlv'lte antioxydante  plus
élevée
Effet antimicrobien contre les
levures/moisissures et les
micro-organismes mésophiles
Chitosane Huile essentielle de | Enrobage Orange Réduction des moisissures Chafer et al. (2012)
bergamote Pas de changement majeur de
Thymol la qualité des fruits
Huile d'arbre a thé
Chitosane ou | Huile essentielle de | Emballage (Tests Fort effet antimicrobien contre | Randazzo et al.
méthylcellulose citron réalisés in | L. monocytogenes (2016)
vitro)
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Suite du Tableau 1.3

Amidon Extrait de thé vert Enrobage Tomate Réduction de la perte de masse | Das et al. (2013)
(épaisseur de Changements de couleur plus
0.05 nm) tardifs
Pas d'effet antimicrobien
Xanthane Vitamine E Enrobage Carotte Contréle de la déshydratation et | Mei et al. (2002)
Calcium de la décoloration
Pas de modification des
propriétés organoleptiques
Méthylcellulose (Aucun composé | Enrobage Avocat Réduction de la respiration, des | Maftoonazad et al.
bioactif) changements de couleur (2005)

Maintien de la fermeté

Augmentation de la durée de
vie

44




1.5.3 Libération des composés bioactifs

La formation de films bioactifs implique souvent I'immobilisation d'agents hydrophobes dans une
matrice hydrophile. Il est ainsi important de stabiliser cette suspension dans le but d'obtenir par
la suite les meilleurs effets. Pour cela, il est nécessaire de former une émulsion dite "huile dans
eau", correspondant a la dispersion d'une phase huileuse, sous forme de gouttelettes, dans une
phase aqueuse (McClements et al., 2007, Perrier-Cornet et al., 2005). Cela permet par la méme
occasion d'avoir une suspension uniforme. Cette stabilisation des composés bioactifs permet

ainsi d'avoir une libération continue et contrdlée au cours du temps.

Le suivi de I'évolution de la teneur en composés bioactifs permet d'avoir une estimation de la
libération de ces composés et d'optimiser, si nécessaire, leurs effets biologiques. Une étape
d'extraction est bien souvent nécessaire et aboutit a I'obtention d'une solution contenant les
composés bioactifs a I'étude. Ainsi, les composés phénoliques, a lorigine de leffet
antimicrobien des HE, peuvent étre dosés grace a la méthode de Folin-Ciocalteu. Dans sa
revue, Gilgin (2012) expligue de maniéere détaillée le dosage des composés phénoliques par le
réactif de Folin-Ciocalteu. Ce réactif, un mélange de phosphomolybdate et de phosphotungstate
en solution basique, permet d'oxyder les phénols. L'espéce O,-" nouvellement formée va réagir
avec le molybdate, aboutissant a la formation d'oxyde de molybdene. Ce composé a une
absorbance tres élevée a une longueur d'onde de 750 nm. Cependant, toujours selon Gulgin
(2012), le réactif de Folin-Ciocalteu va également réagir avec toute espéce réductrice présente
dans I'échantillon. Bien que précise, cette méthode n'est donc spécifigue qu'en l'absence
d'autres composés réducteurs. De plus, comme toute technique nécessitant une extraction, le

dosage des composés phénoliques est une méthode destructrice.

La spectroscopie infrarouge est une technique utilisée pour l'identification et la caractérisation
de structures chimiques. Dans leur chapitre de livre, Davis et al. (2010) ont expliqué les
principes de base de la spectroscopie. Un rayonnement infrarouge, dont les longueurs d'onde
sont comprises entre 4000 et 400 cm™, est envoyé & travers I'échantillon et I'absorption d'une
partie de ce rayonnement va provoquer des vibrations au niveau des liaisons chimiques. Ces
vibrations peuvent étre des élongations (allongement de la liaison entre deux atomes) ou des
déformations (modification de I'angle entre deux liaisons). Le faisceau infrarouge est par la suite
renvoyé sur un détecteur qui va transformer les informations recues en signal électrique. Une
opération mathématique, appelée "transformée de Fourier”, va étre appliquée et le signal va

devenir un spectre FTIR. Dépendamment de son environnement, une structure chimique peut
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subir plusieurs vibrations, ce qui se reflétera sur le spectre par la présence de plusieurs bandes
a différentes longueurs d'onde. La zone située entre 1600 et 600 cm™ correspond & "l'empreinte
digitale", c'est-a-dire que cette zone est spécifique d'une molécule. Un des avantages de
l'utilisation du FTIR est qu'il s'agit d'une méthode non-destructrice et que les échantillons

analysés peuvent étre récupérés par la suite.

Ainsi, Martins et al. (2012) ont utilisé la spectroscopie FTIR pour caractériser des films a base
d'un mélange de carraghénine et de gomme de caroube. lls se sont intéressés aux
changements visibles dans la région 1300-750 cm™ du spectre FTIR. lls ont montré que l'ajout
de gomme de caroube induisait une diminution de l'intensité de certaines bandes spécifiques de
la carraghénine entre 1295 et 1204 cm™. Egalement, le déplacement de certaines bandes
caractéristigues permet d'établir les interactions entre les groupements chimiques. Ainsi, les
auteurs relient le déplacement d'une bande de 1162 & 1151 cm™ & des ponts hydrogénes entre
les groupements OH de la gomme de caroube et la carraghénine. Martinez-Abad et al. (2013)
ont utilisé le FTIR pour caractériser des films antimicrobiens. lls ont identifié les bandes
spécifiques du cinnamaldéhyde et ont montré qu'il était possible d'en suivre la libération aprés
incorporation dans des films de polycaprolactone (PCL). Cette étude a ainsi montré que le
cinnamaldéhyde était en majorité libéré pendant les dix premiéres heures suivant son

introduction et que la teneur en composés bioactifs était stable aprés 24h.

1.6 Combinaison de traitements

1.6.1 Combinaison avec l'irradiation gamma

L'utilisation de composés bioactifs en combinaison avec lirradiation y devrait permettre de
fragiliser les bactéries et de les rendre ainsi plus sensibles au traitement d'irradiation. Plusieurs
études portant sur ces combinaisons de traitements ont permis de réduire les doses
d'irradiation utilisées tout en obtenant de bons effets antimicrobiens. Chiasson et al. (2004) ont
étudié l'effet de plusieurs composés bioactifs en combinaison avec l'irradiation y sur de la
viande contaminée par E. coli. Les auteurs ont montré que la sensibilité relative de E. coli a
l'irradiation y était augmentée de 2.2 fois en présence de carvacrol. Ainsi, la Do, dose
d'irradiation permettant de réduire la charge microbienne de 1 log UFC/g, est passée de 0.126

kGy pour le groupe non traité a 0.057 kGy en présence de carvacrol. Une autre étude de
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Chiasson et al. (2005) a montré que la sensibilité de S. Typhimurium était également
augmentée de 2 fois en présence de carvacrol. Cependant, la conservation sous atmosphére
modifiée n'a pas eu d'effet sur la sensibilité d'E. coli alors que celle de S. Typhimurium a

augmenté de 4.2 fois.

Une autre étude, portant sur l'effet du trans-cinnamaldéhyde combiné a lirradiation y, a été
effectuée sur de la viande (Ayari et al., 2012). L'irradiation a 3 kGy a permis de réduire la
population bactérienne d'environ 1 log UFC/g pendant une durée de 14 jours. La présence de
trans-cinnamaldéhyde en combinaison avec lirradiation y a induit un effet antimicrobien plus
important avec une réduction de 2 log UFC/g. Selon les auteurs, l'altération de la perméabilité
membranaire ainsi que les dommages créés a I'ADN par lirradiation y favoriseraient l'effet
antimicrobien des composés bioactifs, provoquant ainsi une inhibition de la croissance

bactérienne.

Takala et al. (2011) ont préparé un enrobage a base de MC contenant des acides organiques et
un extrait de citrus. lls ont étudié la croissance d'E. coli et L. monocytogenes sur des brocolis
traités avec l'enrobage antimicrobien suivi de l'irradiation y. Les résultats obtenus ont montré
gue la sensibilité des bactéries était augmentée lorsque les brocolis étaient traités avec
I'enrobage antimicrobien. Les auteurs ont également montré qu'E. coli était plus sensible que L.
monocytogenes, ce qui s'explique par la différence de structure au niveau de la membrane des
bactéries (Gram positif vs Gram négatif). Plus récemment, Severino et al. (2014b) ont étudié
l'effet d'un enrobage a base de chitosane et d'HE de mandarine en combinaison avec
l'irradiation y sur L. monocytogenes. Les résultats ont montré une diminution de 1 log UFC/g au
jour O par rapport au groupe non traité. Les auteurs ont également souligné un effet
antimicrobien présent tout au long de la conservation puisque la croissance bactérienne était

limitée et bien inférieure au groupe non traité (2.7 et 5.3 log UFC/g respectivement).

1.6.2 Combinaison avec I'ozone

A ce jour, les recherches sur les combinaisons de traitements avec l'ozone gazeux sont peu
nombreuses. Fan et al. (2002) ont étudié les interactions entre I'ozone gazeux et les ions
négatifs. lls ont ainsi montré que la combinaison entre les deux traitements était plus efficace
gue chaque traitement appliqué séparément, et qu'elle permettait d'inhiber totalement trois

souches de bactéries en moins de 24h. En revanche, I'utilisation de I'ozone dans I'eau est bien
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répandue et beaucoup d'auteurs ont dirigé leurs recherches sur ce traitement. Ainsi, Selma et
al. (2008) ont évalué l'effet de I'eau ozonée (3 ppm) et des UV-C sur des oignons inoculés avec
des coliformes. Le traitement par UV-C a permis des réductions de 1.4 et 2.4 log UFC/g qui ont
été observées aprés 20 min et 1h respectivement. Des diminutions respectives de 2.7 et 4.0 log
UFC/g ont également été observées aprés traitement a I'eau ozonée pendant ces mémes
temps. Par contre, la combinaison de ces deux traitements a induit des réductions de 4.0 et 4.8
log UFC/g aprés 20 min et 1h respectivement. L’association des deux traitements a ainsi permis
de diminuer la croissance bactérienne de maniére plus importante qu'en appliquant un seul
traitement pour une méme durée. Rong et al. (2010) ont évalué I'effet de la combinaison de
traitements a base d’ozone et de chitosane. Des huitres ont été trempées dans de 'eau ozonée
pendant 2 min puis dans un enrobage a base de chitosane pendant 10 min. Les résultats ont
montré que le lavage a l'eau ozonée et I'enrobage ont permis d'augmenter la durée de
conservation de 2 et 6 jours respectivement. La combinaison de ces deux traitements a plus
gue doublé le temps de conservation, qui est passé de 8 jours pour un échantillon non traité a

20 jours pour un échantillon ayant subi la combinaison eau ozonée + enrobage.

Plus récemment, Severino et al. (2014a) ont également testé I'eau ozonée combinée a un
enrobage a base de chitosane contenant des HE de mandarine. Il a été montré que cette
combinaison induisait une réduction de la population de Listeria et que celle-ci était présente
tout au long de la conservation (15 jours). Par contre, les résultats obtenus ont montré que
I'enrobage seul était plus efficace que la combinaison des deux traitements. Les auteurs n'ont
pu expliqué cette observation mais il est possible que l'enrobage appliqué joue également un

réle protecteur vis-a-vis des effets oxydants de I'ozone.
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1.7 But, hypotheses et objectifs

171 But

Cette étude a comme but de développer deux systémes polymériques a base de composés
naturels permettant d'assurer l'innocuité, de maintenir les qualités physico-chimiques et
organoleptiques des légumes préts a manger et de vérifier I'effet de la combinaison de
traitements sur I'élimination des bactéries. Le chou-fleur et le brocoli ont été sélectionnés
comme aliments d'étude. Ces légumes se retrouvent parmi les plus vendeurs au Québec,
totalisant plus de 38 millions de dollars en 2009 (Observatoire horticole, 2011). Cependant, les
micro-organismes peuvent facilement se loger dans les interstices entourant les fleurets et ainsi
étre hors d'atteinte des produits de désinfection. Ces légumes deviennent donc deux modéles
d'étude intéressants car un film efficace sur ceux-ci devrait induire des résultats similaires ou

meilleurs sur les légumes présentant des surfaces lisses.

1.7.2 Hypothéses

Le pouvoir antimicrobien des HE est particulierement intéressant. Cependant, l'utilisation des
HE pures peut modifier l'odeur et/ou le golt des aliments. Il est donc habituel de les diluer avant
usage. La présence de tensioactifs devient alors nécessaire pour obtenir une stabilité de ce
mélange huile/eau et éviter une séparation de phase. La formation d'émulsions permet

également de mieux disperser I'huile dans I'eau par la formation de gouttelettes.

Les légumes ayant une durée de vie de plusieurs jours, il est également important de s'assurer
gue les composés antimicrobiens soient présents et diffusent tout au long de la conservation.
De nombreuses matrices comestibles permettent d'emprisonner différents composés bioactifs,

ralentissant ainsi leur dégradation ou leur dispersion.

Enfin, il est possible d'utiliser les HE pour fragiliser les micro-organismes. Ceux-ci peuvent par
la suite étre éliminés par l'ajout d'un autre traitement antimicrobien. Cette combinaison permet
également d'utiliser des doses et/ou concentrations inférieures aux limites maximales

autorisées par les agences de santé.
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Ainsi, les hypothéses suivantes sont poseées :

1. La mise au point d'émulsions stabilisera les molécules bioactives et améliorera leur efficacité

antimicrobienne.

2. L'immobilisation des émulsions dans des polymeres protégera la bioactivité des

antimicrobiens et permettra une libération contrélée au cours du temps.

3. La combinaison de traitements permettra de diminuer les doses nécessaires pour réduire les

bactéries hétérotrophes et éliminer les bactéries pathogéenes.

1.7.3 Objectifs spécifiques

Les trois objectifs spécifiques suivants ont été fixés afin de répondre au but du projet et de
valider les hypothéses :

Objectif 1 : Développer un film d'emballage bioactif et caractériser la libération des composés
bioactifs.

Objectif 2 : Développer un enrobage antimicrobien et caractériser son effet antimicrobien in vitro
et in situ. Evaluer les propriétés organoleptiques et les qualités physico-chimiques de choux-

fleurs pré-coupés enrobés.

Obijectif 3 : Evaluer l'effet antimicrobien de I'enrobage en combinaison avec l'irradiation y ou

avec l'ionisation/ozonation de I'air pendant un entreposage de 7 jours.

1.7.4 Moyens pour atteindre les objectifs

Objectif 1 : Le suivi de la libération des composés bioactifs immobilisés dans un film
d'emballage a été réalisé selon deux méthodes. D'abord, la quantification a été faite par dosage
des composés phénoliques afin d'établir un profil de libération (méthode traditionnelle). Les
films ont également été analysés par spectroscopie infra-rouge a transformée de Fourier (FTIR)
afin d'identifier les bandes spécifiques des composés bioactifs et de suivre leur évolution dans
le temps (méthode innovante). Les propriétés physico-chimiques des films ont également été
déterminées par des mesures de colorimétrie, d'élasticité et de résistance a la traction. L'effet

antimicrobien des films a été vérifié in vitro sur gélose et in situ sur des brocolis pré-coupés.
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Objectif 2 : L'effet antimicrobien in vitro de l'enrobage a été caractérisé par une méthode
permettant de déterminer la concentration minimale inhibitrice (CMI). Les propriétés
organoleptiques des choux-fleurs enrobés ont été évaluées grace a une analyse sensorielle
selon une échelle hédonique en 9 points. Enfin, la qualité des Iégumes a été déterminée suite a
I'évaluation du taux de respiration ainsi qu'aux changements de couleur et de texture pendant
I'entreposage.

Objectif 3 : L'enrobage a été combiné a lirradiation y ou a l'ionisation/ozonation de l'air. Les
propriétés antimicrobiennes contre L. innocua, E. coli et les bactéries hétérotrophes ont été
évaluées par des analyses microbiologiques effectuées tout au long de la conservation des
légumes.
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2.1 Contribution des auteurs

J'ai préparé le plan expérimental, mis au point puis réalisé toutes les expériences de cette
étude. J'ai également rédigé la publication scientifique. Emilie Klimas et Pamphile O. Tawema
m'ont aidé a la préparation du matériel et a la réalisation des expériences. Stéphane Salmieri a
participé a |'élaboration des protocoles et aux discussions scientifiques. Jean Bouchard a
participé a la révision de la publication. La Pre Monique Lacroix était la responsable scientifique
et la coordinatrice du projet de recherche. Elle a supervisé I'élaboration des protocoles,
participé aux discussions scientifiques et révisé cet article.

2.2 Résumé en francais

Des films de diffusion antimicrobiens en trois couches (ADF) ont été développés pour des
applications alimentaires. Les ADFs étaient composées de deux couches externes de
polycaprolactone (PCL) et d'une couche interne composée d'une matrice de nanocellulose
(NCC) et de méthylcellulose (MC). Deux mélanges antimicrobiens (formulations A et B) ont été
incorporés dans la couche interne de MC puis comparés par évaluation des propriétés du film.
Les ADFs obtenus ont été insérés comme "patch" de diffusion dans des emballages contenant
des légumes et les échantillons ont été conservés a 4 °C pendant 14 jours. Des tests de
diffusion microbiologiques en présence des ADFs ont été effectués avec des bactéries
pathogéenes. L'étude a ensuite porté sur la caractérisation des propriétés physico-chimiques,
structurelles et la libération des phénols totaux depuis les ADFs vers I'emballage. La libération
des phénols totaux a été déterminée par la méthode de Folin-Ciocalteu et par analyse FTIR.
Les résultats ont indiqué une libération controlée des agents antimicrobiens dans I'emballage
(16.5% pour la formulation A et 13.4% pour la formulation B). Une bonne corrélation (= 90%)
entre les deux méthodes a permis de mettre au point une méthode FTIR innovante, précise et
rapide permettant de quantifier la diffusion des phénols totaux. La microscopie électronique a
balayage a montré une structure fibrillaire due a la NCC et un réseau plus compact d0 aux
antimicrobiens. Les formulations antimicrobiennes encapsulées ont induit des changements de
couleur sans pour autant affecter I'attribut visuel des films. Les ADFs contenant la formulation B

ont présenté la plus haute résistance a la traction (17.3 MPa) pendant la conservation.
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2.3 Abstract

Novel trilayer antimicrobial diffusion films (ADFs) were developed for food applications. ADFs
were composed of two external layers of polycaprolactone and one internal layer of
nanocellulose (NCC)-reinforced methylcellulose (MC) matrix. Two antimicrobial mixtures
(formulations A and B) were incorporated in MC layer and compared via the evaluation of film
properties. Resulting ADFs were inserted as diffusion devices into vegetables packages and
samples were stored at 4°C for 14 days. Microbiological diffusion assays in presence of ADFs
were performed on pathogenic bacteria. From this, the study focused on characterizing the
structural, physicochemical properties and total phenols (TP) release from ADFs. This TP
release was determined by Folin-Ciocalteu’s method and by FTIR analysis. Results indicated a
controlled release of antimicrobials into headspace (16.5% for formulation A and 13.4% for B).
Good correlations (> 90%) between both methods allowed validating an innovative, accurate,
rapid FTIR procedure to quantify the diffusion of TP. SEM micrographs showed fibrillar structure
due to NCC and a more compact network due to antimicrobials. Encapsulated antimicrobial
formulations induced color changes without affecting visual attributes of films. ADFs containing

formulation B exhibited the highest tensile strength (17.3 MPa) over storage.

Keywords: Antimicrobial film, diffusion, methylcellulose, polycaprolactone, nanocrystalline

cellulose, composite.
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2.4 Introduction

Recently, food-borne microbial outbreaks have generated many research programs for the
development of innovative methods to inhibit microbial growth in foods while maintaining quality,
freshness and safety (Devlieghere et al., 2004, Matthews et al., 2010). In this context, the
addition of functional antimicrobial ingredients in food presents many perspectives, particularly
by focusing on i) the stability of antimicrobial compounds during processing and storage and ii)
the need to prevent undesirable sensorial interactions with food matrix. Therefore, the
encapsulation of antimicrobial ingredients in polymer could help to solve these two concerns
(Dehkharghanian et al., 2009, Han et al., 2008).

Essential oils (EOs), secondary metabolites of plants, are complex mixtures of volatile
substances. They contain large amounts of active compounds such as phenolic acids and
flavonoids, which provide strong antimicrobial or antioxidant properties and low toxicity
compared with those from synthetic phenolic antioxidants, such as BHT (butylated
hydroxytoluene) (Caillet et al., 2006b, Conner, D. E. et al., 1984, Oussalah et al., 2004). These
remarkable properties induce these natural agents to be used as alternative food preservatives
(Conner, D.E., 1993). However, due to their high relative volatility and thereby the difficulty to
control their release into food products, the use of EOs may not be fully effective when directly
applied on food. Their encapsulation in a polymeric matrix such as packaging films, edible
coatings or diffusion films could provide an alternative issue in order to ensure their stability in
such a way that only desired levels of the preservatives diffuse progressively and come into
contact with the food (Dehkharghanian et al., 2009, Oussalah et al., 2004, Oussalah et al.,
2006b, Oussalah et al., 2007, Takala et al., 2011, Vu et al., 2011). Previous studies showed that
the incorporation of essential oils in alginate-based films could provide a reduction of the

bacterial load up to five days due to the liberation of antimicrobial compounds.

Polycaprolactone (PCL) is a semicrystalline biodegradable polyester providing good water
resistance and good processability (Yoshii et al., 2000). It can be used to produce
biodegradable water-resistant films, compatible with various polymer blends (Goupil, 1996,
Kohn et al.,, 1996, Lewis et al.,, 1997) and therefore provides excellent properties for patch
applications in humid environments. Methylcellulose (MC) is a cellulose ether which has been
widely used for many years in industry to produce gels and fine chemicals in pharmaceuticals,

foods, paints and cosmetics (Khan et al., 2010b). Nanocrystalline cellulose (NCC) is another
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cellulose derivative which particles have a diameter of 2-20 nm and a length of a few hundred
nanometers. The network created within the matrix provides mechanical reinforcement into
polymer bulk (Favier et al.,, 1995). Some studies have reported that NCC can increase the
stability of encapsulated antimicrobial agents into film matrices (Azeredo et al., 2010, Khan et
al., 2010b, Klemm et al., 2009, Klemm et al., 2006).

The aim of the present study was to characterize trilayer antimicrobial diffusion films (ADFs)
composed of PCL/MC/PCL. Natural antimicrobial agents (formulations A and B) were
incorporated into internal MC based-films. A preliminary antimicrobial assay was performed
against Escherichia coli O157:H7, Salmonella Typhimurium and Listeria monocytogenes to
evaluate in vitro antimicrobial properties of ADFs. Films were also introduced in packages
containing pre-cut vegetables and stored for 14 days at 4°C. The molecular structure of ADFs
was revealed by Fourier transform infrared (FTIR) spectroscopy and their cross-section
morphology was investigated by scanning electron microscopy (SEM). The total phenolic (TP)
volatiles release was evaluated by Folin-Ciocalteu’s method but also by FTIR analysis, via semi-
guantification of encapsulated antimicrobials, for correlations purposes. Colorimetric parameters

and mechanical properties of ADFs were measured to determine their variations over storage.

The innovation of this work consists in the development of trilayer diffusion films containing
natural antimicrobials for direct application on vegetables. The second aspect is the
determination of the percentage of bioactive compounds released from the films over storage by
fast FTIR method.

2.5 Experimental section

25.1 Materials

2.5.1.1 Antimicrobial formulations

EOs mixtures (formulations A and B) were provided from BSA Ingredients s.e.c./l.p. (Montreal,

Quebec, Canada). Liquid smoke, composed of a mixture of organic acids, was from Kerry
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Ingredients and Flavours (Monterrey, TN, USA). Rosemary extract was from P.L. Thomas and
Co., Inc. (Morristown, NJ, USA).

2.5.1.2 Film ingredients

MC (Mn ~ 40,000; viscosity 400 cP, 2% in water at 20°C) and PCL (Mn ~ 80,000) were from
Sigma-Aldrich Canada Ltd (Oakville, ON, Canada). Nanocrystalline cellulose (NCC) was
provided by FPInnovations (Pointe Claire, QC, Canada). Glycerol, used as a plasticizer, and
Tween®80, as an emulsifier, were purchased from Laboratoire Mat (Beauport, QC, Canada).
Vegetable oil (VO) was used as a hydrophobic agent in film-formation process in order to
stabilize hydrophobic compounds via emulsion systems and was bought in a local distributor

(Metro, Laval, Quebec, Canada).

2.5.1.3 Reagents

Sodium carbonate (monohydrate), Folin-Ciocalteu’s phenol reagent and gallic acid were from
Sigma-Aldrich Canada Ltd (Oakville, ON, Canada).

25.2 Methods

2.5.2.1 Preparation of PCL films (external layers)

PCL compressed films were prepared by compression molding, according to a procedure
developed by Sharmin et al. (2012).
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2.5.2.2 Preparation of MC-based films (antimicrobial internal layer)

(i) Preparation of NCC suspension

A 2% (w/v) NCC aqueous suspension was prepared under stirring before sonication at room
temperature for 30 min, using a sonicator bath Branson DHA-1000 (Branson Ultrasonics
Corporation, Danbury, CT, USA) at a frequency of 40 kHz. Tween® 80 was then added under

stirring at room temperature.

(i) Dispersion of antimicrobials in the NCC suspension

EOs were added to the NCC suspension along with the liquid smoke. Rosemary extract was
solubilized in water, at 40°C under stirring, then added to the former suspension. The solutions
containing the antimicrobial agents were then mixed with the NCC suspension under stirring, for
5 min at room temperature. The resulting antimicrobial suspensions were then homogenized at
room temperature, using a digital Ultra-Turrax T25 disperser (IKA® Works Inc., Wilmington, NC,
USA), at 20,000 rpm for 1min.

(i) Preparation of antimicrobial MC matrix

MC was solubilized in distilled water, under stirring at 40°C (for pre-gelatinization) and was then
cooled in an ice bath to ensure complete solubilization. Then, VO and glycerol were added to
the MC suspension and the mixture was stirred strongly for 10 min at room temperature. The
NCC suspension (containing antimicrobials) was slowly added to the MC suspension, under
strong stirring. Composite films were cast by applying 15 mL of the film-forming suspension onto
Petri dishes (95 x 15 mm; Fisher Scientific, Ottawa, ON, Canada) and allowed to dry i) for 2 h at
40°C and ii) for 24 h at 20°C. Otherwise, for comparison purposes, MC-based films containing
formulations A and B were assigned to MC-A and MC-B respectively whereas MC-based films

containing no antimicrobials were designated as MC-control.
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2.5.2.3 Preparation of ADFs as trilayer composites PCL/MC/PCL

Trilayer composite films were fabricated similarly to the compression molding process of PCL
films described above. This compression molding step was used to form insoluble films. Each
internal and external film weighed around 500 mg. Compression molding was operated at
120°C for 1 min without compression, then with 1 ton pressure for 1 min before cooling for 2
min. PCL/MC/PCL trilayer films (namely ADF; thickness ~ 225-280 um) were collected and used
immediately for testing. For comparison purposes, ADFs containing formulations A and B were
assigned to ADF-A and ADF-B respectively while ADFs containing no antimicrobial were
designated as ADF-control.

2.5.2.4 Evaluation of the antimicrobial properties of films

(i) Preparation of bacterial strains

Escherichia coli 0157:H7 EDL 933 (INRS-Institut Armand Frappier, Laval, QC, Canada),
Salmonella Typhimurium SL1344 (INRS-Institut Armand-Frappier) and Listeria monocytogenes
2812 1/2a (Health Canada, St-Hyacinthe, QC, Canada) were maintained at — 80°C in Tryptic
Soy Broth (TSB, Difco Laboratories, Detroit, MI, USA) containing 10% glycerol. Prior to the
experiment, stock cultures were propagated through two consecutive 24 h growth cycles in TSB

at 37°C to obtain working cultures containing approximately 10° CFU/mL.

(i) Antimicrobial assay of pathogenic bacteria

The antimicrobial activity of MC-based films was evaluated according to a modified procedure
used by Rojas-Grau et al. (2006). Films were cut into 7.5 mm diameter disks and were placed
on Mueller Hinton (Oxoid Ltd, Basingstoke, England) previously streaked with a solution

containing 10° CFU/mL of bacteria.
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2.5.25 Treatments of vegetables with ADFs

ADFs were inserted into high barrier packaging bags (Deli One, 3 mil nylon/EvOH/polyethylene,
8 x 10; Winpak Division Ltd, Montreal, QC, Canada) containing vegetable (100 g) and sealed
under air. Sealed packages were then stored immediately at 4°C for physicochemical analysis
of films during 14 days of storage.

25.2.6 TP release of antimicrobial compounds

(i) Determination by spectrophotometry

The availability of total phenols (TP) in ADF-A and ADF-B was determined using Folin-
Ciocalteu’s procedure, according to a modified method developed by Salmieri and Lacroix
(Salmieri et al., 2006).

The concentration of TP was determined according to the following equation:

((AADF-A or-B — AADE—control) + b) X V

TP (ug GAE/film) = 2 X Manra ooz
_Aor—

where:

AADF-A or—B or—control = Absorbance of ADF-A or -B or -control.
V = volume of extract.

Mapr-aor—B = Mass of ADF-A or -B extracted.

a = slope of the standard curve

b = Y-intercept of the standard curve.

TP release was deduced from TP availability in film, according to the equation:
TP
TP release (%) = (1 — —) x 100
TP,

where TP, is the initial concentration of TP in films at Day 0.
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A 2 periods-moving average regression was used to represent the TP release of antimicrobials
from ADF-A and -B in order to smooth out short-term variations and highlight long-term trends

over storage, via periodic extrapolation.

(ii) Determination by ATR-FTIR spectroscopy

FTIR spectra of the films were recorded using a Spectrum One spectrophotometer (Perkin-
Elmer, Woodbridge, ON, Canada) equipped with an attenuated total reflectance (ATR) device
for solids analysis and a high-linearity lithium tantalate (HLLT) detector. Spectra were analyzed
using Spectrum® 6.3.5 software. Film components, PCL/MC/PCL trilayer films and MC-based
films (internal layer), were analyzed for structural characterization and for evaluating the
available content of TP in ADFs during storage. Samples were placed onto a zinc selenide
crystal and the analysis was performed within the spectral region of 650-4000 cm™, with 64
scans recorded at 4 cm™ resolution. After attenuation of total reflectance and baseline
correction, spectra were normalized with a limit ordinate of 1.5 absorbance units. Hence,
resulting FTIR spectra were compared i) to identify typical vibration bands related to film
components but also ii) to attribute vibration bands assigned to antimicrobial components
specifically and their respective peak intensities for estimation of the TP release. Peak
absorbance was measured for MC-A and MC-B during storage by determining the height of
peaks (with MC-control as a blank) with Spectrum® software. Finally, data obtained by Folin-
Ciocalteu’s method and by FTIR were compiled and mathematical correlations were performed
between absorbance of FTIR peaks related to antimicrobial volatiles and TP measurements in
order to validate the feasibility of FTIR analysis to evaluate the TP release of antimicrobial

compounds from ADFs.

(iii) Scanning Electron Microscopy Analysis (SEM)

SEM was used to investigate the effect of NCC and antimicrobial incorporation on the cross-
section morphology of MC internal layers. MC layers were prepared for SEM using freeze
fracture technique by allowing a MC piece (5 x 5 mm) to equilibrate under liquid nitrogen. Film
samples were then fractured in the liquid nitrogen held between tweezers. Samples were then
deposited on an aluminum holder and sputtered with gold-palladium alloy (Au/Pd deposition rate
of 30 s equivalent to a coating thickness of 50 A) in a Hummer IV sputter coater. SEM

photographs were taken using a Hitachi S-4700 FEG-SEM (Hitachi Canada Ltd., Mississauga,
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ON, Canada) at a magnification of 40,000 x and 100,000 x at room temperature and a X-ray
detector (model 7200, Oxford Instruments, Abingdon, UK) with a resolution of 1.36 eV at 5.9
keV. The working distance was maintained around 8 mm, and the acceleration voltage used
was 2 kV.

2.5.2.7 Physicochemical properties of films

(i) Colorimetry of films

Color of the films was measured using a Colormet® with flat window (Instrumar Engineering Ltd,
St. Johns, NF, Canada). Measurements of spectral reflectance were performed directly onto the
film surface (viewing area: 10 x 20 mm). The L*, a*, b* system (CIELAB) was employed, L* axis
represents the lightness from black (L* = 0) to absolute white (L* = 100), a* axis varies from
green (-) to red (+) and b* axis from blue (-) to yellow (+). In order to characterize more precisely
the color of ADFs, hue angle (hue = Arctan (b*/a*) if a* > 0 and hue = Arctan (b*/a*) + 180° if a*
< 0) was determined to indicate color changes between a* (green color) and the intersection of

a* and b*, from green (hue = 0°) to yellow color (hue = 90°).

(i) Mechanical properties of films

Tensile strength (TS) and tensile modulus (TM) were measured according to the method
developed by Khan et al. (2010b).

2.5.2.8 Experimental design and statistical analysis

Samples were separated into 3 groups: (i) ADF-control; (i) ADF-A; (i) ADF-B. All
measurements were performed in triplicate (n = 3). FTIR, TP measurements and determination
of mechanical properties were done using a 2 x 3 x 3 x 7 factorial design: 2 repetitions, 3
replicates, 3 treatments (ADF, ADF-A, ADF-B), 7 days of storage (0, 1, 2, 6, 8, 10 and 13). SEM
was performed at Day O (day of fabrication) in order to characterize films after compression
molding. Color measurements were realized according to a 3 x 3 x 3 factorial design: 3

replicates, 3 treatments, 3 days of storage (0, 6 and 13). Analysis of variance, Duncan’s
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multiple-range test and Student t test were performed for statistical analysis by using PASW
Statistics 18.0 software (IBM Corporation, Somers, NY, USA). Differences between means were

considered to be significant at a 5% level.

2.6 Results and discussion

2.6.1 Antimicrobial assay

Antibacterial activity of internal films from ADFs is shown in Table 2.1 and illustrated in Fig. 2.1.
MC-control did not inhibit any growth of tested pathogenic bacteria. Notable inhibitory zones
were detected for MC-A and -B against E. coli, S. Typhimurium and L. monocytogenes. Results
showed no significant difference (p > 0.05) between MC-A and -B for each bacteria (10.7-12.8
mm for MC-A and 11.5-13.6 mm for MC-B), suggesting that both antimicrobial films had similar
inhibitory efficiency. Also, MC-A and -B induced similar inhibitory zones against L.
monocytogenes and E. coli (p > 0.05), with diameter values around 10.7-10.8 mm for MC-A and
11.5 mm for MC-B. Besides, both films generated significant larger inhibitory areas (p < 0.05)
against S. Typhimurium as compared to other bacteria, with values comprised between 12.8
and 13.6 mm (Fig. 2.1). Such observations of high efficiency of antimicrobials against Gram-
negative bacteria were reported by Jin et al. (2008) and L6pez et al. (2007), in relation with pH
and external conditions during storage. Although EOs are generally less efficient against Gram-
negative bacteria (due to a more resistant structure of their cell wall membrane), the authors
explained such unexpected results by the antimicrobial mechanism generated via the diffusion
of volatile compounds and their effectiveness from the film to the package headspace, in
relation with the concentration of antimicrobials in the closed atmosphere as a function of time
i.e. the difference of diffusion through the polymeric matrix. Oussalah et al. (2007) have
determined the minimum inhibitory concentrations (MIC) of several EOs on four pathogenic
bacteria, showing that the inhibition of bacteria depends on the concentration of EOs. They
indicated that the MIC on L. monocytogenes and E. coli can vary from two to four times the MIC
of S. Typhimurium. Those results are consistent with those obtained from the antimicrobial

assay.

64



Table 2.1 Antibacterial activity of ADFs against E. coli, L. monocytogenes and S. Typhimurium.

Inhibitory zone (mm) against pathogens®

Type of film
E. coli L. monocytogenes S. Typhimurium
ADF-control ND a,A ND a,A ND a,A
ADF-A 10.7+£0.5bA 10.8+ 0.3 bA 128+1.2b,B
ADF-B 115+ 04DbA 115+ 0.3bA 13.6+1.1b,B

¥Means followed by the same lowercase letter in each column are not significantly different at the 5% level. Means
followed by the same uppercase letter in each row are not significantly different at the 5% level. ND : Non-detectable
(no inhibitory zone detected).

Figure 2.1 Inhibitory zones of S. Typhimurium growth on a bacterial plate induced by trilayer ADF-
control, ADF-A and ADF-B.
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2.6.2 TP release by spectrophotometry

The availability of TP content of MC-A and MC-B internal layers during storage is presented in
Table 2.2 and their corresponding release is depicted in Fig. 2.2. The profiles of diffusion in Fig.
2.2 were designed mathematically according to a 2 periods-moving average regression in order
to smooth out short-term variations and highlight long-term trends over storage. The moving
average model is very useful to estimate the global trend of TP release by periodic
extrapolation. TP contents in MC-A and MC-B films at Day 0 were similar (68.3 and 68.2 ug
GAE/mg film for MC-A and MC-B respectively), as standardized initial TP concentration in films.
Overall, results show that both TP availability in MC-A and MC-B decreased continuously from
Day 0 to Day 13 with TP values ranging from 68.3 to 57.0 ug GAE/mg for MC-A and from 68.2
to 59.0 pg GAE/mg for MC-B. These values represent a diffusion of 21.2 and 14.0%
respectively for MC-A and MC-B films after 14 days of storage. Between Days 0-2, similar
releases of TP were observed in both films (p > 0.05), showing a value of 61.5-62.0 ug GAE/mg
of film at Day 2. The diffusion curve (Fig. 2.2) indicated a TP release at Day 2 of 8.7 and 6.8%
for MC-A and MC-B films respectively. These data generated slopes of 4.4 and 3.4% TP/day,
hence indicating a higher diffusion over this first sub-period. Between Days 2-8, TP releases of
ADF-A and ADF-B were significantly different (p < 0.05), showing releases of 19.0 and 10.2%
for ADF-A and ADF-B respectively at Day 8. These data generated slopes of 1.7 and 0.6%
TP/day suggesting a slower release during this second sub-period. Also, it can be observed that
the slowdown of ADF-B diffusion was emphasized with a plateau observed from Day 6 whereas
a plateau was noted at Day 10 for ADF-A. As a result, ADF-B films showed the lowest TP
release during all storage, which may represent an advantage for long term storage of food.
From these results, it could be hypothesized that chemical interactions between antimicrobials
and MC matrix could influence the TP release of antimicrobial volatiles, as suggested by
previous studies (LOpez et al., 2007). Hence, the different rates obtained for ADF-A and —B
could be related to the chemical nature and volatility of major phenolic components in
formulations A and B during diffusion process. Chemical interactions between bioactive
molecules and film components, and the resulting diffusion of volatiles, are described below in

FTIR analysis.

66



Table 2.2 Determination of total phenolics (TP) content in ADF-A and ADF-B during storage.

TP concentration (ug GAE/mg film)?

Films Days

0 1 2 6 8 10 13

68.3+49 633+51 615+43 534+52 57.2+46 506+7.9 °5/.0x47

ac
aE aDb aDb aB aC aA *
ADF-A

68.2+49 65.1+6.2 620+52 602+40 622+47 583+52 59.0+45

aD aC a,B b,AB b,B b,A b.A

ADF-B

®Means followed by the same lowercase letter in each column are not significantly different at the 5% level. Means
followed by the same uppercase letter in each row are not significantly different at the 5% level.

30

20

15
AADF-A

OADF-B

Diffusion rate of TP (%)

10 +

Days

Figure 2.2 Profile of diffusion of TP (%) from ADF-A and ADF-B according to a 2 periods-moving
average regression.
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2.6.3 FTIR analysis of ADFs

2.6.3.1 Analysis of ADFs in function of time

FTIR spectra of ADFs (composite trilayer films) at different days of storage, with spectrum
corresponding to Day 0, 6 and 13, are presented in Fig. 2.3. As shown in Table 2.3, the
absorption sharp peaks of spectrum at Day 0 (2950-2850 cm™, 1720 cm™ and 1180-1160 cm™)
are mainly assigned to IR vibrations of PCL (external layer of ADFs). The comparison of these 3
spectra allowed characterizing the hydration of ADFs during storage, by progressive increase of
peak intensity related to water absorption and by resulting decrease of intensity related to PCL
functional groups. Indeed, typical bands from water such as O-H stretching and O-H bending
appeared during storage, as indicated by spectra at Day 6 and Day 13. Meanwhile, this
hydration resulted in a decrease of intensity of all main peaks attributed to PCL. In view of these
results, it is supported that water detection would come from hydration of internal water soluble
MC-based film whereas PCL is strongly hydrophobic. Similar observations suggesting a
reduction of signal from hydrophobic compounds to the detriment of a hydration process were

already reported by Salmieri et al. (2006).
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Figure 2.3 FTIR spectra of composite trilayer ADFs as related to time of storage at Day 0, Day 6
and Day 13. Typical vibration bands of PCL based-external layers, related to water
content in the films, are shown in function of time.
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Table 2.3 Characteristic IR absorption frequencies as related to Figures 3-4 and assighment of typical vibrations to the chemical groups

of film components.

Related Spectrum

Fig. 3

(trilayer ADFs)

Fig. 4 — spectrum a

(internal layer MC-

control)

Fig. 4 —spectrum b

(rosemary extract)

Wavenumber (cm™)

Vibration

Functional group

3600-3000

2950-2850

1720

1635

1240

1180-1160

3600-3200

2960-2870

1800-1600

1500-1270

1160-950

3600-3200

3100-2400

3100-3000

1690

OH stretching
C-H antisymmetric and symmetric stretching
C=0 stretching
-OH bending
C-O-C antisymmetric stretching
C-O stretching
-OH stretching

—C-H symmetric stretching

-OH bending

—C-H symmetric and asymmetric bending

-C-O-C antisymmetric stretching

and carbon ring

-OH stretching
-OH stretching
=CH stretching

-C=0 stretching
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Water
-CH; and —CHgs in aliphatic compounds
-C=0 in lactones
-OH in water
-C-O-C in ethers and esters
-C-0O in lactones
-OH in alcohols/phenols (Khan et al., 2010b)
-CH; and —CHgs in aliphatic compounds (Khan et al., 2010b)

-OH in water associated with MC (Khan et al., 2010b, Velasquez
et al., 2003)

Degree of order in MC (Filho et al., 2007, Velasquez et al., 2003)

-C-O-C cellulose ethers and

-C-CH from carbon rings in cyclic compounds (Khan et al.,
2010b, Sharmin et al., 2012)

-OH in alcohols/phenols
-OH in carboxylic acid groups
=CH in aromatic and unsaturated hydrocarbons

-C=0 in unsaturated ester and carboxylic acid



Suite du Tableau 2.3.

1600 and 1516
1256
3600-3200

3100-2850
Fig. 4 — spectrac, d

1670-1660
(formulations A and
1600 and 1515

B)
1450-1250
3600-3100
Fig. 4 — spectrum e 3100-2850

(internal layer MC-B) 1600 and 1515

1265

Aromatic ring stretching
C-0O-C antisymmetric stretching
OH stretching (predominant in spectrum d)
-C-H symmetric stretching
-C=0 stretching

Aromatic ring stretching

-C-H bending and C-O-C stretching

-OH stretching
-C-H symmetric stretching
Aromatic ring stretching

C-O-C antisymmetric stretching
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Aromatic compounds
C-O-C in ester groups
-OH in alcohols/phenols
-C-H in aliphatic and unsaturated hydrocarbons
-C=0 in unsaturated esters, aldehydes and ketones
Aromatic compounds

Terpenic compounds and esters from EOs

-OH in aromatics/phenolics
-C-H in aliphatic and unsaturated hydrocarbons
Aromatic compounds

C-O-C in ester groups



2.6.3.2 Analysis of the composition of internal MC layer

FTIR spectra of (a) MC-control, (b) rosemary extract powder, (c) formulation A, (d) formulation
B and (e) MC-B i.e. MC matrix containing formulation B are presented in Fig. 2.4. It is to be
noted that spectrum of MC-A was not presented since it was identical to that of MC-B (totally
overlapped spectra). Also, FTIR spectrum of liquid smoke was not used in FTIR comparison
due to its very weak signal as compared to other antimicrobial compounds, implying totally
masked absorption bands in resulting spectrum (e).

1600 1515 12656

4000,0 36‘III 32;]0 Q:ErEIEI 241|I| 2EI‘JD JSYDI] IG‘IZIEI 1-1rDD iEYEII] IEI.]D 51er| 65‘0,0
em=1

Figure 2.4 FTIR spectra related to the composition of MC-control (a), rosemary extract (b),

formulation A (c), formulation B (d) and MC-B (e). Bands at 1600, 1515 and 1265

cm™ are related to aromatic and ester groups from antimicrobial compounds

(spectra b, c, d) and are exploitable in ADF-B (spectrum e) for further quantification

of the TP release of bioactive ADFs.

Spectra (c) and (d) are typical FTIR profiles of EOs, with vibration bands mainly attributable to

phenolic and terpenic groups. However, some differences can be noted between spectrum (c)
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(formulation A) and (d) (formulation B), due to their respective major components. Indeed, a
strong band related to O-H stretching can be observed in spectrum (d), suggesting that
formulation B is composed of a major part of phenolic compounds as compared to formulation A
that would contain more hydrocarbon terpenic compounds. Spectrum (e) represents the FTIR
profile of MC-B, hence containing typical absorption bands of MC-matrix and antimicrobial
compounds such as rosmarinic acid and formulation B. Some differences can be highlighted in
the whole infrared (IR) region after incorporation of formulation B in MC matrix. Indeed, as
referred to spectrum (a), a broader band is observed in spectrum (e) at 3600-3100 cm™, related
to typical O-H vibrations of aromatic/phenolic in formulation B. In addition, a stronger and
asymmetric band occurs at 3100-2850 cm™, underlying the presence of aliphatic and
unsaturated hydrocarbons related to terpenoid components. Clearer changes in spectrum (e)
can be noted with the appearance of vibrational bands associated with antimicrobials and
involving ring stretching modes of aromatic groups at 1600 and 1515 cm™ and C-O-C

antisymmetric stretch mode of esters at 1265 cm™.

Hence, Fig. 2.4 shows that the evolution of the spectra from (a) to (e) was consistent as related
to the chemical nature of each film component (a) to (d) and the additive effect of their strong

peaks in the whole MC-A or -B film formulation.

2.6.4 TP release by FTIR analysis

2.6.4.1 Identification of bands related to difftused antimicrobials

The evolution of FTIR spectra of MC-control and MC-B during storage, at Days 0, 2, 6 and 13 is
presented in Fig. 2.5-2.6. Note that FTIR spectra of MC-A-based films were not shown since
they presented similar evolving peaks as those of MC-B-based films. This analysis focused on
the fingerprint region (1800-1200 cm™) of MC internal layer in order i) to take into consideration
the evolution of the bands ascribed to the hydration of MC matrix (Fig. 2.5) but also ii) to
evaluate the diffusion of antimicrobial volatile compounds (Fig. 2.6). Spectra were normalized
by setting O—H stretching bands up to 1.5 absorbance units (AU) to subtract water absorption in
MC matrix. Moreover, the analysis of fingerprint region allowed differentiating the peaks that
were associated to antimicrobial compounds. In general, spectra in Fig. 2.5-2.6 presented the

same evolution in higher frequencies (4000-2400 cm™). For each sample (MC-control and MC-
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B), the O—H stretching vibration at 3600-3200 cm™ broadened out during storage (Day 0 to Day
13), suggesting hydration of MC matrix, which is in agreement with results obtained for ADFs
(Fig. 2.3) and similar observations have already been reported by Le Tien et al. (2000) for
cellulose-based films. In the meantime, this band broadening due to hydration was also
accompanied by a reduced intensity of C—H stretching vibrations at 2950-2850 cm™
(hydrophobic groups), as described above (Fig. 2.3). The fingerprint IR region in Fig. 2.5 shows
that the bound water vibration of MC-control at 1650 cm™ increased during storage (relatively to
hydration effect) while its vibration modes related to degree of order decreased at 1500-1270
cm™, possibly due to a reduced resonance of methylated groups in MC, as reported by Khan et
al. (2010b).
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Figure 2.5 FTIR spectra of MC-control internal films as related to storage time, with focus on fingerprint region (1250-1730 cm'l). Color of
spectra indicates the day of analysis: green (Day 0), red (Day 2), blue (Day 6) and black (Day 13).
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Figure 2.6 FTIR spectra of MC-B internal films as related to storage time, with focus on fingerprint region (1200-1800 cm™). Color of
spectra indicates the day of analysis: green (Day 0), red (Day 2), blue (Day 6) and black (Day 13). Note that FTIR spectra

of MC-A films presented exactly the same peaks that evolved in a very similar way
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Fig. 2.6 shows the evolution of FTIR spectra of MC-B internal films, during storage. In
comparison with Fig. 2.5 (MC-control), the fingerprint region of Fig. 2.6 indicates the
appearance of 3 typical peaks associated with antimicrobial formulation B such as ring
stretching modes of aromatic groups at 1600 and 1515 cm™ and C-O-C antisymmetric stretch
mode of esters at 1265 cm™, which is congruent with observations in Fig. 2.6-e. It can also be
observed that the intensity of these 3 peaks decreased during storage, thereby indicating a
diminution of antimicrobial contents in MC matrix. This profile suggests a diffusion of
antimicrobial volatiles towards external environment (headspace), which is in accordance with

results obtained for TP quantification (Table 2.2 and Fig. 2.2).

2.6.4.2 Semi-quantification of IR bands

In order to correlate FTIR analysis of the bands related to diffused antimicrobials with TP results
(Table 2.2), the peak heights (absorbance) of IR bands at 1600, 1515 and 1265 cm™ of MC-A
and MC-B films, and their relative percentage during storage, were measured and presented in
Table 2.4. Results show that the percentage of IR peaks related to antimicrobial volatiles
decreased progressively over time, suggesting a slow diffusion of volatiles from the films to
packaging headspace. If considering proportionality of peak height with availability of
compounds in the film, the evolution of percentage of peak height in MC-A at 1600 cm™
(aromatic compounds) is analogous to MC-B, with variations from 100 to 54-58% between Day
0 and 13. In comparison, the progression of peak heights at 1515 and 1265 cm™ seems to be
less analogous between the two types of films, with reductions to 45-56% at 1515 cm™ and to
16-23% at 1265 cm™, over same period. These observations allow demonstrating that the
diffusion of antimicrobial compounds during time storage could be monitored by FTIR
guantification of related bands.
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Table 2.4 Percentage of peak height (%) of typical IR bands at 1600, 1515 and 1265 cm™ for semi-
guantitative estimation of the diffusion of antimicrobial compounds from MC-A and
MC-B films during storage.

Films Days Peak height Percentage of peak height! (%)
Wavenumbers?® (cm™) 1600 1515 1265 1600 1515 1265
MC-A 0 04609 0.1838  0.2832  100.00 100.00 100.00
1  0.4073 0.1506  0.1901 88.37 81.94 67.13
2 0398 01503  0.1932 86.48 81.77 68.22
6 02866 0.1106  0.0860 62.18 60.17 30.37
13 0.2651  0.1022  0.0652 57.52 55.60 23.02
MC-B 0 04845 02294 0.3825  100.00 100.00 100.00
1  0.4248 0.1705  0.2430 87.68 74.32 63.53
2 03923 01597 0.2154 80.97 69.62 56.31
6  0.3402  0.1279  0.1549 70.22 55.75 40.50
13 0.2636  0.1033  0.0629 54.41 45.03 16.44

! Percentage of relative peak (%) = (Peak height/peak height at Day 0) x 100.

% peak heights at 1600, 1515 and 1265 cm™ are associated to semi-quantitative estimation of quantities of

antimicrobial compounds according to their chemical nature. Therefore, measurements of decreasing values at 1600
and 1515 cm™ were used to evaluate the diffusion of aromatic volatile compounds whereas measurements at 1265

cm™ were used to estimate the diffusion of esters volatile compounds.
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2.6.4.3 Correlation between FTIR analysis and TP measurements

Correlations between TP concentrations and FTIR peak heights were investigated by a simple
type of regression to verify linear correlations between the two methods. Calculations allowed
concluding it was possible to establish a satisfying correlation (> 0.90) between TP
measurements and the absorbance of FTIR peaks at 1600 cm™ for both antimicrobial films
ADF-A and -B. Linear correlation of IR absorbance at 1600 cm™ vs TP concentration (ug
GAE/mg) is presented in Fig. 2.7 and shows that i) plotting of ADF-A data for ADF-A resulted in
a linear equation y = 0.0063x — 0.0116 (R? = 0.92) and ii) plotting of ADF-B data generated an
equation y = 0.0063x — 0.0134 (R? = 0.90). Consequently, semi-quantitative estimation of peak
absorbance at 1600 cm™ (group of aromatic volatiles including phenolic compounds) can offer

an accurate, rapid and non-destructive analytical method to evaluate the TP release towards the

package headspace over storage time.

0,45

0,39
0,37
0,35
0,33

0,31

Absorbance at 1600 cm™!

0,29

0,27

0,43 -

0,41

0,25 -

ADE-A :y=0,0063x-0,016
R?=0,9203

ADEF-B :y = 0,0063x-0,0134

R?=0,8957

A ADF-A
OADF-B

50 55 60 65 70
TP concentration (g GAE/mg)

Figure 2.7 Linear correlation between FTIR absorbance at 1600 cm™ of ADF-A and ADF-B and their
availability of TP concentration (ug GAE/mg) determined by spectrophotometry, as

deduced from data obtained in Table 2 and Table 4.
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2.6.5 SEM analysis

SEM was carried out for extensive morphological inspection of cross-section in MC internal
layer and to evaluate the effect of NCC filling and antimicrobial incorporation on the internal
structure of MC matrix. The effect of NCC alone (without antimicrobials) was justified due to the
fact that antimicrobials were preliminarily dispersed in NCC suspension before their
incorporation in MC matrix for the preparation of ADFs. SEM micrographs of three different
internal MC layers from ADFs containing i) no NCC and no antimicrobials (A-1; A-2), ii) NCC
with no antimicrobials (MC-control) (B-1; B-2) and iii) NCC with formulation B (MC-B) (C-1; C-2)
are presented in Fig. 2.8. Two magnifications (600x and 10,000x) were used to evaluate the
cross-section of films. Parts A-1 and A-2 represent a non-fibrillar structure that tends to adopt a
globular organization (smooth structure with globular cavities). The addition of NCC in MC
matrix clearly affected the structure of films. Indeed, as shown in parts B-1 and B-2, the cross-
section of MC-control appears to be rougher and denser, implying the filling of NCC into the
polymer bulk, while maintaining some more dispersed globular heterogeneous areas.
Analogous SEM images of NCC into polysaccharide matrices were reported by other studies
(Azeredo et al., 2009, Khan et al., 2010b). On the other hand, the addition of bioactive agents
(formulation B), as described in C-1 and C-2, results in a very homogenous (denser structure)
and more granular cross-section (less smooth with up and down serration shape as compared
to other samples), as compared to MC-control. This finer, homogenous and more regular order
can be attributed to the presence of bioactive agents interspaced into polymer network. In
particular, these observations could suggest that NCC aggregates inserted into MC network
have kept much of their original physical properties in presence of bioactive compounds,
therefore increasing the tridimensional morphology of MC layer. Similar morphological trends
were reported by Khan et al. (2010b) and Salmieri et al. (2006).
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Figure 2.8 Cross-sectional SEM micrographs of internal bioactive MC layers from ADFs. A-1:
Control film without NCC at magnification 600x; A-2: Control film without NCC at
magnification 10,000x; B-1: Control film at magnification 600x; B-2: Control film at
maghnification 10,000x; C-1: MC layer containing formulation B at magnification

600x; C-2: MC layer containing formulation B at magnification 10,000x.
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2.6.6 Physicochemical properties of films

2.6.6.1 Colorimetry of films

Colorimetric measurements of ADFs were carried out using the CIELAB system in order to
evaluate the effect of the presence of antimicrobial formulations A and B on the lightness (L*)
and the hue angle of films during storage.

(i) Evolution of the lightness (L*)

Results presented in Table 2.5 clearly show that ADF-control exposes a stable lightness over
time (p > 0.05) that approaches absolute white (L* = 92%) whereas antimicrobial films (ADF-A
and ADF-B) display a lower lightness (L* between 60 and 71%) all over storage due to the
presence of colored antimicrobial extracts encapsulated in the film matrix (Table 2.5). Moreover,
as opposed to ADF-control, antimicrobial films present lightness variations over storage. A
significant decrease of L* values (p < 0.05) was observed from 70 to 60 for ADF-A and from 71
to 63 for ADF-B, indicating a significant darkening of these films. Hence, the decrease of the L*
values of ADFs during storage could be due to the hydration of ADFs as well as the autoxidation
of encapsulated antimicrobial extracts (in particular phenolic compounds), as already observed

by numerous studies (Devlieghere et al., 2004, Donhower et al., 1993).
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Table 2.5 Colorimetric parameters of ADFs in function of storage time and antimicrobial

formulations?

Days
Films 0 6 13

ADF-control 92.23+0.21 > 92.10 + 0.26 *A 92.43 + 0.59 ¢A

. ADF-A 69.60 + 2.48 @B 60.80 + 3.73 & 60.20 + 1.34 @
L* ,

ADF-B 71.00 +1.15 2B 66.13 + 4.56 28 63.10 + 1.65 P4

ADF-control 123.42 + 4.61 *A 120.4 + 3.90 A 122.19 + 6.59 *A

, ADF-A 87.72+1.28 2B 83.99 + 1.88 @ 84.37 + 0.58 @
hol,

ADF-B 88.84 + 0.80 " 87.06 + 2.25 @A 86.02 + 0.89 @4

®Means followed by the same lowercase letter in each column for each property are not significantly different at the
5% level. Means followed by the same uppercase letter in each row are not significantly different at the 5% level. N/A:

non-applicable.

(i) Evolution of the hue angle

A stability of the hue values was observed in ADF-control and ADF-B, showing no significant
difference (p > 0.05) over time. Indeed, results indicate that the hue of ADF-control was
maintained in yellow-green area (hue = 120-123°) and that of ADF-B was maintained in yellow
area (hue = 86-89°). In comparison, ADF-A generated a significant decrease (p < 0.05) of the
hue from 88 to 84°, equivalent to a slightly turning-red yellowness of these films, probably due to
the chemical nature of antimicrobial compounds that were affected by oxidation in formulation A.
Hence, hue values of ADF-A and ADF-B combined with their lower L* values imply a slightly
browner color of these films as compared to ADF-control, due to the presence of antimicrobial
extracts encapsulated in the film and their oxidation over time, as observed for L*
measurements. Furthermore, due to a significant decrease of hue value (p < 0.05) of ADF-A
between Days 0-6, it could be assessed that the composition of formulation A tended to
generate more browning reactions by oxidation, as compared to ADF-B. This phenomenon is
supported by a significant lower value of L* (p < 0.05) for ADF-A at Day 13 (60 for ADF-A and

63 for ADF-B). Regarding combined results from L* and hue angle measurements, it can be
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noticed that ADF-A seems to be more sensitive than ADF-B in color changes since they
demonstrated a more rapid significant variation (p < 0.05) of lightness and hue from Day 0 to
Day 6 (L* from 70 to 60 and hue from 88 to 84°). This propensity for brown-turning color
behavior of ADF-A could be explained by a lower antioxidant activity of antimicrobial
components in formulation A, which is congruent with results reported by other studies
(Bagamboula et al., 2004, Chisari et al., 2010).

2.6.6.2 Mechanical properties

(i) Evaluation of the tensile strength (TS)

TS values of ADFs in function of storage time are presented in Table 2.6. TS is the ultimate
strength (or maximum stress) of a material subjected to tensile loading. Results show that all
ADFs possessed similar resistance (p > 0.05) at Day 0, with TS values comprised between 20
and 24 MPa. The TS of ADF-control did not vary over time (p > 0.05), with values ranging from
20.3 to 18.7 MPa between Days 0-13. On the other hand, the TS of antimicrobial ADFs was
reduced significantly (p < 0.05) during storage. Indeed, the TS values decreased from 23.7 to
7.8 MPa for ADF-A (reduction of 67%) and from 24.0 to 17.3 MPa for ADF-B (reduction of 28%)
after 14 days of storage. However, at Day 13, results show no significant difference (p > 0.05)
between ADF-control and ADF-B with similar TS of 17.3-18.7 MPa whereas the TS of ADF-A
was significantly lower (p < 0.05) with a TS value of 7.8 MPa. Hence, these observations imply
that ADF-A was significantly less resistant to tensile stress than ADF-control and ADF-B (p <
0.05) over storage. These behaviours could be explained by the chemical nature of
antimicrobials that interacted differently according to the type of antimicrobial formulation, and in
combination with the hydration of films over storage, as described below for TM interpretation.
Moreover, it is well-known that the incorporation of EOs into a continuous polymeric matrix
tends to decrease its mechanical resistance to fracture because of the structural discontinuities

caused by the oil-dispersed phase (Salmieri et al., 2006, Sanchez-Gonzalez et al., 2011).
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Table 2.6 Effect of antimicrobial formulation on the tensile strength (TS) of ADFs during storage.

Films Tensile strength (MPa)®
Day 0 Day 6 Day 13
ADF-control 20.3+4.9°3 19.1 +2.7 A 18.7 + 3.7 A
ADF-A 23.7+2.7°%¢ 18.0+ 2.7 2B 7.8+0.7 3"
ADF-B 24.0 + 3.4 %8 20.4 +1.4°3 17.3+2.0°A

®Means followed by the same lowercase letter in each column are not significantly different at the 5% level. Means
followed by the same uppercase letter in each row are not significantly different at the 5% level.

(ii) Evaluation of the tensile modulus (TM)

TM values of ADFs in function of storage time are presented in Table 2.7. TM (or Young’s
modulus) is a tangent modulus of elasticity of a material subjected to tensile loading and is
expressed by the ratio of stress to elastic strain in tension. A high TM means that the material is
rigid. Results show that ADF-control and ADF-B possessed similar viscoelastic properties (p >
0.05) at Day 0, with respective TM values of 218 and 210 MPa. Otherwise, TM value of ADF-A
was significantly lower (p < 0.05) than those of ADF-control and ADF-B at Day 0, with a value of
175 MPa, suggesting that the incorporation of formulation A improved the viscoelasticity of
ADFs due to chemical nature of its components and their possible plasticizing effect on MC-
based internal matrix. Similar observations were reported by Salmieri and Lacroix (Salmieri et
al., 2006) for investigation on mechanical properties of films containing different EOs. For each
ADF formulation, TM values decreased significantly (p < 0.05) over storage, from 218 to 111
MPa for ADF-control (reduction of 49%), from 175 to 89 MPa for ADF-A (reduction of 49%) and
from 210 to 85 MPa for ADF-B (reduction of 59%). Such TM reductions could be closely related
to the hydration of ADFs during time, thereby enhancing their elasticity based on an alteration of
hydrogen bonding in MC network (Zsivanovits et al., 2005). These data are in accordance with
hydration phenomenon in ADFs characterized by FTIR spectra from Fig. 2.3 and therefore
support these mechanical changes. Additionally, ADF-control tended to be more rigid as
compared to antimicrobial films during storage, with higher TM values. It is proposed that the

hydration of MC matrix over time could promote the plasticizing action of antimicrobial
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compounds. Similar results have already been reported by Salmieri et al. (2006) concerning the
combined effect of EOs incorporation and dehydrating treatment of polysaccharides-based

films.

Table 2.7 Effect of antimicrobial formulation on the tensile modulus (TM) of ADFs during storage.

Films Tensile modulus (MPa)?

Day 0 Day 6 Day 13

ADF-control 218.3+27.2°¢ 1241+ 14.6°* 110.6 + 3.8

ADF-A 175.2 + 26.6 *P 106.0 + 10®*®  89.40+ 10.5 **

ADF-B 209.6 +20.2 ¢ 1247 +22.7"B 84.8+9.6 %"

*Means followed by the same lowercase letter in each column are not significantly different at the 5% level. Means
followed by the same uppercase letter in each row are not significantly different at the 5% level.

As a result, these mechanical measurements allowed characterizing ADF-control as a resistant
but less elastic material over time. As opposed, ADF-A was determined as an elastic but less
resistant material over time. Meanwhile, ADF-B could be ascribed i) to a more resistant long-
term material compared to ADF-A but also ii) to a more elastic material compared to ADF-
control, hence gathering higher combined mechanical properties (TM and TS) over storage.

In summary, trilayer ADFs developed in this study showed very satisfactory physicochemical
and in vitro antimicrobial properties and could further be explored in food applications to prevent
pathogenic contamination during storage of ready-to-eat foods. FTIR analysis allowed
characterizing the molecular interactions occurring after incorporation of antimicrobials and SEM
observations provided a typical morphological structure of the films due to the filling of the NCC-
antimicrobials emulsion into polymer bulk. Moreover, ADFs allowed a slow controlled release of
the antimicrobial compounds during storage. This study has also demonstrated that it is
possible to follow the TP release of the antimicrobial compounds by FTIR with satisfying

correlations (> 90%) compared to standard method. Addition of antimicrobials increased the
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elasticity of the films, and ADF-B were determined as more resistant than ADF-A. Moreover, the
incorporation of antimicrobials in ADFs promoted only slight variations of their color. In order to
complete these investigations, further tests are to be carried out on the sensorial quality of the
packaged vegetables treated with ADFs during storage but also on in situ microbiological

analyses during storage using vegetables inoculated by pathogenic foodborne bacteria.
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3.1 Contribution des auteurs

J'ai préparé le plan expérimental, mis au point puis réalisé toutes les expériences de cette
étude. Jai également rédigé la publication scientifique. Stéphane Salmieri a participé a
I'élaboration des protocoles et aux discussions scientifiques. France St-Yves et Martine Lauzon
ont aidé a la préparation et ont supervisé les évaluations organoleptiques. La Pre Monique
Lacroix était la responsable scientifique et la coordinatrice du projet de recherche. Elle a
supervisé I'élaboration des protocoles, participé aux discussions scientifiques et révisé cet
article.

3.2 Reésumé en francais

Six enrobages contenant différents ratios de polysaccharides et d'antimicrobiens ont été
préparés et leur efficacité contre Listeria monocytogenes a été testée in vitro. Les meilleurs
enrobages ont ensuite été appliqués sur des légumes et soumis a une évaluation sensorielle.
Finalement, leur effet sur la qualité, la couleur et la consistance des Iégumes a été déterminé
pendant une conservation d'une semaine. Tous les enrobages sélectionnés ont permis une
inhibition totale des bactéries in vitro & des concentrations de 8-10 mL L™. Un des enrobages
antimicrobiens a induit des caractéristiques (odeur, godt, texture) similaires a celles des
légumes non-traités. Les traitements avec cet enrobage ont généré des changements
négligeables au niveau du taux de respiration et aucune différence n'était visible sur les choux-
fleurs. Enfin, les analyses in situ ont montré un bon effet antimicrobien et ont permis une

inhibition des bactéries aprés une conservation pendant 7 jours a 4°C.
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3.3 Abstract

Six coatings containing different ratios of polysaccharides and antimicrobials were prepared and
tested in vitro against Listeria monocytogenes. Best coating mixtures were then applied on
vegetables and submitted to a sensorial analysis. Finally, their effect on the quality, the color
and the consistency of vegetables during a one-week storage was determined. All selected
coatings showed a total in vitro inhibition of bacteria at concentrations of 8-10 mL L™. One
formulation containing the antimicrobials induced vegetables to have similar characteristics
(smell, taste and texture) as compared to the non-treated vegetables. Treatments with this
coating generated minor changes concerning the respiration rate and no differences were
visually observed on cauliflowers. Finally, in situ analyses showed a good antimicrobial effect
and allowed a complete inhibition of Listeria innocua after seven days of storage at 4 °C.

Keywords : antimicrobial coating, ready-to-eat vegetable, quality, shelf-life
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3.4 Introduction

Nowadays, ready-to-eat (RTE) products are increasingly in demand, mainly because of our
lifestyle and their convenience. However, industrial processing can be a source of microbial
contamination (Castro-lbafez et al., 2016, Zilelidou et al., 2015). During the last past years,
food safety has become more important due to resulting illnesses, but also to related economic
burdens. Indeed, it has been estimated that, in 2010, the total cost for Listeria monocytogenes
illness was more than $2 billion in the United States (Scharff, 2012). Since foodborne diseases
can induce serious health threats, new methods controlling bacterial growth are being
developed. Natural compounds such as essential oils (EOs) and organic acids have already
proved their efficiency on a large scale of pathogenic bacteria such as L. monocytogenes,
Escherichia coli O157:H7 or Salmonella Typhimurium (Boumail, A et al., 2013, Dussault et al.,
2014). After internalization into cells, organic acids seem to dissociate into protons and anions
(Ricke, 2003), leading to pH changes. As for EOs, their action on the membrane permeability
results in a loss of metabolites and the denaturation of enzymes and proteins (Nazzaro et al.,
2013). However, since the high volatility of those compounds may limit their use during time,
their immobilization in a polymer matrix can be used to increase their availability (Oussalah et
al., 2004) but also to protect them from possible degradation due to humidity or oxygen (Ribeiro
et al., 2015).

Methylcellulose (MC) is a water-soluble cellulose ether that is widely used for industry purposes.
Indeed, its physico-chemical properties allow the formation of gels and coatings (Nasatto et al.,
2015). It has been demonstrated that coatings based on MC can increase avocado shelf-life by
reducing respiration rates and color changes (Maftoonazad et al., 2005). Starch (S), a polymer
made of amylose and amylopectin, is also commonly used for the formation of edible coatings,
since it increases firmness and enhances gel strength (Galus et al., 2012). Maltodextrins (MD)
are produced after hydrolysis of S. Their properties depend on their dextrose equivalent (DE)
value. Indeed, MD with a high DE will be more likely to produce an efficient encapsulation of
bioactive compounds and will offer a better protection against oxidation (Jafari et al., 2008,
Wang et al., 2015). MD has also been described as a polymer which possesses oxygen barrier

and water retention properties amongst others (Chronakis, 1998).

The aim of this study was to evaluate the effects of the bioactive coating on the quality of fresh

cauliflowers. Coatings containing different ratios of MC, MD and S were prepared and their
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antimicrobial properties were evaluated in vitro. Best coatings were then used to coat
cauliflower florets which were submitted to sensorial evaluations in order to determine the level
of appreciation of the smell, the texture and the taste. Physico-chemical parameters such as
0,/CO, content, colorimetry and consistency of coated cauliflowers were also measured.
Finally, the antimicrobial effect of the coating was evaluated in situ on cauliflowers against

Listeria innocua.

3.5 Materials and Methods

3.5.1 Bacterial suspension

A mixture of five L. monocytogenes strains (Health Canada, Health Product and Food Branch,
Ottawa, ON, Canada) were used (HPB 1043 1/2a, HPB 2371 1/2b, HPB 2558 1/2b, HPB 2569
1/2a, HPB 2812 1/2a), as well as a L. innocua ATCC 51742 strain. Bacteria were stored in
tryptic soy broth (TSB, Difco Laboratories, Detroit, Ml, USA) containing glycerol (150 g L™) at -
80 °C. Before utilization, bacteria were propagated twice in TSB for 24 h at 37 °C. L.
monocytogenes strains were mixed together and this bacterial suspension was diluted to reach

10° CFU (colony forming unit) mL™ for in vitro tests.

3.5.2 Antimicrobial formulation

The antimicrobial formulation was prepared using lactic acid (Sigma-Aldrich Ltd, Oakville, ON,
Canada), citrus extract (Biosecur Lab Inc., Otterburn, QC, Canada), lemongrass EO (BSA
Ingredients s.e.c./l.p., Montreal, QC, Canada) and Tween 80 (Sigma-Aldrich Ltd) with the
following ratio 100:10:1:2. This mixture was then homogenized at room temperature under
sterile conditions, using a digital Ultra-Turrax T25 disperser (IKA Works Inc., Wilmington, NC,
USA), at a speed of 1,047 rad s™ for 60 s.
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3.5.3 Preparation of coatings

Stock solutions of MD (dextrose equivalent 16.5-19.5), MC (powder form, viscosity of 1.5 Pa s
for a 10 g L™ solution at 20 °C - Sigma-Aldrich, Oakville, ON, Canada) and modified S (National
Starch & Chemical Company, Bridgewater, NJ, USA) were prepared at a concentration of 20 g
L™ distilled water. Suspensions were autoclaved at 80 °C for 15 min for pre-gelatinization and
sterilization, then cooled in an ice bath to ensure complete solubilization. The high viscosity of
MC was used to provide a coating matrix, allowing the coating to adhere to vegetables but also
limiting the dripping. Glycerol was also used as a plasticizer at a set concentration of 7.5 g L™
Coatings were homogenized at a speed of 1,047 rad s™ for 60 s with a digital Ultra-Turrax T25
disperser.

3.5.4 Invitro test - Minimum inhibitory concentration (MIC)

The effect of relative concentrations of MD and S with/without MC (2.5 g L™) was evaluated on
the MIC by insuring a total polymer content of 10 g L™ and the different composition are
presented in Table 3.1. The antimicrobial formulation was added to reach final concentrations of
0; 0.8; 8; 10; 12; 14; 16 and 34 mL L™ in the coating. The in vitro screening of the MIC was
evaluated using 96-wells (flat-bottom wells) microtiter plates. One plate was used for the control
coating while the others were used for measuring the effect of the coating on L. monocytogenes
at 10° CFU mL™. The control plate was prepared as follows according to Dussault et al. (2014).
The first column was filled with 250 yL of TSB and column 2 to 9 were filled with 125 pL of TSB
and 125 pL of coating containing the antimicrobial formulation (from 0 to 34 mL L™ respectively).
A quantity of 15 uL of peptone water was then added to each well of the 9 columns. The other
plates were prepared with a similar design but peptone water was replaced with 15 uL of the
bacterial suspension. Plates were then incubated at 37 °C for 24 h. Bacterial growth was
detected by absorbance at 595 nm using a microtiter plate reader (ELISA reader, CLX800-
Biotek Instruments) and compared to the negative turbidity control. The lowest concentration
that inhibited the growth of the bacteria was determined as the minimal inhibitory concentration
(MIC).
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3.5.5 Sensorial evaluation

The sensorial evaluation was performed with 65 panelists who were asked to evaluate the odor,
the texture and the taste of 8 samples. Cauliflowers (Brassica oleracea L. var. botrytis L.) were
purchased from a local supermarket, cut into ready-to-eat size florets and dipped for 30 s in the
selected coatings. Each side of the cauliflowers was allowed to dry on foil for 10 min.
Cauliflowers were deposited in cups, randomly identified with a 3-digit number and refrigerated
overnight before organoleptic evaluation. Panelists were asked to eat unsalted crackers and
drink water between samples. The answers were based on a 9 point hedonic scale, from 9 (“like
extremely”) to 1 (“dislike extremely). Samples with scores lower than 5 were considered as not

appreciated.
3.5.6 Physico-chemical properties of coated cauliflowers

The oxygen/carbon dioxide amount released as well as the color, the resistance of penetration
and the consistency of cauliflowers were measured during storage in plastic desiccators (VWR,

Mississauga, ON, Canada) at 4 °C.
3.5.6.1 Respiration rates

A headspace oxygen and carbon dioxide analyzer (lllinois Instruments Inc, IL, USA) was used
to measure the gas content surrounding vegetables during storage. The headspace analyzer
was calibrated with concentrations of 209 mL L™ of oxygen and 0 mL L™ of carbon dioxide and a
filter was used to prevent bringing humidity in the analyzer. Packaged air was taken during 30 s
and the O, and CO, percentages were displayed. Respiration rates were calculated according

to modified equations used by Bhande et al. (2008):

_ (Go,), = (Go,),,,

02 At
(Geo,),,, — (Geo,),
Rco2 = At
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where R, is the consumption of O, (mL L™ h™), Ry, is the production of CO, (mL L™ h™), G,
and G, are the O, and CO, gas concentration (mL L™) respectively and At is the time storage

difference between samples (h).

3.5.6.2 Color changes

The color of the coated cauliflowers was measured using a Color reader CR-10 (Konica Minolta,
Ramsey, NJ, USA). Measurements of spectral reflectance were performed directly onto the
vegetables surface (viewing area = 10 x 10 mm). The L* a* b* system (CIELAB) was
employed; the L* axis represents the lightness from black (L* = 0) to absolute white (L* = 100),
the a* axis varies from green (-) to red (+), and the b* axis varies from blue (-) to yellow (+). To
characterize more precisely the color of cauliflowers, the hue angle (hue = arctan(b*/a*) if a* > 0
and hue = arctan(b*/a*) + 180° if a* < 0) was determined to indicate color changes between a*

(green color) and the intersection of a* and b*, from green (hue = 0 °) to yellow color (hue = 90

O).

3.5.6.3 Resistance of penetration and consistency

The resistance of penetration and the consistency of cauliflowers were measured using a
texturometer Stevens-LFRA (modéle TA-1000, Texture Technologies Corp., Scarsdale, NY,
USA) connected to a printer (Linseis®, L 6512 model, NJ, USA). The texturometer was
calibrated to 700 g with a sensibility of 1 V. Penetration tests were conducted using a needle
and the following conditions: penetration distance: 10 mm, test speed: 2.0 mm s™, printer speed:
3.3 mm s™. Cauliflowers stems were cut following a longitudinal section. The first peak obtained
was considered as the resistance of penetration (strength necessary for a needle to penetrate
the external side of stems) (Raybaudi-Massilia et al., 2008a) while the peak area at half-
distance of penetration (7.5 mm) was measured to express the consistency of the cauliflowers,
according to a procedure by Brookfield Engineering labs Inc. (2015). The resistance of

cauliflowers was expressed in N and the consistency was expressed in N m.
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3.5.7 In situ antimicrobial effect of coating

Cauliflower florets (20 to 25 g) were packaged in 12.7 um metalized polyester-50.8 um ethylene
vinyl acetate copolymer bags (Winpak Division Ltd., Montreal, QC, Canada). Sterilization was
done at the Canadian Irradiation Center by y-radiation, using a UC-15 A (SS canister)
underwater calibrator (Nordion Inc., Kanata, ON, Canada) equipped with a ®Co source. A
radiation dose of 10 kJ kg™ was delivered at a dose rate of 16.95 kJ kg™ h™. Under sterile
conditions, cauliflowers were coated and inoculated with a diluted L. innocua suspension (500
uL of suspension for 20 g of sample) to reach final concentrations of 3.2 log CFU g™*. Samples
were then stored at 4°C and microbiological analysis were performed at days 0, 1, 2, 4 and 7.
For microbiological analysis, samples were 3-fold diluted in peptone water (1 g L) and
homogenized using a stomacher. Serial 10-fold dilutions were made and 1 mL of each dilution
was spread on Petri dishes before medium was poured (Palcam supplemented with antibiotics
for L. innocua). Petri dishes were incubated at 37 °C for 48 h before bacterial enumeration.
Detection level was calculated as 0.48 log CFU g* (3 CFU g™).

3.5.8 Experimental design and statistical analyses

MIC determination was done according to a 3 x 6 x 8 factorial design: 3 repetitions, 6
treatments, 8 antimicrobial concentrations. For physico-chemical analysis, samples were
separated into 2 groups: (i) control; (i) coating. Oxygen/carbon dioxide, color and firmness
measurements were done on the same samples in this respective order. Analyses were done
using a 3 x 3 x 2 x 5 factorial design: 3 repetitions, 3 replicates, 2 treatments, 5 d of storage.
Finally, antimicrobial analyses were also done according to a 3 x 3 x 2 x 5 factorial design : 3
repetitions, 3 replicates, 2 treatments, 5 d of storage. Analysis of variance and Duncan’s
multiple-range test were performed for statistical analysis by using SPSS 16.0 software (IBM
Corp., Somers, NY, USA). Differences between means were considered to be significant at a

5% level.
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3.6 Results and Discussion

3.6.1 Invitro test - MIC

The different coating solutions and their in vitro antimicrobial effect on L. monocytogenes are
presented in Table 3.1. Results showed that all coating formulations allowed a total inhibition of
L. monocytogenes. Coatings A and B required an antimicrobial concentration of 10 mL L™ while
only 8 mL L™ were needed for coating C to F. The presence of MD in coatings C to F seemed to
reduce the MIC from 10 to 8 mL L. However, the increase in the MD concentration did not
change in vitro antimicrobial properties. These results could be due to the good encapsulation
properties of MD. Indeed, this polymer has been used for its ability to protect bioactive
compounds from oxidation and heat (Fernandes et al., 2014, Wang et al., 2015). However,
because of its high water-solubility, its emulsifying properties are very low, thus MC and/or S
were added as matrices and co-emulsifiers. This addition ensured the stability of coatings and
did not affect the MIC.
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Table 3.1 Ratio (g/L) of MD, S and MC in studied bioactive coating formulations® and their in vitro
antimicrobial effect against L. monocytogenes.

Coating* MD S MC MIC (mL L™)?
A 0 10 0 10
B 0 7.5 2.5 10
C 2.5 5.0 2.5 8
D 5.0 25 2.5 8
E 7.5 0 2.5 8
F 10 0 0 8

lCoating formulations were also composed of water, glycerol (7.5 g L'l) and the antimicrobial formulation

(concentration between 0 and 34 mL L'l).

’MIC = minimal inhibitory concentration.

This test also suggest that the mixture of antimicrobial compounds have a strong antimicrobial
effect against L. monocytogenes. This behavior would most likely be related to the presence of
terpenic compounds on the EO. Indeed, Lis-Balchin et al. (1998) have demonstrated that EOs
containing terpenes (such as citral, eugenol or cinnamaldehyde) as a main component exhibited
higher antimicrobial activities. Silva-Angulo et al. (2015) also confirmed the antimicrobial
properties of citral and suggested to combine it with other bioactive compounds when used with
food. Organic acids, such as lactic acid, are also known to possess antimicrobial properties
(Davidson et al., 2007, Ricke, 2003). Indeed, their internalization in bacteria cells would induce
pH changes, forcing cells in using energy to restore a neutral pH (Davidson et al., 2007).

This in vitro test showed that the coatings C to F required only 8 mL L™ of antimicrobials to
inhibit L. monocytogenes. Since they showed the best in vitro antimicrobial properties, coatings
C to F were selected for the following tests. However, for industry feasibility purposes, coatings
were developed to be efficient against bacteria over a long period of time. Previous studies
focusing on films containing similar antimicrobials showed a controlled release of bioactive

compounds of approximately 20% after a one-week storage (Boumail, A et al., 2013, Salmieri et
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al., 2014). To guarantee a minimal antimicrobial concentration of 8 mL L™ over storage, the
initial concentration in the coating solution was increased to 16 mL L™, representing a 34 mL L™

antimicrobial solution.

3.6.2 Sensorial evaluation

Results of the sensorial evaluation are presented in Table 3.2. The effect of the addition of
antimicrobials in different MD/S/MC ratios was tested on the odor, the texture and the taste. The
coating F was not tested because of a lack of adherence of the coating to the vegetables.
Results showed that the addition of antimicrobial coatings did not induce any detrimental effects
on the odor. However, the coating E + AM was evaluated with a significantly better odor (p <
0.05) as compared to the control, with scores of 5.9 and 5.6 respectively. Concerning the
texture, no differences were observed between the control and the coated samples, with scores
ranging around 7. Those results mean that the odor of cauliflowers was neither liked nor disliked
while the texture was liked moderately. Concerning the taste of cauliflowers, results showed no
significant differences (p > 0.05) between the control and the coating E + AM, both evaluated as
"liked moderately". However, cauliflowers treated with coatings C + AM or D + AM significantly
decreased the appreciation (p < 0.05) of the taste as compared to the control. This could be due
to the interactions between the antimicrobials and the polymers contained in the coatings.
Indeed, coatings containing S were significantly less appreciated (p < 0.05) than the coating E +
AM and the control, with scores of 5.6-6.4 for coatings C + AM and D+ AM, and scores of 7.0-
7.5 for the coating E + AM and the control. Sosa et al. (2014) have reported that the use of
modified starches would be appropriate for encapsulation because of their ability to retain
volatile compounds. They have shown that matrices composed of modified starch, maltodextrin
and either trehalose or sucrose could be used as aroma carriers and the nature of sugars could
affect the retention of bioactive compounds. Indeed, their results indicated that limonene
concentration was higher when used with coatings containing trehalose rather than sucrose. A
concentrated antimicrobial coating could induce a longer efficiency during storage, but might
also lead to unacceptable sensorial qualities. Results obtained in our study seem to reflect this
behavior. Indeed, coatings C + AM and D + AM are more likely to retain antimicrobials because
of the presence of modified starch, thus affecting the taste of coated cauliflowers. This higher
retention could result in a slower release of antimicrobials, thus increasing the bioavailability of

those bioactive compounds. The taste of samples treated with coatings containing starch and
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antimicrobials would then be affected by the interactions between those compounds. Due to
sensorial properties similar to the control, the coating E + AM would be more appropriate for

industry purposes and has been selected for the following tests.

Table 3.2 Evaluation of odor, texture and taste of cauliflowers treated with antimicrobial

coatings™?.
Odor Texture Taste
Control 5.6+2.1ab 74x15ab 75+13¢c
C+AM® 44+21a 6.7+1.8a 6.4+ 1.8 ab
D + AM 57+2.1b 7.7+1.1b 56+21a
E+AM 59+18¢c 7.1+09ab 7.0+1.9bc

'Means followed by the same lower-case letter are not significantly different (p < 0.05).

20n hedonic scale for all parameters a score of 9 = like extremely, 5 = neither likes nor dislikes and 1 = dislike

extremely.

3AM: antimicrobials composed of lactic acid, citrus extract, lemongrass essential oil and Tween 80 (ratio 100:10:1:2)

at a final concentration of 3.4%.

3.6.3 Physico-chemical properties

3.6.3.1 Respiration rates

Results concerning the effect of the coating on the respiration of control and coated cauliflowers
(O, consumption and CO, production) are presented in Figure 3.1. Results showed that for both
groups, the O, consumption significantly decreased (p < 0.05) during storage, from 0.72 to 0.36
mL L™ h™ for the control and from 1.02 to 0.72 mL L™ h™ for the coating E + AM after 7 d.
Similarly, CO, production significantly decreased for both groups during storage, from 0.808 to
0.264 mL L™ h* for the control and from 1.27 to 0.683 mL L™ h™* for the coating after 7 d. Those
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results are in accordance with Rahman et al. (2013), who also observed a reduction of the
respiration rate during storage. It was proposed that this decrease is due to the low amount of

oxygen remaining.
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Figure 3.1 Oxygen consumption (Figure 1.A) and carbon dioxide production (Figure 1.B) after

treatment of cauliflowers with antimicrobial coating E + AM during storage.

Overall, treatments with the antimicrobial coating E led to an increased respiration as compared

to the control. This behavior has already been reported by Salvia-Trujillo et al. (2015), who
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suggested that the presence of polymers can increase the carbohydrate metabolism and the

aerobic respiration.

3.6.3.2 Color changes

Results concerning the effect of antimicrobial coating E on the L* values and hue angle of
cauliflowers are presented in Table 3.3. It can be noticed that both parameters were stable (p >
0.05) over time for the control group. Indeed, L* values varied between 84 and 85° while hue
angle values ranged between 89 and 90° during a one week storage in control samples. For
values on the coated group, L* and hue angle values were not significantly different (p > 0.05)
from the control between Days 0-4. However, significant decreases (p < 0.05) were observed at
Day 7 for the L* and at Day 4 for the hue angle. Hence, the hue values of coated cauliflowers
combined with a lower L* would imply a slight browning of vegetables. Those changes should
not have any impact on choices made by consumers since ready-to-eat products are generally
used in the days following their purchase. Moreover, L* and hue values decreased of only 3.9%
and 3.2% respectively after 7 d of storage, which was not visually noticeable to the human eye.
Indeed, as presented in Figure 3.2, neither browning nor black spots were observed nor the
color of samples was close to white. Thus, cauliflower florets could be considered as visually
acceptable for consumption. Those results suggest that a treatment with antimicrobial coating E

did not induce major changes on cauliflower florets.
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Table 3.3 Color changes of cauliflowers treated with antimicrobial coating E during storagel.

L* Hue (°)
Days Control Coating Control Coating
0 855+08aA | 846+1.7bA | 89.3+08aA | 89.8+1.1bA
1 84.1+22aA 84.4+£13DbA 89.7+19aA 89.4+£16DbA
2 848+1.74aB 822+21bA 89.3+194aA 90.1£2.7bA
4 845+22aA 83.9+£1.7bA 89.1+26aA 87.6+134aA
7 84.8+2.14aB 81.3+1.04a,A 89.8+194a,B 86.9+24aA

! Means followed by the same lowercase letter in each column are not significantly different at the 5% level. Means
followed by the same uppercase letter in each row for each property are not significantly different at the 5% level.
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Figure 3.2 Appearance of cauliflowers treated with antimicrobial coating E after storage.

3.6.3.3 Resistance of penetration and consistency

The resistance of penetration and consistency results of cauliflowers treated with the
antimicrobial coating E are presented in Table 3.4. The resistance of penetration represents the
force required to puncture the external skin of cauliflowers. For the control cauliflowers, the
resistance of penetration did not significantly change (p > 0.05) over time (from 611 N at Day 0
to 563 N at Day 7). However, the coating treatment induced a significant increase (p < 0.05) of
the resistance of penetration during storage (from 488 N at Day 0 to 575 N at Day 7). At Day 0,
the control cauliflowers had a significantly higher (p < 0.05) resistance of penetration as
compared to the coated cauliflowers (611 and 488 N respectively). From Day 1 to Day 7, no

significant differences (p > 0.05) were observed between both groups. The application of the

104



coating reduced the external firmness of cauliflowers. It has already been reported that
treatments with coatings containing EOs can lead to a decrease of the firmness. Indeed,
Raybaudi-Massilia et al. (2008b) have proposed that the presence of EOs might induce a loss of

cell wall constituent, thus affecting the firmness.

Table 3.4 Effect of the antimicrobial coating E on the resistance of penetration and the

consistency of cauliflowers®.

Resistance of penetration (N) Consistency (N mm)
Days Control Coating Control Coating
0 611+ 144 b,B 488 +112 a,A 116.2+13.7¢c,B 93.8+13.43a3A
1 530+ 126 ab,A 505 £ 106 a,A 106.0+£11.5b,A 122.0+14.5b,B
2 562 £ 141 ab,A 617 £135b,A 1059+ 14.8b,A 119.7+£22.0b,B
4 494 +95 a,A 450+ 56 a,A 95.5+13543A 112.8+11.8b,A
7 563 + 119 ab,A 575+ 152 b,A 99.8+15.2 ab,A 122.2+18.0b,A

! Means followed by the same lowercase letter in each column for each property are not significantly different at the
5% level. Means followed by the same uppercase letter in each row are not significantly different at the 5% level.

The consistency represents the work needed to tear cauliflower skin and flesh (Mehinagic et al.,
2003). The consistency of the control group continuously decreased overtime (from 116 N m at
Day 0 to 99.8 N m at Day 7), while it increased for the coated group (from 93 N m at Day O to
122 N m at Day 7). At Day 0, the control samples had a significantly higher consistency (p <
0.05) as compared to the coated samples (116 and 94 N m respectively). During Days 1-2, this
trend was inversed and the consistency of cauliflowers was significantly higher (p < 0.05) after
coating (106 N m for the control and 120 N m for the coating at Day 2). At the end of storage, no

significant differences were observed between control and coated samples.

It can be hypothesized that a disruption in cauliflower cells occurred immediately after the

coating treatment (Raybaudi-Massilia et al., 2008b). However, the presence of MC in the
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coating could have helped in reducing changes in firmness. Indeed, Maftoonazad et al. (2005)
have concluded that MC was effective in limiting loss of firmness. It has also been shown that
MC matrices can undergo hydration when stored with vegetables (Boumail, A et al., 2013).
Overall, treatments with antimicrobial coating E did not induce major changes since the
resistance of penetration and the consistence were similar to the control after a one-week

storage.

3.6.4 In situ antimicrobial effect of coatings

The effects of the antimicrobial coating on cauliflowers overtime are presented in Table 3.5.
Results showed a slight decrease of bacteria for the control, from 3.2 log CFU g™ at Day 0 to
2.7 log CFU g™ at Day 7. Treatments with the coating showed an instant antimicrobial effect on
L. innocua, with a 1.7 log CFU g™ decrease observed at Day 0. This effect was maintained
overtime and no apparent colonies were detected after 7 d of storage, suggesting a complete
inhibition of L. innocua. Those results indicate that the antimicrobial coating is effective against
Listeria immediately after preparation but also during a long-term storage. This behavior would
not only be due to the presence of terpenes, but also to lactic acid and citrus extract. Indeed,
Park et al. (2011) have studied the effect of lactic acid on the growth of L. monocytogenes. They
have shown that a 20 g L™ acid lactic treatment induced a 4 log CFU g reduction immediately
after treatment, and this reduction was increased in the following minutes. The antimicrobial
effect for terpenes is well known (Azarakhsh et al., 2014, Lv et al., 2011, Peng et al., 2014) but
their high volatility can be a limitation to their use (Bilia et al., 2014). According to results
obtained here, it could be hypothesized that the use of MC and MD as a matrix creates a
retention of volatiles and a higher diffusion, generating a release of those compounds during
time. It has already been mentioned that the presence of humidity can influence the release of
EOs (Del Toro-Sanchez et al., 2010, Peng et al., 2014). Indeed, Del Toro-Sanchez et al. (2010)
have shown that the release of thymol, a main constituent of EOs, is increased when the
relative humidity increases. It has been reported by Ayala-Zavala et al. (2008) that during
storage of fresh food, the relative humidity content increases until saturation is reached. Also,
because of their hydrophilic nature, polysaccharide-based films are likely to undergo hydration,
as it has already been observed in several studies (Boumail, A et al., 2013, Wyatt et al., 2013).
Thus, it could be possible that the absorption of the surrounding humidity by the coating matrix

allows continuous release of bioactive compounds in the headspace.
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Table 3.5 Effect of the combination of antimicrobial coating E on the growth of L. innocua in

cauliflower florets.

Bacterial count (log CFU/g)*
Treatment

Day 0 Day 1 Day 2 Day 4 Day 7

3.23+£0.26 3.07+£0.42 2.30+£0.52 2.80+£0.25 2.71+£0.50
Control
c,B c,B a,B b,B b,A

Antimicrobial 1.49+0.16 1.06 £0.22 1.24+0.23 0.99+0.19 5
ND
coating E c,A ab,A b,A a,A

! Means followed by the same lowercase letter in each row are not significantly different at the 5% level. Means
followed by the same uppercase letter in each column are not significantly different at the 5% level.

2 ND = not detected (< 0.48 log CFU/g)

3.7 Conclusion

This study showed that EOs can be incorporated in a polysaccharide matrix without affecting
their antimicrobial properties. The coating E + AM showed the best in vitro antimicrobial
properties without affecting the sensorial properties of cauliflowers. Moreover, physicochemical
analyses performed showed changes in the respiration rates but no major color modifications.
Finally, treatments of cauliflowers with coating E + AM allowed a complete inhibition of Listeria
after a one-week storage. Therefore, this user-friendly coating could be applied in the food

industry as a way to fulfill federal regulation requirements.
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4.1 Contribution des auteurs

J'ai préparé le plan expérimental, mis au point puis réalisé toutes les expériences de cette
étude. Jai également rédigé la publication scientifique. Stéphane Salmieri a participé a
I'élaboration des protocoles et aux discussions scientifiques. La Pre Monique Lacroix était la
responsable scientifique et la coordinatrice du projet de recherche. Elle a supervisé I'élaboration
des protocoles, participé aux discussions scientifiques et réviseé cet article.

4.2 Reésumé en francais

Les objectifs de cette étude étaient d'évaluer l'effet d'un enrobage bioactif comestible, & base
d'antimicrobiens naturels, combiné a une faible dose d'irradiation y (0.25 kGy) dans le but
d'éliminer les bactéries pathogénes et d'augmenter la conservation de choux-fleurs préts a
manger. Les résultats ont montré que I'enrobage utilisé seul était efficace sur Listeria innocua et
Escherichia coli, avec des réductions de 3.2 et 1.8 log UFC/g respectivement au jour 7. Le
traitement par irradiation y a également permis un effet antimicrobien sur L. innocua et E. coli,
avec des diminutions respectives de 1.8 et 3.6 log UFC/g. Aprés combinaison de I'enrobage et
de lirradiation y, aucune bactérie (L. innocua ou E. coli) n'a été détectée, suggérant des
réductions de 3.2 et 3.6 log UFC/g respectivement pendant une conservation de 7 jours. Les
résultats ont aussi montré que les bactéries mésophiles étaient affectées par la combinaison de
traitements, avec une réduction de 1.8 log UFC/g au jour 0. Ce niveau de bactéries mésophiles
a été stable pendant une conservation de 7 jours. Cette étude a démontré que l'enrobage
bioactif agit en synergie avec une faible dose d'irradiation y, provoquant une inhibition de la
croissance de L. innocua et E. coli, ainsi qu'un contrble des bactéries mésophiles pendant 7

jours.
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4.3 Abstract

The objective of this study was to evaluate the effect of a bioactive edible coating combined with
a low y-radiation dose or negative air ionization (NAI) with ozone on the microbiological quality
of ready-to-eat cauliflowers. Results showed that each treatment alone was effective on Listeria
innocua, Escherichia coli and mesophilic bacteria. After 7 d, treatment with y-radiation reduced
L. innocua and E. coli of 1.8 and 3.6 log CFU g™ respectively while NAI + ozone reduced L.
innocua and E. coli of 2.0 and 2.8 log CFU g™ respectively. Mesophilic bacteria were reduced of
1.8 log CFU g™ after y-radiation and 1.4 log CFU g™ after NAI + ozone. This study demonstrated
that the bioactive coating acts in synergy with y-radiation, inducing no bacterial growth of L.
innocua and E. coli, as well as a control of the growth of mesophilic bacteria during 7 d. The
combination of bioactive coating and NAI + ozone induced an additive effect on L. innocua, E.

coli and mesophilic bacteria, and suggests potential antioxidant properties of the coating.

Keywords: antimicrobial coating, gamma radiation, ozone, negative air ionization, Listeria, E.
coli
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4.4 Introduction

Elimination of pathogenic bacteria is a major concern for food industries. Indeed, Scallan et al.
(2011) have estimated that 9.4 million illnesses were due to foodborne disease, causing 55,961
hospitalizations and more than 1,300 deaths. Among all the micro-organisms, Escherichia coli
and Listeria monocytogenes are frequently involved in microbial outbreaks. After harvest, fruits
and vegetables can be considered as bacteria carriers which is why they undergo disinfection
treatments (Olmez et al., 2009). The use of chemical washing compounds such as peracetic
acid can reduce the bacterial load but it is not enough to guarantee safety throughout the entire
shelf life of food products (Alvaro et al., 2009, Dai et al., 2012, Siroli et al., 2015). Indeed,
according to Erickson (2010), cross-contaminations are likely to occur while food is being
processed but also after leaving processing facilities. Despite food safety measures, foodborne
outbreaks still happen, leading to health threats and hospitalizations. Fruits and vegetables that
are eaten raw can be an easy target, as confirmed by recent outbreaks which occurred on fresh
vegetables for salads, cantaloupes or celery, respectively contaminated by E. coli, Salmonella
and Listeria (Garner et al., 2016, Kozak et al., 2013)

Gamma-radiation is a cold process that can be used to assure food safety and is usually applied
on packaged products. Irradiation provokes DNA double-strand breaks, which can lead to
bacterial death (Hussain et al., 2014, Jeong et al., 2010). The maximum dose that can be
applied on fresh vegetables should not exceed 1 kJ kg™* (Komolprasert et al., December
2007/January 2008). However, some pathogens such as L. monocytogenes can still survive and

need higher doses to be eliminated (Bari et al., 2006).

Ozone, an allotrope of oxygen, can be produced by using the corona method. Air is exposed to
a high-voltage current, leading electrons to split after their excitation. Single atoms of oxygen
will then combine with oxygen molecules, forming a new ozone molecule with a short half-life
(Alencar et al., 2013, Kim et al., 1999, Shah et al., 2013). The antimicrobial action of ozone has
been studied and several mechanisms have been listed (Kim et al., 1999). Indeed, it has been
proposed that ozone induces changes in DNA of microorganisms, leading to their inactivation.
Also, according to some authors, ozone would react on cell walls of bacteria by oxidizing major
components (Beuchat, 1992). During the last past years, the use of ozone has been paired with
negative air ionization. This new air-cleaning technology provides negative charges to particles,
resulting in their accumulation on walls and floors (Holt et al., 1999). Challenger et al. (1996)

showed that the use of negative ions also leads to the generation of hydrogen peroxide. Studies
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have been carried out on the survival of microorganisms on cantaloupe, showing that hydrogen
peroxide treatments were effective against L. monocytogenes and total flora (Sapers et al.,
2001b, Ukuku et al., 2002).

Essential oils (EOs) are natural compounds known to possess strong antimicrobial properties
due to their content in phenolic compounds and flavonoids (Oussalah et al., 2004). Burt (2004)
has suggested that the hydrophobicity of EOs provokes changes in cell membrane permeability,
resulting in a loss of ions and other cell contents. Lv et al. (2011) showed that a one hour-
treatment with EOs such as oregano, bergamot or basil is also enough to damage cell
membranes. Oussalah et al. (2006a) studied the mechanism of action that occurred after
treatment of bacteria with EOs. They showed that EOs are more likely to act on the cytoplasmic
membrane, leading to physiological changes in bacteria. Indeed, losses of intracellular ATP and
cell constituents were observed, confirming a disruption of bacteria membranes. Other effects
such as denaturation of proteins and enzymes have been described to affect cell division
mechanisms (Nazzaro et al., 2013). Organic acids can also be used as antimicrobial
compounds since they are internalized in the cytoplasm before dissociating into protons and
anions, affecting internal pH and cell components (Davidson et al., 2007, Ricke, 2003).
Recently, Boumail, A. et al. (2016) have developed a bioactive coating which allowed a

reduction of L. monocytogenes in vegetables.

Treatments are usually combined to induce synergies and increase antimicrobial effects.
However, very little research has studied the effect of gaseous ozone and EOs on bacteria.
Whangchai et al. (2006) studied the effect of ozone combined with citric or oxalic acids. They
concluded that gaseous ozone should be followed by another antimicrobial treatment to prevent
later contaminations. Thus, the use of negative air ionization with ozone (NAI + ozone) during
the whole storage represents an innovative technique to control bacterial growth. The aim of this
study was to evaluate and compare the antimicrobial effects of y-radiation or NAI + ozone in

combination with a bioactive coating on ready-to-eat cauliflowers during storage.
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45 Materials and Methods

451 Bacterial suspension

Under sterile conditions, 25 g of cauliflower were immersed in 75 mL of peptone water (1 g L™)
and then, homogenized for 1 min using a Stomacher Lab-Blender 400 (Laboratory
Equipment, London, UK). A quantity of 1 mL of this resulting mixture was incubated in 9 mL
of Tryptic Soy Broth (TSB; Difco Laboratories, Detroit, MI, USA) at 37 °C for 24 h. Those
bacteria extracted from cauliflower were used to prepare a stock solution of mesophilic bacteria.
E. coli ATCC 8739, L. innocua ATCC 51742 and mesophilic bacteria were stored at - 80 °C in
TSB in presence of glycerol (150 g L™). Before each experiment, bacteria were propagated
through 2 consecutive cycles of 24 h in TSB at 37 °C. The cultivated cultures were centrifuged
at 5,000 g for 15 min and the collected pellets were washed twice in peptone water (1 g L™) to
obtain working cultures containing approximately 10° CFU (colony forming unit) mL™.

45.2 Preparation of vegetables

Cauliflowers were purchased from a local supermarket, cut into florets (20 to 25 g) and
packaged in 12.7 pm metalized polyester-50.8 pym ethylene vinyl acetate copolymer bags
(Winpak Division Ltd., Montreal, QC, Canada). Sterilization was done at the Canadian
Irradiation Center by y-radiation, using a UC-15 A (SS canister) underwater calibrator (Nordion
Inc., Kanata, ON, Canada) equipped with a ®°Co source. A radiation dose of 10 kJ kg™ was

delivered at a dose rate of 16.95 kJ kg™ h™. Vegetables were then stored at 4 °C.

453 Bioactive coating

The mixture of antimicrobial compounds was prepared according to Boumail, A. et al. (2016).
The bioactive coating was prepared as described by Boumail, A. et al. (2016) and contained 2.5
g L of methylcellulose (MC), 7.5 g L™ of maltodextrin (MD), 7.5 g L™ of glycerol (Sigma-Aldrich

Ltd) and 34 g L™ of the antimicrobial compounds.

114



454 Bacterial radiosensitization

The Dy is defined as the radiation dose required reducing 90% population (reduction of 1 log
CFU g™ of viable E. coli and L. innocua on cauliflowers. Control and coated cauliflowers were
inoculated with E. coli or L. innocua in order to reach approximately 10° log CFU g™ on
vegetables. Samples were stored at 4 °C for 15 h, allowing the bioactive coating to act on
bacteria. Irradiation treatment were then performed with doses from 0 to 1 kJ kg™ for E. coli
and from 0 to 2.4 kJ kg™ for L. innocua. For microbiological analysis, cauliflowers samples (25
g) were immersed in 50 g of peptone water (1 g L™) and homogenized using a stomacher.
Serial 10-fold dilutions were made and 1 mL of each dilution was spread on petri dishes
before medium was poured. MacConckey culture media supplemented with sorbitol was
used for E. coli and Palcam supplemented with ceftazidime (20 mg L ™), acriflavin (5 mg L™)
and polymixin B (10 mg L™) was used for L. innocua. Petri dishes were incubated at 37 °C
for 48 h before bacterial enumeration. Detection level was calculated as 0.48 log CFU g™ (3
CFU g'l). Bacterial counts were plotted against radiation doses and the Dj, value was

calculated according to the Equation 1.
Equation 1 : Dy =%

where a is the slope of the trendline extracted from the plot.
455 Negative air ionization (NAI) with ozone

The ionizer/ozonator was set to produce minimal amount of ozone (volume of 428 mg m™®) and
negative ions (ranging from -0.2 to -0.4 mV) during the whole experiment. The residual ozone
content was measured and recorded using a Portable Ozone Analyzer Series 500 (Aeroqual
Limited, Auckland, New Zealand) that can detect up to 1070 mg m™. Data were collected using
Aeroqual S500 v6.0 software (Aeroqual Limited). The negative ions content was measured and
recorded with an Air lon Counter (AlphaLab Inc, Salt Lake City, UT, USA) and data were
collected using AlphaApp 1.0.19 (AlphaLab Inc.).
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45.6 Antimicrobial effect of combined treatments during storage

Cauliflowers were treated with the bioactive coating and then inoculated by adding 500 L of a
diluted bacterial suspension (10° log CFU mL™) on 20 g of cauliflowers. Final concentrations on
cauliflower were 3.2 log CFU g™ for L. innocua and 3.6 log CFU g™ for E. coli and for mesophilic
bacteria. After inoculation, samples were divided into 2 groups. One group was stored at 4 °C
for 15 h and then irradiated with a dose of 0.25 kJ kg™ before storage during 7 d. The other
group was stored at 4 °C under ionized/ozonated air during 7 d. Microbiological analysis were
performed as described in part 2.4. at days 0, 1, 2, 4 and 7. Tryptic Soy Agar (TSA, Difco
Laboratories, Detroit, Ml, USA) was used for the plating of samples inoculated with mesophilic
bacteria while Palcam and MacConckey agar supplemented with sorbitol were used for

enumeration of L. innocua and E. coli respectively.

45.7 Synergistic effect of combined treatments

The relative inactivation value (RIV) of combined treatments was calculated according to the
Equation 2 (Severino et al., 2014a). Synergistic effects, occurring after the combination of

treatments, were defined when RIV > 1.

. logN, —logN
Equatlon 2RIV = INtreatment INcomb
LogN controi—l0gNcoat

where logN oniro1 1S the microbial population in the control samples, l0gN¢reqtment 1S the
microbial population after y-radiation or NAI + ozone treatment, logN.,,: iS the microbial
population after coating treatment and logN.,,, iS the microbial population after combined

treatments.

45.8 Experimental design and statistical analysis

All analyses were performed in triplicate (n = 3) and 3 measurements were done for each
replicate. The determination of the Dy, was calculated using a 2 x 3 x 2 x 2 x 10 factorial design:
2 repetitions, 3 replicates, 2 treatments (control or coating), 2 bacteria, 10 y-radiation doses. For

microbial analyses, samples were separated into 6 groups: (i) control; (ii) coating; (iii) y-
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radiation; (iv) NAI + ozone; (v) coating combined with y-radiation; (vi) coating combined with NAI
+ ozone. Analyses during storage were done using a 2 x 3 X 6 x 3 x 5 factorial design: 2
repetitions, 3 replicates, 6 treatments, 3 bacteria, 5 d of storage. Analysis of variance, Duncan’s
multiple-range test and Student test were performed for statistical analysis by using SPSS 16.0
software (IBM Corp., Somers, NY, USA). Differences between means were considered to be

significant at a 5% level.

4.6 Results and Discussion

46.1 Radiosensitization of bacteria

Figure 4.1 shows the radiosensitization of L. innocua and E. coli in cauliflowers treated with the
bioactive coating. For L. innocua, results showed a D, value of 0.25 kJ kg™ for the control, and
a Dy value of 0.22 kJ kg™ after treatment with the bioactive coating. For E. coli, the Dy, value
was reduced from 0.18 to 0.16 kJ kg™ after treatments with the bioactive coating. Those results
are in agreement with previous studies (Beauchamp et al., 2012, Lacroix et al., 2009), since
Gram-positive bacteria have been described as more resistant to y-radiation than Gram-
negative bacteria (Do values of 0.25 and 0.18 kJ kg™ for L. innocua and E. coli respectively). A
higher decrease of the Dy, value was observed for L. innocua as compared to E. coli after
treatments with the bioactive coating. This behavior can be explained by the presence of EOs in
the bioactive coating. Indeed, hydrophobic compounds such as EOs can easily penetrate the
cell wall of Gram positive bacteria, while Gram negative bacteria possess hydrophilic channel in
their outer membrane (Nazzaro et al., 2013). Results obtained in this study suggest that cell
membranes of L. innocua were weakened by the antimicrobial coating pre-treatment, thus
exposing DNA to y-radiation. This would confirm several studies showing that EOs act in
synergy with y-radiation (Caillet et al.,, 2006a, Lacroix et al., 2009, Lafortune et al., 2005,
Severino et al., 2014a, Turgis et al., 2012). Among them, Severino et al. (2014a) showed that y-
radiation was more effective when combined with a chitosan-based coating containing EOs
since they were able to reduce the Dy, from 0.32 to 0.24 kJ kg™, showing an increase of the

bacterial radiosensitization of 25 %.
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Figure 4.1 Radiosensitization of L. innocua (Fig 1.A) and E. coli (Fig 1.B) on cauliflowers treated
with antimicrobial coating.
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4.6.2 Antimicrobial effect of biactive coating combined with y-radiation during storage

The effect of the antimicrobial coating combined with y-radiation on E. coli, L. innocua and
mesophilic bacteria is presented in Figure 4.2. Results showed that the content of E. coli in
control cauliflowers decreased by 1.5 log CFU g™ in 7 d. Between Day 0 and Day 2, a reduction
of bacterial count from 3.6 to 3.0 log CFU g was observed. Then, between Day 4 and Day 7, a
reduction of bacterial count from 3.0 to 2.1 log CFU g* was observed. Treatments with y-
radiation also allowed a significant bacterial reduction (p < 0.05). Indeed, at Day 0, a 1.1 log
CFU g* reduction was observed after y-radiation treatment and the bacterial load was
decreased during storage, until no bacteria were detected at Day 7. This observation would
suggest a complete elimination of E. coli with a 3.6 log CFU g™ inhibition and could be explained
by the fact that E. coli is sensitive to y-radiation (Beauchamp et al., 2012). Treatments with the
bioactive coating were also effective in significantly reducing E. coli (p < 0.05) since a 1.3 log
CFU g reduction was noticed at Day 0. A continuous decrease was observed during storage,
from 2.3 log CFU g* at Day 0 to 1.8 log CFU g* at Day 7. The combination of the bioactive
coating and y-radiation showed a strong antimicrobial effect since E. coli was below the limit of

detection during the whole storage.

Concerning L. innocua, the control group showed a reduction from 3.2 to 2.7 log CFU g™ after 7
d of storage, characterized by a significant reduction to 2.3 log CFU g™ at Day 2 (p < 0.05). The
y-radiation treatment induced a significant reduction (p < 0.05) at Day 0, from 3.2 to 2.3 log CFU
g™. It was followed by a 1.4 log CFU g™ reduction until Day 2 and an increase of bacterial count
to 1.5 log CFU g™ from Day 4 to the end of storage. The reduction observed around Day 2 for
the control and y-irradiated samples could be due to environmental stresses. Sela et al. (2015)
mentioned that the survival can be limited for bacteria located on external parts of plants. Also, it
has been reported that the growth of bacteria on the surface of fruits and vegetables would be
reduced due to the lack of nutrients and moisture (USFDA, 2015). The coating treatment also
showed a significant reduction of 1.7 log CFU g™ (p < 0.05) of the bacterial load at Day 0. This
reduction was continuous over time, until no detection was observed on Day 7. However, the
combined treatments had a synergistic effect and the level of L. innocua was below the limit of
detection during the whole storage. The use of the coating in combination with 0.25 kJ kg™
radiation dose led to a reduction of at least 2.7 log CFU g, creating, as for E. coli, a synergistic

effect between the two treatments.
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Figure 4.2 Effect of the combination of antimicrobial coating and y-radiation (0.25 kJ kg™) on the growth of E. coli (Fig 2.A), L. innocua
(Fig 2.B) and mesophilic bacteria (Fig 2.C) on cauliflower florets.
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Finally, results for the mesophilic bacteria showed that the control group was stable during
storage, with values between 3.3 and 3.6 log CFU g™*. Results also showed that both irradiation
and coating treatments allowed a reduction of bacteria at Day 0, from 3.6 log CFU g™ to 3.0 log
CFU g*. A continuous decrease was also observed during storage on 0.25 kJ kg™ treated
samples, showing a reduction from 3.0 log CFU g* ad Day 0 to 1.4 log CFU g* at Day 7.
Treatment with the coating reduced the mesophilic bacteria from 3.0 log CFU g™ at Day 0 to 2.5
log CFU g* at Day 1 and showed no variation (p > 0.05) until the end of storage. The
combination of coating and y-radiation induced a significant reduction of the mesophilic bacteria
load at Day 0 from 3.6 to 1.8 log CFU g™.

Results obtained after combination of the antimicrobial coating and y-radiation are consistent
with what was previously described. Indeed, Gram-negative bacteria are known to be more
sensitive to y-radiation than Gram-positive bacteria. Lacroix et al. (2009) have shown that L.
monocytogenes required a higher y-radiation dose than E. coli and Salmonella Typhimurium
(both Gram-negative bacteria) to obtain a reduction of 1 log CFU g™ (0.36, 0.21 and 0.27 kJ kg™
respectively). However, due to the structure of their membrane, Gram-positive bacteria are
more likely to be affected by EOs. A previous study has suggested that the use of EOs can
increase the sensitivity of bacteria to y-radiation (Lacroix et al., 2004). Indeed, antimicrobial
properties of EOs are known to be due to the presence of phenolic and terpenic compounds.
Sikkema et al. (1994) have studied the action of terpenes on bacteria. They proposed a
mechanism in which terpenes accumulate in the cytoplasmic membrane, increasing its size.
Resulting changes induce a reduction of the activity of enzymes (such as the cytochrome c
oxidase, responsible for the respiration) and an increase of the proton permeability. Following y-
radiation treatments will target DNA molecules, inducing mutations that can inhibit bacterial
growth (Hussain et al., 2014, Jeong et al., 2010). Another important effect, indirect consequence
of y-radiation, is due to reactive oxygen species after radiolysis of water (Beauchamp et al.,
2012, Jeong et al., 2010). Results obtained would suggest that the use of the coating followed
by a 0.25 kJ kg™-radiation treatment induced a reduction of at least 3.6 and 3.1 log CFU g™ of E.

coli and L. innocua respectively.
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4.6.3 Antimicrobial effect of bioactive coating combined with NAI + ozone during

storage

The effect of the combined treatments on E. coli, L. innocua and mesophilic bacteria is
presented in Figure 4.3. For E. coli, a continuous decrease was observed for the control group
during storage. Indeed, the bacterial load was reduced from 2.8 log CFU g™ at Day 0 to 1.5 log
CFU g at Day 4. At the end of storage, no bacteria were detected. Treatment with NAI + ozone
also induced a significant reduction of E. coli. Indeed, a 0.8 log CFU g reduction was observed
after 1 d of storage and no bacteria were detected from Day 2 to Day 7. The coating as well as
the combined treatment showed an immediate reduction of E. coli, from 2.8 to 2.0 log CFU g™* at
Day 0. Both groups exhibited a similar behavior for the rest of the storage, with a bacterial load
of 1.2-1.3 log CFU g™ at Days 1-4 and no bacteria detected at Day 7.

Concerning L. innocua, results showed a significant reduction (p < 0.05) of the bacterial load for
the control group during storage, from 3.3 log CFU g* at Day 0 to 2.1 log CFU g™ at Day 7. All
treatments applied on cauliflower also showed antimicrobial effects, with higher reductions.
Indeed, a one week-exposition to NAI + ozone resulted in a 2 log CFU g* reduction, from 3.3
log CFU g* at Day 0 to 1.3 log CFU g* at Day 7. Treatment with the coating showed a
significant and immediate antimicrobial effect (p < 0.05), with a reduction of 1.3 log CFU g™,
which is in accordance with results reported in Section 4.6.2. After coating, L. innocua was not
detected from Day 4 until the end of storage, suggesting a complete inhibition of bacteria.
Finally, results showed that the combined treatments (coating followed by storage under NAI +
ozone) had a similar antimicrobial effect as compared to the coating alone during the whole
storage, with a reduction of bacteria at Day 2, from 2.1 to 1.3 log CFU g™, and no detection from

Day 4 until the end of storage.
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Figure 4.3 Effect of the combination of antimicrobial coating and NAI + ozone on the growth of E. coli (Fig 3.A), L. innocua (Fig 3.B) and
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As for mesophilic bacteria, the control group showed a 0.7 log-reduction (p < 0.05) over storage,
from 3.9 to 3.2 log CFU g* at Days 0 and 7 respectively. For the other groups, all treatments
allowed a significant reduction (p < 0.05) of bacteria over time. Indeed, the treatment with NAI +
ozone reduced the microbial load from 3.9 log CFU g™ at Day 0 to 2.3 log CFU g™ at Day 7,
representing a reduction of 1.6 log CFU g*. The coating treatment resulted in an immediate
antimicrobial effect on mesophilic bacteria, with a reduction from 3.9 to 3.0 log CFU g™ at Day 0.
The bacterial load slightly decreased at Day 1 and was maintained until the end of storage to a
value of 2.5 log CFU g™*. The combined treatments also induced a reduction of bacteria on Day
0, from 3.9 to 3.0 log CFU g™. The antimicrobial effect was continuously observed until the end
of storage, with a final level of 1.7 log CFU g™, representing a total reduction of 2.2 log CFU g™.

Treatments with NAI + ozone were effective in reducing the growth of all tested bacteria.
Several studies have showed similar results and a mechanism of action has been proposed.
According to Mahapatra et al. (2005), bacteria cells are electropositive and are likely to attract
electrophilic molecules such as ozone. The high oxidation potential of ozone would then allow
the deterioration of lipids from the membrane. This disruption of cell would lead to a loss of cell
components but also expose nucleic acids, enzymes and protein to oxidation by ozone (Kim et
al., 1999, Mahapatra et al., 2005, Miller, F.A. et al., 2013).

Results obtained suggest that the antimicrobial effect of ozone is higher on E. coli than on L.
innocua. This is in agreement with what has been reviewed by Miller, F.A. et al. (2013). Indeed,
Gram-positive bacteria membranes contain a thick layer of peptidoglycans while Gram-negative
bacteria membranes contain a thin peptidoglycans layer and lipids. As a result, Gram-negative

bacteria could be considered as a better target in presence of ozone.

Recently, Song et al. (2015) have studied the effect of ozone in juices and observed a synergy
between ozone and pH. They suggest that ozone increases the permeabilization of bacteria,
allowing the diffusion of weak acids. This would result in a dissociation and a release of protons

in the cytoplasm, decreasing the internal pH.

4.6.4 Synergistic effect of combined treatments

As explained by Bjergager et al. (2012), a synergy can be defined as the ability of one treatment

(ie antimicrobial coating application) to increase the effect of another treatment (ie y-radiation or
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NAI + ozone treatment). Synergistic effect treatments are observed when RIV (relative
inactivation value) > 1 while a RIV of approximately 1 is typical of an additive effect. On the
contrary, antagonist effects are observed when RIV < 1. Results presented in Table 4.1
summarize the RIV of the combined treatments observed on L. innocua, E. coli and mesophilic
bacteria during storage. The combination of antimicrobial coating and y-radiation induced
synergistic effects (RIV > 1) on L. innocua and E. coli during storage. On the opposite,
combining the antimicrobial coating to NAI + ozone led to additive effects on L. innocua and E.
coli, with RIV = 1. Concerning mesophilic bacteria, the combination of the antimicrobial coating
with y-radiation was characterized by a synergy on Day 0 and an additive effect on the following
days. Overall, the combination of the antimicrobial coating with NAI + ozone induced an additive
effect on mesophilic bacteria.

Table 4.1 Relative inactivation value (RIV) of combined treatments (antimicrobial coating
combined with y-radiation or NAI + ozone) for E. coli, L. innocua and mesophilic

bacteria.
RIV!
E. coli L.innocua Mesophilic bacteria
Days
Y- NAI + y-radiation NAI + y-radiation NAI +
radiation ozone ozone ozone
0 >1 1 >1 1 >1 1
1 >1 <1 >1 0.9 0.9 <1
2 >1 <1 >1 0.8 0.7 <1
4 >1 <1 >1 1 0.7 1.1
7 0 1 1 1 0 0.8

LRIV < 1 highlights an antagonist effect, RIV = 1 highlights an additive effect and RIV > 1 highlights a synergistic

effect between y-radiation and the bioactive coating.
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From those results, it could be deduced that the use of the bioactive coating increased the
antimicrobial effect of y-radiation on E. coli and L. innocua from Day 0 to Day 4. The absence of
synergy on Day 7 can be explained by the efficiency of the y-radiation treatment alone for E. coli
and the bioactive coating treatment alone for L. innocua. Similarly, the bioactive coating
treatment induced a higher antimicrobial effect of y-radiation on mesophilic bacteria on Day 0.
The absence of synergy in the following days is probably due to the continuous antimicrobial
effect of the y-radiation treatment during storage. Despite the antagonist effect observed, the
bacterial load was kept under 2 log CFU g™ during the whole storage (Fig. 4.2.C).

The additive effect produced when combining the bioactive coating to NAI + ozone are in
agreement with results observed by Severino et al. (2014b). Authors combined an antimicrobial
coating with ozonated water, leading to an additive effect during the first days of storage.
Kavoosi et al. (2013) showed that the incorporation of thymol in a bioactive film increased the
antioxidant properties. Guerreiro et al. (2015) showed that polysaccharide coatings containing
citral and/or eugenol had higher antioxidant properties. According to Chiasson et al. (2004),
antioxidant compounds can interact with free radicals, increasing the resistance of bacteria.
Thus, such studies could explain the results we obtained. Indeed, since ozone is a strong
oxidizing agent (Artés et al., 2009, Coll Cardenas et al., 2011, Kim et al., 1999, Mahapatra et al.,
2005), it could be hypothesized that the antimicrobial coating also exhibited antioxidant
properties towards physical surface treatments. Properties of both treatments could explain the
difference in their efficiency since NAI + ozone act on the membrane of cells while y-radiation
has more penetrating properties and would be less affected by the coating applied on the

surface of food.

4.7 Conclusion

Coating, y-radiation and NAI + ozone treatments alone were able to decrease significantly the
level of E. coli, L. innocua and mesophilic bacteria in ready-to-eat cauliflower florets. The
combination of the bioactive coating induced a synergy and allowed a reduction of the level of
these bacteria under the limit of detection while the combination with NAI + ozone induced
additive effects. Storage of vegetables in NAI + ozone would be a good technique to reduce and

control bacterial growth while the use of y-radiation could prevent cross-contamination from
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turning into microbial outbreaks. It would also answer to federal regulations in order to assure

the absence of E. coli and L. innocua in ready-to-eat food while increasing their shelf-life.
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5 DISCUSSION ET CONCLUSION GENERALES

L'objectif général de ce projet était de développer deux systémes polymériques, composés
d'agents naturels bioactifs, permettant de garantir la qualité des légumes préts a manger. Les
études réalisées ont montré qu'il est possible d'immobiliser différents agents antimicrobiens
(HE, acides organigues, extraits naturels) dans des matrices polymériques tout en préservant

leurs propriétés antimicrobiennes.

L'étude détaillée dans l'article 1 a montré que les films d'emballage avaient un bon effet
antimicrobien in vitro sur les bactéries L. monocytogenes, E. coli et S. Typhimurium. Malgré le
fait que les bactéries Gram négatif soient plus résistantes aux HE, ce sont celles-ci qui ont été
affectées le plus par les films. Ces résultats pourraient suggérer que des mécanismes d'action

différents entrent en jeu grace au contact direct entre les antimicrobiens et les bactéries.

L'étude a montré que le suivi de la libération des composés bioactifs depuis des films
d'emballage pouvait se faire selon une méthode conventionnelle (dosage des composés
phénoliqgues) mais également selon une méthode innovante, c'est-a-dire par FTIR. Cette
méthode simple et rapide pourrait permettre de suivre plus spécifiquement I'évolution de
certains composés selon la longueur d'onde sélectionnée. Un avantage non négligeable de
cette méthode est le fait que I'échantillon n'est pas détruit. Utilisée en industrie, cette technique
permettrait ainsi un gain de temps considérable lors des étapes de contrdle qualité. Ainsi, aprés
avoir établi une courbe standard, il serait possible d'estimer, en une dizaine de minutes, la
concentration en antimicrobiens dans les films. Cette donnée pourrait également étre corrélée a

I'activité antimicrobienne, aidant ainsi a déterminer les dates de péremption des aliments.

Il a aussi été montré que ces films produisent un effet barriére face a I'humidité et au dioxyde de
carbone, ce qui serait principalement di a la présence de PCL et des agents antimicrobiens
respectivement. Enfin, I'évaluation des propriétés mécaniques de ces films a permis de
déterminer leur élasticité et leur niveau de résistance face a un stress. Il s'agit d'un critére
important lors de la commercialisation car les emballages peuvent étre soumis & de nombreux
chocs, que ce soit pendant le transport ou en magasin. Il est donc nécessaire de développer un
film qui sera assez résistant pour maintenir sa forme et sa structure tout en continuant a libérer
les différents composés antimicrobiens pendant toute la durée de conservation. En ce sens, les

films ADF-B sembleraient étre plus adaptés car plus résistants a long terme.
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Cependant, il est important et nécessaire que les films développés produisent un effet
antimicrobien contre les principales bactéries pathogenes retrouvées dans I'industrie
alimentaire, et en particulier L. monocytogenes. Les films d'enrobage pourraient ainsi répondre
a cette problématique puisque le contact direct entre I'enrobage et les bactéries permet de se

rapprocher des conditions in vitro réalisées avec les films d'emballage.

Contrairement aux films d'emballage, les enrobages sont ingérés en méme temps que les
légumes traités. Il est donc nécessaire que les composés utilisés soient autorisés en industrie
alimentaire. Un autre aspect important concernant les antimicrobiens utilisés est le fait qu'ils ne
devraient pas altérer le golt des légumes. Ainsi, certains tests peuvent étre nécessaires afin de
déterminer la concentration en antimicrobiens et I'adapter au besoin. Une diminution de cette
concentration peut également réduire l'efficacité de I'enrobage face aux bactéries et il est
important d'en tenir compte. L'optimisation du mélange de composés antimicrobiens utilisé dans
les articles 2 et 3 ne figure pas ici car sa mise au point a été effectuée précédemment (Tawema
et al., 2014). Les tests effectués dans l'article 2 ont montré qu'aprés immobilisation dans une
matrice polymérique, I'effet antimicrobien des composés bioactifs contre L. monocytogenes était
présent aprés 24h. Cependant, la composition en polymére semble avoir un effet sur la
rétention de ces antimicrobiens, influengcant par la suite les propriétés organoleptiques des
Iégumes traités. Les propriétés filmogeénes de la méthylcellulose ont permis d'avoir une matrice
gui se manipule bien et qui semble également adhérer aux choux-fleurs, permettant d'assurer
une répartition de I'enrobage sur toute la surface. La présence d'amidon semble diminuer I'effet
antimicrobien des enrobages et altérer le golt des choux-fleurs aprés traitement. Cela peut
s'expliquer par la capacité de rétention de I'amidon, qui semble dépendre de sa concentration
(Sosa et al., 2014). Ainsi, les composés bioactifs sont plus retenus dans la matrice, ce qui réduit
leur taux de libération et leur efficacité. Les propriétés organoleptiques des légumes peuvent
également étre affectées (Sanchez-Gonzalez, L. et al., 2011b), entrainant alors une mauvaise
appréciation de l'aliment comme observé dans l'article 2. La maltodextrine, quant a elle, a déja
été utilisée pour encapsuler des composés bioactifs et les protéger contre |'oxydation. Cette
protection permettrait ainsi de retarder la dégradation des composés bioactifs et d'augmenter la
durée d'efficacité de l'enrobage. D'ailleurs, les analyses in situ réalisées par la suite avec
I'enrobage final montrent que la charge microbienne diminue au cours du temps, jusqu'a ce que
les bactéries ne soit plus détectées aprés une semaine de conservation. Cela suggére que
I'enrobage libére les composés antimicrobiens, qui inhiberaient ensuite la croissance des
bactéries. Cet enrobage a montré qu'il n'affecte pas l'odeur, la texture et le golt des choux-

fleurs, qui sont globalement appréciés.
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Concernant les qualités physico-chimiques des choux-fleurs, la respiration, la couleur et la
consistance ont été étudiées au cours du temps. La présence de l'enrobage augmente la
consommation d'oxygene de 0.2-0.4 mL et la production de dioxyde de carbone d'environ 0.4
mL par rapport au groupe témoin, suggérant ainsi une augmentation de la respiration.
Cependant, l'augmentation de la respiration entre le groupe témoin et le groupe traité ne
semble pas importante en comparaison avec d'autres recherches. Qi et al. (2011) ont par
exemple montré qu'un enrobage a base de chitosane contenant de l'acide ascorbique et du
chlorure de calcium permet de réduire la production de CO, d'environ 40 mg apres 2 jours et 30
mg aprés 8 jours. Buchner et al. (2011) ont quant a eux développé un enrobage qui réduit
également la production de CO, de 10-15 mg pendant 18 jours. La faible différence au niveau
du taux de respiration entre le groupe témoin et le groupe traité présentée a l'article 3 ne
semble pourtant pas induire de changements au niveau de la qualité visuelle des choux-fleurs.
Pour certains fruits et légumes dits climactériques, la respiration cellulaire va soudainement
augmenter lors de I'étape de mdrissement (Perotti et al., 2014). Cela va par la suite entrainer le
phénoméne de sénescence et la dégradation des fruits et Iégumes. Le chou-fleur n'étant pas un
légume climactérigue (Raja et al., 2011), l'augmentation de la respiration ne semble pas

provoquer de perturbation majeure.

Les mesures par colorimétrie ont permis de détecter un léger brunissement a la fin de la
conservation apres traitement avec I'enrobage. La couleur blanche du chou-fleur fait en sorte
gue le brunissement peut étre perceptible dés son apparition. Celui-ci pourrait étre di a la
présence de composés phénoliques dans les antimicrobiens, qui produirait des pigments bruns
lors de leur dégradation. Cependant, I'évaluation sensorielle menée a montré qu'aucun
changement dans la couleur n'était visible a I'ceil nu, ce qui répond aux attentes des
consommateurs. Concernant la consistance, celle-ci n'est globalement pas modifiée par

I'enrobage ni par le temps de conservation.

Par sécurité, toutes les expériences in situ des articles 2 et 3 ont été réalisées avec des
souches bactériennes non pathogenes. En effet, il est possible de substituer une espece
pathogéne par une espéce non pathogéne du méme genre. L'homologie des génomes induirait
un comportement similaire des bactéries face aux antimicrobiens (Silva-Angulo et al., 2015). Le
traitement des choux-fleurs avec I'enrobage antimicrobien a permis de réduire L. innocua de 1.7
log UFC/g au jour 0 et d'au moins 2.2 log UFC/g aprés 7 jours, comparativement a des choux-
fleurs non traités. Cet enrobage est prometteur puisqu'il induit une bonne réduction de la

croissance de Listeria. Cependant, les industriels demandent une absence totale de L.
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monocytogenes dans leurs produits pendant toute la durée de vie, tel que recommandé par le
MAPAQ (2009b). L'enrobage développé a donc été testé en combinaison avec l'irradiation y ou
sous air ionisé/ozoné. Les résultats présentés dans l'article 3 ont montré la présence d'une
synergie entre l'enrobage antimicrobien et lirradiation y, permettant de ne détecter aucune
bactérie (L. innocua ou E. coli) pendant toute la conservation. En revanche, la conservation
sous air ionisé/ozoné des choux-fleurs enrobés ne permet pas une telle réduction. Ces résultats
peuvent étre dus aux modes d'action différents des deux traitements physiques comparés.
Contrairement au rayonnement y qui est trés pénétrant et qui produit des espéces réactives de
'oxygéne, I'ozone agit en surface et se dégrade en oxygéne. Ainsi, l'inflorescence des choux-
fleurs pourrait permettre la survie d'une partie des bactéries, limitant ainsi ['utilisation de

l'ozonation de I'air comme moyen de désinfection.

Dans le cas d'E. coli, l'ionisation/ozonation de l'air permet de réduire la charge microbienne
sous le seuil de détection a partir du jour 2. En revanche, la combinaison avec l'enrobage
semble faire disparaitre I'effet de l'ionisation/ozonation de l'air pour ne laisser apparaitre que
celui de I'enrobage. Cette observation pourrait suggérer que I'enrobage agit comme protecteur
vis-a-vis des bactéries ou bien que certains composés présents au niveau de l'enrobage
annulent l'effet de l'air ionisé/ozoné. L'étude présentée dans l'article 3 indique que l'effet de
I'enrobage est constant et reproductible. Le fait que la charge microbienne soit inférieure au
seuil de détection au jour 7 dans le cas de l'ionisation/ozonation peut étre d a une inoculation
initiale plus faible. En revanche, l'effet de l'ionisation/ozonation sur E. coli semble plus rapide
gue celui de l'irradiation y a 0.25 kGy. Cela peut s'expliquer par le mécanisme d'action différent
entre les deux procédés. En effet, lirradiation y agit sur I'ADN en induisant des cassures.
Raychaudhuri et al. (2000) ont étudié les réparations de I'ADN survenant aprés irradiation vy.
Les auteurs indiquent que, lorsqu'elles ne sont pas réparées, les cassures du double brin
d'ADN peuvent étre a l'origine de la mort cellulaire. L'utilisation de faibles doses d'irradiation y
induisant moins de dommages, les bactéries pourraient donc enclencher les mécanismes de
réparation de I'ADN. Cependant, il semble qu'en cas de cassure du double brin d'ADN, il ne
pourrait y avoir plus de 3 a 4 réparations par génome (Krisch et al., 1976, cité dans
Raychaudhuri et al., 2000). Egalement, Sahbani et al. (2014) citent plusieurs études suggérant
gue la présence d'une seule cassure du double brin d'ADN d'E. coli induirait la mort cellulaire
(Boye et al., 1980, Frankenberg et al., 1981, Kaplan, 1966, Schulte-Frohlinde, 1987, Van Der
Schans et al., 1973). En revanche, l'ionisation/ozonation agit sur les membranes bactériennes
par oxydation de leurs composés. Les cellules pourraient donc étre affectées plus rapidement

gue par irradiation y.

131



D'autre part, Choi et al. (2000) proposent que la présence de néral et géranial dans les HE de
citrus permet de piéger les radicaux libres, procurant ainsi une protection contre les dommages
causés par ces radicaux. L'ozonation de l'air présentée dans l'article 3 est couplée a la
production d'ions négatifs, qui peuvent mener a la formation de radicaux O,- selon le
mécanisme présenté précédemment (section 1.4.1.). Il est donc possible que la présence de
ces composés antimicrobiens dans I'enrobage induise des propriétés antiradicalaires. L'effet
antimicrobien di a la présence d'ions négatifs serait ainsi réduit puisque le piégeage des
radicaux limiterait la formation de peroxyde d'hydrogéne. Lafortune et al. (2005) ont noté que la
présence d'un enrobage pouvait permettre une croissance bactérienne, ce qui pourrait

s'expliquer par l'utilisation des polysaccharides comme source de nutriment.

L'irradiation y provoque également la formation de radicaux libres par radiolyse de l'eau.
Cependant, il ne s'agit pas du mode d'action principal mais d'un effet indirect. Ainsi, les effets
directs du rayonnement y vont empécher la croissance cellulaire et peuvent également
provoquer la mort de la cellule, masquant par la méme occasion le potentiel antiradicalaire de

I'enrobage.

La culture mixte de bactéries hétérotrophes contient divers micro-organismes normalement
présents dans les aliments. Une quantité élevée peut néanmoins étre reliée a une
contamination et refléter une mauvaise manipulation au cours de la transformation des fruits et
légumes (Pilon et al., 2015). Ces micro-organismes pouvant étre un mélange de différentes
bactéries, il peut étre plus difficile de les éliminer ou de réduire leur croissance. Ces bactéries
peuvent varier d'une région a l'autre, d'une récolte a l'autre et méme d'un chou-fleur a l'autre au
sein de la méme récolte. Cependant, la croissance de ces bactéries peut mener a l'altération, la
dégradation ou le pourrissement des aliments concernés (Barth et al., 2010). Leur contrble
devient donc un des enjeux principaux pour les industries alimentaires. Les résultats présentés
dans l'article 3 montrent qu'il est possible de limiter la croissance des bactéries hétérotrophes
issues du chou-fleur, que ce soit par I'application de I'enrobage antimicrobien, par irradiation v,
par ozonation de l'air ou par un traitement combiné enrobage/irradiation ou enrobage/ozonation.
Ainsi, I'enrobage a permis de réduire la charge microbienne d'environ 1 log CFU/g pendant
toute la durée du traitement. Comme il a été observé pour L. innocua et E. coli, la combinaison
enrobage/irradiation y a démontré la présence d'une synergie. La combinaison
enrobage/ozonation a permis d'obtenir un effet additif des traitements pendant I'entreposage, ce

qui se traduit par un effet antimicrobien plus important qu'avec un traitement utilisé seul.
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En conclusion, ce projet de recherche a montré que des films d'emballage ou d'enrobages
bioactifs a base de polyméres et d'antimicrobiens d'origine naturelle peuvent étre utilisés pour
améliorer la salubrité des légumes préts a manger. En effet, ces deux types de films ont montré
leur capacité a réduire, voire empécher, la croissance de bactéries pathogenes et peuvent donc
étre utilisés pour empécher I'apparition d'épidémies microbiennes. Ces films répondent a la fois
aux agences de santé mais également aux industriels, qui peuvent se tourner vers de nouveaux
marchés en garantissant l'innocuité de leurs produits alimentaires. Les films d'emballage
développés au début du projet ont montré des résultats intéressants, au niveau microbiologique
mais également au niveau des propriétés mécaniques. L'analyse des composés antimicrobiens
par spectroscopie FTIR est une méthode prometteuse de par ses cotés a la fois innovant et
rapide. Les enrobages, présentés par la suite, ont été développés de maniére a conserver les
propriétés organoleptiques et physico-chimiques des choux-fleurs. L'immobilisation des
composés antimicrobiens dans une matrice a permis de conserver un effet antimicrobien sur L.
innocua, E. coli et les bactéries hétérotrophes présentes sur le chou-fleur. La combinaison de
I'enrobage avec lirradiation y a démontré un puissant effet antimicrobien et assurerait aux
consommateurs l'innocuité des choux-fleurs. De plus, la présence de I'enrobage permettrait

d'augmenter la durée de vie des choux-fleurs en comparaison avec les échantillons non traités.

Le projet présenté ici apporte une innovation au niveau des films ADFs. En effet, l'activité
antimicrobienne générée par ce dispositif induit un contréle des bactéries pathogénes
directement a l'intérieur de I'emballage alimentaire. De plus, une nouvelle méthode de mesure
de la libération des composés bioactifs a été mise au point par FTIR. Cette méthode permet
non seulement de caractériser la structure chimique des films, mais surtout d'établir le profil de
diffusion des antimicrobiens depuis le film vers les légumes. Il s'agit d'une méthode rapide,
précise, non destructrice et qui est facilement adaptable a l'industrie. Egalement, les ADFs ont
été développés de maniére a s'intégrer aisément dans les procédures de fabrication des
emballages et permettent ainsi une large application. Les films d'enrobage développés par la
suite permettent de réduire puis d'inhiber la croissance des bactéries pathogénes tout en
conservant les propriétés physico-chimiques et sensorielles des choux-fleurs. La combinaison
de cet enrobage avec l'ionisation/ozonation de l'air est particulierement innovante puisque peu
d'études utilisent ce procédé. En effet, de nombreuses études portent sur les effets de I'ozone
en solution aqueuse. Cependant, la génération d'ozone dans I'environnement aérien industriel

tout au long de la transformation alimentaire permettrait de réduire davantage les
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contaminations microbiennes grace a une action directe sur les aliments, mais également au

niveau des équipements et outils.

Plusieurs perspectives de recherches peuvent faire suite a ce projet. Peu de travaux ont été
menés sur l'effet de lionisation/ozonation de l'air sur la croissance bactérienne dans les
aliments. Les travaux effectués ont démontré un effet antimicrobien prometteur de
l'ionisation/ozonation de l'air et il serait intéressant d'intégrer cette technologie a différentes
étapes des procédés de désinfection alimentaire. Ainsi, un pré-traitement d'ozonation/ionisation
pourrait éventuellement remplacer les différents produits chimiques actuellement utilisés pour la
désinfection des fruits et Iégumes. Dans cette optique, il serait donc nécessaire de déterminer la
durée optimale du pré-traitement mais également la concentration optimale d'ozone a utiliser. Il
serait également intéressant de mesurer les capacités antioxydantes de I'enrobage dans le but
d'adapter les traitements utilisés en combinaison et de produire les meilleures effets
antimicrobiens sans provoquer de dommages aux aliments. Aussi, de nombreux légumes,
notamment les légumes pré-coupés, perdent leur couleur suite a une oxydation de leurs
composés tels que les composés phénoliques. L'effet antioxydant potentiel de I'enrobage
pourrait ainsi étre directement observé sur des légumes plus sensibles a de telles modifications.
D'autre part, I'étude du comportement de l'enrobage au niveau de la surface des légumes
permettrait de mieux comprendre les différentes interactions qui ont lieu lors de I'application,

dans le but d'adapter I'enrobage a des fruits et légumes ayant une texture différente.
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6.1 Résumé en francais

Des films bioactifs en trois couches ont été préparés avec de la méthylcellulose (MC) et du
polycaprolactone (PCL). Deux formulations antimicrobiennes A (acides organiques, extrait
d'acide rosmarinique et huile essentielle (HE) Asiatique) et B (acides organiques, extrait d'acide
rosmarinique et HE Italienne) ont été ajoutées dans les films MC et les films en trois couches
(PCL/MC/PCL) ont été fabriqué par compression. Ces films ont été insérés dans des
emballages contenant des brocolis et conservés a 4°C pendant 12 jours pour déterminer le
pouvoir antimicrobien et les propriétés physico-chimiques des films. Les films bioactifs ont
montré une réduction significative de Escherichia coli a partir du jour 4 et une inhibition totale au
jour 12. lls ont également montré une réduction significative de Salmonella Typhimurium a partir
du jour 2 et une inhibition totale a partir du jour 7. De plus, les films ont permis un contréle de la
croissance de la microflore aérobique totale dans les brocolis pendant 10 jours. L'encapsulation
des composés antimicrobiens dans les films a permis une diminution de l'effet barriére des
films. La résistance a la traction n'a pas été affectée par la formulation B. Ces résultats ont
démontré l'application potentielle des films antimicrobiens pour le contrble des pathogénes
alimentaires et de la flore dans des Iégumes pré-coupés.

136



6.2 Abstract

Bioactive trilayer films were prepared using methylcellulose (MC) and polycaprolactone (PCL).
Two antimicrobial formulations named as A (organic acids, extract of rosmarinic acid and Asian
essential oil (EO) mixture) and B (organic acids, extract of rosmarinic acid and Italian EO
mixture) were added in MC films during casting and the trilayer composite films (PCL/MC/PCL)
were fabricated using compression molding. These films were inserted into packages containing
broccoli and the packages were kept at 4°C during 12 days storage to determine the
antimicrobial capacity of the films and the physico-chemical properties of the films. Bioactive
films showed a significant reduction of Escherichia coli in broccoli from Day 4 and a total
inhibition at Day 12. Similarly, these films showed a significant reduction of S. Typhimurium from
Day 2 and a total inhibition at Day 7. Moreover, the films controlled the growth of total aerobic
microbiota (TAM) in broccoli up to 10 days. Encapsulation of antimicrobial compounds in films
allowed decrease of barrier properties of films. Tensile strength of films was not affected by the
presence of formulation B. These results demonstrated the potential application of trilayer
antimicrobial on controlling food pathogens and total flora in pre-cut vegetables.

Keywords: Bioactive films, Methylcellulose, Polycaprolactone, Compression molding,

Composite, Broccoli, Antimicrobial effect, Organic acids, Essential oils
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6.3 Introduction

Broccoli is a highly perishable product due to microbial contamination that remains a major
limitation to its shelf life and quality. Therefore, suitable techniques are necessary to maintain its
quality levels until consumption (Aiamla-or et al., 2009). Broccoli is considered a highly
nutritional vegetable and contains an important level of vitamins, antioxidants and anti-
carcinogenic compounds (Lemoine et al., 2009). Fresh products and vegetables have been
identified as a transmission mode of bacteria causing the food-borne diseases mainly in Canada
and in the United States. Foodborne diseases have a great cost due to loss in productivity and
medical expenses. Indeed, public health experts estimate that there are 11 to 13 million cases
of foodborne illness in Canada each year, resulting in 12 to 14 billion $ in healthcare costs
(Canadian Food Inspection Agency, 2012). Fresh products are now the second leading cause of
food-borne illness (Bialka et al., 2008). Commonly, pathogens contained in fresh products
include Escherichia coli, Salmonella sp., Listeria monocytogenes and Bacillus cereus (Gamage
et al., 2009). Several techniques have been used to extend the postharvest life and maintain the
quality of fresh products including food irradiation (Grolichova et al., 2004), high pressure
processing, antimicrobial packaging, essentials oils (EOs) etc. (Marcos et al., 2007). The EOs
obtained from plant material has been used for centuries as antimicrobial agents, and now most
of the studies are carried out on these natural extracted agents to directly preserve food
products or to encapsulate them as bioactive agents in antimicrobial packaging (Helander et al.,
1998, Suppakul et al., 2003).

In this decade, words like biocompatibility, environment-friendly, biodegradability are commonly
in use. Materials contained in the packaging are preferred to be biodegradable. This finds an
explanation due to the increasing demand of consumers for high quality foods and environment
concerns on limited natural resources, the use of renewable resources to produce edible or
biodegradable packaging materials has gained significant attention. The requirements of
biodegradable packaging materials include maintaining product quality, extending shelf life,
improving the safety and maintaining the sensorial properties (Quintavalla et al., 2002). The use
of preservatives in food packaging film offers several advantages compared to their direct
application in the food product. Antimicrobial packaging is very attractive and has increased the
attention of the food and packaging industries due to a minimal process and preservative free
products (Matan et al., 2006). The incorporation of antimicrobial agents into packaging materials

are useful to prevent the growth of microorganisms on the product surface and improve
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microbial safety of the final product (Appendini et al., 2002, Devlieghere et al., 2004, Suppakul
et al., 2003). Application of active packaging is used mainly to release flavour compounds into
the product and to add antimicrobial agents from the packaging system to the food in order to

control microbial growth during storage (Matan et al., 2006).

PCL is a semi-crystalline synthetic biodegradable aliphatic polyester that is currently being
investigated for use in medical devices, pharmaceutical controlled release systems and
biodegradable packaging films for food and nonfood applications (Khan et al., 2010a, Khan et
al., 2010b). Films prepared from this thermoplastic polymer demonstrate good mechanical
properties and are compatible with numerous polymers to be used in polymer blends (Helander
et al., 1998, Salmieri et al., 2006). Moreover, PCL is insoluble in water or water-based systems
and therefore offers excellent prevention for patch application to be placed in a humid

environment.

Methylcellulose (MC) is a cellulosic ether which possesses good mechanical properties and is
currently used in the pharmaceutical and food industry for its remarkable gelling but also
emulsifying properties as compared to other food-grade cellulose derivatives (Kadla et al.,
2000). In this study, nanocrystalline cellulose (NCC) was also used as a reinforcing agent. NCC
is recognized as being more effective than micro-sized counterparts to reinforce polymers due
to specific interactions between rod-like nanosized particles. Indeed, when homogeneously
dispersed, NCC particles create a percolated network within the matrix, thereby providing
mechanical reinforcement polymer matrices (Favier et al., 1995). A previous study has already
reported siginificant improvements of the physicochemical properties of MC-based films when
mixed to NCC reinforcing fillers, generating films with high mechanical properties comparable to

conventional petrochemical-based plastic films (Khan et al., 2010a, Khan et al., 2010b).

The inhibition of microorganisms is made possible with specifically designed release systems
which allow the migration of encapsulated bioactive agents into the food surface or in the
headspace inside the packaging (Coma, 2008). Such class of controlled release packaging is a
new generation of active materials that enhance the quality and safety of food products during

extended storage (Sanchez-Garcia et al., 2008).

The objective of this study was to develop a bioactive patch-like film to be inserted into a
packaging, which would increase the shelf life of fresh broccoli via a controlled release of active
compounds into packaging headspace. Compression molding was used to fabricate
PCL/MC/PCL trilayer films in order to form an insoluble bioactive agent containing patch film.

Two antimicrobial formulations, termed A and B, containing organic acids and EOs were
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encapsulated in the MC internal layer, which was itself sandwiched between two layers of
insoluble PCL films using compression molding process, and the resulting trilayer composite
films were tested in order to verify their controlled release of active compounds during storage.
The antimicrobial activity of these diffusion films was evaluated against total aerobic microbiota
(TAM) and food-borne bacteria (E. coli O157:H7, S. Typhimurium and L. monocytogenes)
during the storage of broccoli at 4°C up to day 12.

6.4 Materials and Methods

6.4.1 Processing and conditioning of broccoli

Broccoli was purchased from a local supermarket (IGA, Laval, Quebec, Canada). Broccoli
heads were cut into florets which were then packaged in 0.5-mil metallized polyester-2-mil
ethylene vinyl acetate copolymer bags (205355 mm; Winpak Division Ltd, Montreal, Quebec,
Canada). The bags had a thickness of 62 um, oxygen transmission rate at 23°C: 0.7 cc/m?%/24 h;
water vapor transmission rate at 38.7'C/90% RH: 1.2 g/m%24 h. Hence, these bags
corresponded to the packaging containing broccoli and in which the trilayer patch film should be
inserted subsequently for antimicrobial treatment. The packaged florets were sterilized by
gamma-irradiation at 10 kGy (dose rate of 16.74 kGy/h) at the Canadian Irradiation Center,
using a UC-15 A (SS canister) underwater calibrator (Nordion Inc., Kanata, Ontario, Canada)

equipped with a ®°Co source. The sterilized broccoli florets were then stored at 4°C.

6.4.2 Antimicrobial extracts

The antimicrobial formulations were composed of 3 commercial antimicrobial products: i)
organic acids mixture, ii) extract of rosmarinic acid and iii) Asian EO (to prepare formulation A)
or Italian EO (to prepare formulation B) respectively. The Asian essential oil mixture was mainly
composed of nutmeg, lemongrass and citral and the Italian essential oil mixture contained
mainly oregano, pimento berry and lemongrass. In a preliminary experiment on the effects of
the formulation A containing “Asian" essential oil and formulation B containing "ltalian" essential
oil on the sensory properties of broccoli using Hedonic test with 20 panelist who tested the
color, odor and taste parameters. The answers were based on a 9-point hedonic scale, 9 being

“like very much” and 1 “dislike very much” (Larmond, 1979). For the test, broccoli samples were
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coated by these formulations. It was found that coated broccoli have acceptable taste and odor
(data not shown). All antimicrobial compounds were kindly provided by their respective
manufacturers. The organic acids mixture was obtained from Kerry Ingredients and Flavours
(Monterey, Tennessee, USA), rosemary extract (containing 40% w/w rosmarinic acid) was
obtained from P.L. Thomas & Co., Inc. (Morristown, New Jersey, USA). The Asian and Italian
EOs were provided by BSA Food Ingredients s.e.c./l.p. (Montreal, Quebec, Canada). It is
relevant to note that all these antimicrobials contain phenolic and/or terpenic compounds as

major components.

6.4.3 Preparation of biopolymer films containing antimicrobial agents

6.4.3.1 Film components

Methylcellulose (M, ~ 40,000; viscosity 400 cP, 2% in water at 20°C) and polycaprolactone (M,
~ 80,000) were purchased from Sigma-Aldrich Ltd (Oakville, Ontario, Canada). Tween®80 and
glycerol were purchased from Laboratoire Mat (Beauport, Quebec, Canada), vegetable oil (VO)
is sunflower oil which was purchased from a local grocery. NCC was provided by FPInnovations

(Pointe-Claire, Quebec, Canada).

6.4.3.2 Preparation of mixture of NCC and antimicrobial compounds

A 2% (w/l) NCC aqueous suspension was prepared by dispersing the dried NCC powder under
vigorous stirring at room temperature, followed by sonication at room temperature for 30 min
using a sonicator bath Branson DHA-1000 (Branson Cleaning Equipment Company, Shelton,
CT, USA) at a frequency of 40 kHz. The homogenized NCC suspension was then mixed with
antimicrobial formulations in order to obtain a concentration of antimicrobials of 6% (w/v)
organic acids mixture, 1.35% rosemary extract and 0.6% Asian EO or Italian EO (to prepare
formulation A or B, respectively) in the final film suspension. The mixtures were then
homogenized at room temperature using an Ultra-Turrax disperser (T25 model; IKA® Works
Inc., Wilmington, NC, USA) at 2 cycles of 12,000 rpm for 1 min and 24,000 rpm for 1 min.
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6.4.3.3 Preparation of MC-based films

The MC powder was solubilized into a beaker containing warm deionized water (60°C) to obtain
a final concentration of 2 % (w/v) and subjected to constant stirring for MC pre-gelatinization.
The suspension was placed in an ice bath, under strong stirring, to ensure a complete
solubilization. The addition of 1% VO, 0.5% glycerol and 0.025% Tween®80 was performed at
room temperature, under strong stirring for 5 min. The bioactive agents were then incorporated
into the MC-based formulation and stored at 4°C prior to application. Composite films were then
cast by applying 20 mL of the film-forming suspension onto Petri dishes (50 x 9 mm; VWR
International, Ville Mont-Royal, QC, Canada) and allowed to dry for 24 h, at 20°C and 35%
relative humidity (RH) before peeling. The matrix composition (dry basis) of MC-based films
obtained (thickness ~ 25-30 um) was 46.1 (w/w) MC, 15.4% VO, 23.1% glycerol, 7.7% NCC and

7.7% Tween.

6.4.3.4 Preparation of PCL films by compression molding

PCL films (500 mg) were obtained by melting 500 mg of PCL granules in a compression
molding machine (Model-3912, Carver Inc., Wabash, IN, USA). Granules of PCL were placed
between two stainless steel plates and heated at 80°C for 1 min under a compression stroke of
2 metric tons. The mold was cooled down in an ice bath for 30 s before the PCL single film was
removed and stored at room temperature prior to trilayer composites preparation. Film thickness
of PCL films was ~ 100-125 pum.

6.4.3.5 Preparation of trilayer PCL/MC/PCL films

For the fabrication of the trilayer composite films, one layer of MC film (with and without
antimicrobial formulations) was placed between two layers of PCL films of same dimension. The
temporary trilayer construction of MC and PCL films was placed between stainless steel plates
in the mold of the compression molding machine. The adhesion of the three layers was obtained

at 2 metric tons pressure for 3 min at 80°C. After cooling the mold in an ice bath for 30 s, the
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trilayer composite films (thickness ~ 280 um) were then collected and used immediately for

testing.

6.44 Preparation of microbial cultures and inoculation process of tested
microorganisms on broccoli florets

6.4.4.1 Bacterial strains

E. coli O157:H7 (EDL 933) and S. Typhimurium (SL 1344) were obtained from INRS-Institut
Armand-Frappier (Laval, Quebec, Canada). L. monocytogenes HPB 2812 serovar 1/2a was
isolated from homemade salami by the Health Products and Foods Branch of Health Canada
(Ottawa, Ontario, Canada). All the bacterial cultures were maintained at -80°C in tryptic soya
broth (TSB) (Difco, Becton Dickinson, Mississauga, Ontario, Canada) containing glycerol (10%

viv).

6.4.4.2 lIsolation of total aerobic microbiota (TAM) from broccoli florets

For isolation of TAM from broccoli, 25 g of non-sterile broccoli and 100 g of peptone water were
placed under sterile conditions in a Whirl-pack® sterile bag (Fisher Scientific, Ottawa, Ontario,
Canada). The content was homogenized and mixed thoroughly for 2 min at 2,300 rpm with a
400 Circulator Stomacher® (Seward Laboratory Systems Inc., Bohemia, New York, USA). An
aliquot of 1 mL of the mixture was inoculated into 9 mL of TSB and incubated for 24 h at 37°C.
Thereafter, 1 mL of this solution was inoculated into 100 mL of TSB and incubated for 24 h at 37
°C. Glycerol was added to obtain a final concentration of 20% (w/w) and aliquots of 1 mL of the
solution were placed in Cryovial® tubes that were then frozen at -80°C for future utilizations.
Before each experiment, stock cultures (pathogenic bacteria and TAM) were propagated
through 2 consecutive 24 h growth cycles in TSB at 35°C and washed twice in saline solution

(0.85% wi/v) to obtain working cultures containing approximately 10° CFU/mL.
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6.4.4.3 Inoculation procedure of bacteria on broccoli florets

An inoculation bath was prepared separately for each pathogenic bacteria (L. monocytogenes,
S. Typhimurium, E. coli) or TAM by adding the bacteria or flora to 3 liters of sterile 0.85% NaCl
(w/v) solution to reach a population of approximately 10° CFU/mL on broccoli florets. The
sterilized packaged broccoli florets were opened under sterile conditions and each broccoli floret
was dipped into the inoculation bath and stirred gently for 5 min. After inoculation, the broccoli
florets were dried on aluminum paper for 30 min before storage treatment with the bioactive
trilayer films.

6.4.5 Evaluation of the antimicrobial activity of trilayer films on preservation of broccoli

6.4.5.1 Experimental design

In case of PCL/MC/PCL-based film formulations, broccoli florets were separated into 4 groups:
(i) control (no treatment); (i) FWA (film without antimicrobial agents); (ii) PCL/MC/PCL +
formulation A; (iv) PCL/MC/PCL + formulation B. The bioactive agents containing trilayer patch
films were inserted into Winpak bags which contained approximately 25 g of fresh broccoli
florets previously inoculated with different types of microorganisms. Then, these bags were
sealed under air and stored at 4°C during 13 days and the samples were collected and
analyzed at Days 0, 2, 4, 7, 10 and 12.

6.4.5.2 Microbiological analysis

Each broccoli floret samples was weighed (15 g) and homogenized for 2 min at 2,300 rpm in 45
mL of sterile peptone water (0.1% w/v) with a Lab-blender 400 stomacher (Laboratory
Equipment, London, UK). From this homogenate, serial dilutions were prepared, plated onto
surface of tryptic soy agar (TSA) (Difco, Becton Dickinson, Mississauga, Ontario, Canada) and
incubated for 24 h at 37°C before bacterial enumeration. The minimal level of detection was 10
CFU/qg.
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6.4.6 Mechanical properties of films

Film thickness was measured using a Mitutoyo digimatic Indicator (Type ID-110E; resolution: 1
pum; Mitutoyo MFG Co. Ltd, Tokyo, Japan), at five random positions around the film. Film width
was measured using a Traceable® Carbon Fiber Digital Caliper (resolution: 0.1 mm/0.01”;
accuracy: = 0.2 mm/0.01”; Fisher Scientific). Specimen of films conformed to a thickness
comprised between 250 and 310 um, a length of 60 mm and a width of 12.5 mm before testing.
Tensile strength (TS) of the trilayer composite films were measured using a Universal Testing
Machine (model H5KT; Tinius Olsen Testing Machine Co., Inc., Horsham, PA, USA), equipped
with a 100 N-load cell (type FBB) and 1.5 kN-specimen grips. Measurements were carried out
following an ASTM D638-99 method (ASTM, 1999). UTM parameters were set up for "plastics
tensile from position" test type with the following selections: 25 mm effective gauge length, flat
specimen shape, 1 number of entries, minimum type. The position rate of machine control was
fixed to 50 mm/min. Y- and X-axes were assigned to load (100 N-range) and position (500 mm-
range) coordinates respectively. TS (maximum stress, MPa) values were automatically collected

after film break due to elongation, using Test Navigator® program.

6.4.7 Barrier properties of films

6.4.7.1 Water Vapor Permeability (WVP)

WVP tests were conducted gravimetrically using an ASTM 15.09:E96 procedure (ASTM, 1983).
Films were mechanically sealed onto Vapometer cells (model 68-1; Twhing-Albert Instrument
Co., West Berlin, NJ, USA) containing 30 g of anhydrous calcium chloride (0% relative humidity,
RH). Cells were initially weighed and placed in a Shellab 9010L controlled humidity chamber
(Sheldon Manufacturing Inc., Cornelius, OR, USA) maintained at 25°C and 60% RH for 24 h.
The amount of water vapor transferred through the film and absorbed by the desiccant
(anhydrous CaCl,) was determined from the weight gain of the cell. The assemblies were
weighed initially and after 24 h for all samples and up to a maximum of 10% gain. WVP was
calculated according to the combined Fick and Henry’s laws of gas diffusion through coatings

and films, according to the equation

WVP (g.mm/m?.day.kPa) = Aw.x/A.AP
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where Aw is the weight gain of the cell (g) after 24 h, x is the film thickness (mm), A is the area
of exposed film (31.67 x 10 m?), and AP is the differential vapor pressure of water through the
film (AP = 3.282 kPa at 25°C).

6.4.7.2 Carbon dioxide transmission rate (CO,TR)

The CO, transmission rate (CO,TR) of films was measured using Mocon Permatran-C® model
4/41 (Mocon Inc., Minneapolis, MN, USA). All analyses were carried out under atmospheric
conditions, temperature of 23°C and 0% relative humidity. Experiments were done in triplicate
and samples (area: 5 cm?; thickness: 280 um) were purged with nitrogen for a minimum of 2 h,
prior to exposure to 100% carbon dioxide flow of 50 cc/min (pressure of 32 psi). Readings were
recorded as cc/m?.day using WinPerm software.

6.4.8 Statistical analysis

All experiments were conducted in duplicate and each measurement was performed in triplicate.
Analysis of variance was performed using the PASW Statistics Base 18.0 software (SPSS Inc.,
Chicago, lllinois, USA) and mean’s comparison between each treatment was based on

Duncan’s multiple range tests (p < 0.05).

6.5 Results and discussion

6.5.1 Effect of antimicrobial films on the growth of L. monocytogenes

The antimicrobial effects of PCL/MC/PCL trilayer bioactive films on the growth of L.
monocytogenes in broccoli florets up to 12 days of storage at 4°C are presented in Figure 6.1.
Films containing formulations A or B did not demonstrate any significant efficacy (p > 0.05) on
the bacterial growth. Indeed, no antimicrobial effect was observed in all groups (control, FWA,
films with formulations A or B). Moreover, bacterial concentrations tended to increase from Day

7 with a concentration of more than 6 log CFU/g as compared to 4 log CFU/g at Day 0. These
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results suggest that none of the formulation treatment was able to prevent L. monocytogenes

growth in broccoli during 13 days of storage.
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Figure 6.1. Antimicrobial effect of PCL/MC/PCL trilayer patch films on L. monocytogenes during
storage of broccoli. * Different letters above the error bars of the histogram show

the significant differences among treatments (P < 0.05)

6.5.2 Effect of antimicrobial films on the growth of E. coli

The antimicrobial effects of bioactive films on the growth of E. coli in broccoli florets up to 12
days of storage at 4°C are presented in Figure 6.2. All samples presented an initial load of
bacteria of 3.5 log CFU/g at Day 0. Films containing formulations A or B showed a significant
efficacy (p < 0.05) on the E. coli growth during storage, as compared to control and FWA.
Indeed, both control- and FWA-treated broccoli samples presented a similar tendency of E. coli
growth during the whole period of storage with an average bacterial concentration of 2.5-3.5 log
CFUlg, from Day 0 to Day 12. In comparison, films containing formulation A allowed decreasing

the bacterial content significantly (p < 0.05) from Day 4 as compared to control and FWA, with a
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plateau efficiency (average E. coli concentration of 1.5-2 log CFU/g from Day 4 to Day 10, and a
total inhibition (p < 0.05) at Day 12). On the other hand, films containing formulation B were not
as efficient as films with formulation A since they generated no significant decrease (p > 0.05) of
bacterial content as compared to control from Day 4 to Day 10 or from day 7 to day 10 as
compared to FWA. However, similarly to bioactive films with formulation A, they allowed a total
inhibition (p < 0.05) of E. coli at Day 12.
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Figure 6.2. Antimicrobial effect of PCL/MC/PCL trilayer patch films on E. coli during storage of
broccoli. * Different letters above the error bars of the histogram show the

significant differences among treatments (P < 0.05)

6.5.3 Effect of antimicrobial films on the growth of S. Typhimurium

The antimicrobial effects of bioactive films on the growth of S. Typhimurium in broccoli florets up
to 12 days of storage at 4°C are presented in Figure 6.3. The effect of bioactive films with
formulations A or B were the most efficient on S. Typhimurium, as compared to other studied
pathogenic bacteria. All groups presented an initial load of bacteria of 2.5-3 log CFU/g at Day 0.

Films containing formulations A or B showed a significant efficacy (p < 0.05) on the bacterial
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growth during storage, as compared to control and FWA, shortly at Day 2. Indeed, both the
control and FWA—treated broccoli samples showed a similar tendency of S. Typhimurium
growth during the whole period of storage with an average constant bacterial concentration of
2.5 log CFU/g, from Day 0 to Day 12. In comparison, films containing formulations A or B
significantly decreased the bacterial content (p < 0.05) from Day 2 as compared to control and
FWA, with a stabilization from Day 2 to Day 4 (average bacterial concentration of 1-1.5 log
CFU/g), and a total inhibition (p < 0.05) of E. coli at Day 7. Hence, the bioactive films containing
formulation A were as efficient as films B during storage since they generated the same
decrease (p > 0.05) of bacterial content as compared to control and FWA from Day 2 to Day 12.
It is interesting to note that these films led to a total reduction of S. Typhimurium much faster

than for E. coli.
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Figure 6.3. Antimicrobial effect of PCL/MC/PCL trilayer patch films on S. Typhimurium during

storage of broccoli. * Different letters above the error bars of the histogram show

the significant differences among treatments (P < 0.05)
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6.5.4 Effect of antimicrobial films on the growth of TAM

The antimicrobial effects of bioactive films on the growth of TAM up to 12 days of storage at 4°C
are presented in Figure 6.4. All groups presented an initial load of microbiota of 3 log CFU/g at
Day 0. Films containing either formulations A or B showed no significant efficacy (p > 0.05) on
the TAM growth during storage, as compared to control and FWA, from Day 0 to Day 2.
However, they have allowed reducing the bacterial content significantly (p < 0.05) from Day 4 as
compared to control and FWA, in particular due to a significant increase (p < 0.05) of TAM
concentration in untreated (control) and FWA-treated broccolis, from 2 to 3.5-4 log CFU/g,
between Days 2 and 4. Contrary to E. coli and S. Typhimurium, bioactive films A or B
demonstrated a very limited antimicrobial activity, with a maximal efficacy at Day 4. Inversely,
from Day 7, the TAM content started increasing or stabilizing for all samples. It was observed
that TAM concentration in untreated broccoli increased drastically (p < 0.05) from 2 to 6 log
CFU/g between Days 7 and 12. A similar but less intense tendency was observed in bioactive
films containing formulations A or B, with a TAM growth from 3 to 5.5 log CFU/g in the same
period whereas the FWA films demonstrated a constant TAM activity of 4 log CFU/g in this
period from Day 4 to Day 12.

150



HE Control
5 4 1 FWA
[ Formulation A
[ Formulation B
o 7]
o
£
4 .
0
o ey o5 efg
i
o °7
o
(@]
- 5]
1 .
0 .

0 2 4 7
Storage time (day)

Figure 6.4. Antimicrobial effect of PCL/MC/PCL trilayer patch films on TAM during storage of
broccoli. * Different letters above the error bars of the histogram show the

significant differences among treatments (P < 0.05)

From all these results obtained for pathogenic bacteria and TAM, it can be confirmed that films
containing both formulations A or B were efficient against E. coli and S. Typhimurium up to 12
days of storage whereas they had no effect against L. monocytogenes, and only a short-time
antimicrobial effect (4 days) against TAM. In particular, the antimicrobial capacity of these films
allowed a total inhibition of E. coli and S. Typhimurium after 10 and 7 days of storage,
respectively. These data imply that E. coli and S. Typhimurium are more sensitive than L.
monocytogenes to the bioactive volatile compounds initially encapsulated in the trilayer films.
The bioactive mixture used in this study was essentially composed of organic acids including
rosmarinic acid and EOs (Asian EO for formulation-A and Italian EO for -B). Turgis et al. (2008)
reported a study on the combined effect of EOs, modified atmosphere packaging (MAP), and

gamma radiation on the microbial growth on the ground beef. They demonstrated that Gram
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positive bacteria were more sensitive against EOs than Gram negative bacteria. Burt (2004)
reviewed different studies and concluded that EOs are slightly more active against Gram
positive microorganisms, explaining that Gram negative are less susceptible to the action of
antibacterial since they possess an outer membrane surrounding the cell wall which restrict the
diffusion of hydrophobic compounds, such as EOs, through its liposaccharidic covering.
However, our results are opposed to these statements and indicate that the bioactive films had
a higher efficiency against Gram negative bacteria (E. coli and S. Typhimurium) and no effect
on L. monocytogenes which is a Gram-positive pathogen. Therefore, it can be hypothesized that
the action of the bioactive compound is not a singular but a synergetic action of several
antimicrobial compounds, especially for indirect action of volatile substances as compared to
their diffusion by contact with the food system.

Indeed, in the present study, the bioactive mixtures did not act primarily directly on the bacterial
membrane of bacteria since they were diffused from a film that was not applied directly onto the
food surface. The results also demonstrated that the bioactive patch film had a limited
antimicrobial effect on the growth of TAM during 4 days of storage, followed by a progressive
increase in the food matrix up to 13 days. Phillips (1996) reviewed different studies related to
MAP effects on the microbiological quality and safety of foods and mentioned that the variation
of gas composition had an influence on the bacterial growth. Post-harvest fruits and vegetables
possess a metabolic activity due to the endogenous activity such as respiration. He also
mentioned that the respiration in anaerobiosis is quickly maintained if the product is sealed and
this anaerobic respiration is initiated at very low oxygen concentrations, resulting in the

deterioration of organoleptic properties and the growth of bacteria.

It is also interesting to note the increase of the population of bacteria in the FWA group during
the storage, suggesting that the films alone (without bioactive agents) had no influence on the
bacterial and TAM growth. Ayala-Zavala et al. (2008) demonstrated that the water activity (Aw)
is directly related to the equilibrium of relative humidity atmosphere that is generated by a food
product. Hence, food respiration leads to an increase of Aw that may influence the proliferation

of the bacteria population.
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6.5.5 Mechanical properties of films

TS values of trilayer films in function of storage time are presented in Table 6.1. TS is the
ultimate strength (or maximum stress) of a material subjected to tensile loading. Results show
that all types of films possessed similar resistance (p > 0.05) at Day 0, with TS values
comprised between 20 and 24 MPa. The TS of FWA did not vary over time (p > 0.05), with
values ranging from 20.3 to 18.7 MPa between Days 0 and day 12. On the other hand, the TS
of antimicrobial films (containing formulations A and B) was reduced significantly (p < 0.05)
during storage. Indeed, the TS values decreased from 23.7 to 7.8 MPa for films containing
formulation A (reduction of 67%) and from 24.0 to 17.3 MPa for those containing formulation B
(reduction of 28%) after 14 days of storage. However, at day 12, results show no significant
difference (p > 0.05) between FWA and films containing formulation B with similar TS of 17.3-
18.7 MPa whereas the TS of films containing formulation A was significantly lower (p < 0.05)
with a TS value of 7.8 MPa. Hence, these observations imply that films with formulation A were
significantly less resistant to tensile stress than FWA and those with formulation B (p < 0.05)
over storage. These behaviours could be explained by the chemical nature of antimicrobials that
interacted differently according to the type of antimicrobial formulation. Moreover, it is well-
known that the incorporation of EOs into a continuous polymeric matrix tends to decrease its
mechanical resistance to fracture because of the structural discontinuities caused by the oil-
dispersed phase (Salmieri et al., 2006, Sanchez-Gonzalez et al., 2011).
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Table 6.1. Effect of antimicrobial formulation on the tensile strength (TS) of trilayer patch films

during storage.

Films Tensile strength (MPa)" 2
Day 0 Day 6 Day 12
FWA 20.3+4.9°3 19.1 +2.7 A 18.7 + 3.7 PA
Formulation 23.7+2.723¢ 18.0 + 2.7 2B 7.8+0.73%"
A
Formulation 24.0 + 3.4 %8 20.4 +1.4°3" 17.3+2.0 A
B

'Means followed by the same lowercase letter in each column are not significantly different at the 5% level. Means
followed by the same uppercase letter in each row are not significantly different at the 5% level.

6.5.6 Barrier properties of films

WVP and CO,TR measurements of trilayer films at Day 0 are presented in Table 6.2.

Table 6.2. Effect of antimicrobial formulation on the water vapor permeability (WVP) and carbon

dioxide transmission rate (CO,TR) of trilayer patch films at Day 0.

WVP! CO,TR*
Films )
(9.mm/m2.day.kPa) (cc/m2.day)
FWA 3.93+0.43° 118.91 +2.47°
Formulation A 3.34+034°% 0.011 + 0.007 2
Formulation B 3.09+0.22°% 0.021 + 0.009 2

"Means followed by the same letter in each column are not significantly different at the 5% level
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6.5.6.1 WVP measurements

The WVP of FWA was significantly higher (p < 0.05) than those of films containing formulation-A
and -B, with a value of 3.93 g.mm/m2.day.kPa for FWA as compared to 3.34 and 3.09
g.mm/m2.day.kPa for films with formulation-A and -B respectively. Hence, it can be observed
that the addition of antimicrobial formulations (containing hydrophobic compounds) allowed
reducing the WVP of films. Similar observations were reported by Pelissari et al. (2009) and
Zivanovic et al. (2005). These results also show that the utilization of PCL as external layers of
films provided high barrier properties since preliminary measurements of MC internal layer
resulted in high WVP values of 5.9 g.mm/m2.day.kPa (Khan et al., 2010a, Khan et al., 2010b).
Therefore, the formation of composite trilayer films allowed improving barrier properties by 1.5-
fold, which is considerable for food application and storage conditions at high RH levels.

6.5.6.2 CO,TR measurements

CO,TR values were obtained when curves reached an equilibrium after 34, 60 and 64 h for
FWA, films with formulation-A and -B respectively. As observed for WVP measurements, it was
noticed that the addition of antimicrobial formulations significantly decreased (p < 0.05) the
CO,TR of trilayers. Indeed, a value of 118.9 cc/m2.day was determined for FWA as compared to
0.01 and 0.02 cc/m2.day for films with formulation-A and -B respectively, with no significant
difference (p > 0.05) between both antimicrobial films. Some studies (Ayranci et al., 2001,
Donhower et al., 1993, Salleh et al., 2009) demonstrated that gas permeation greatly depends
on the diffusion process of the gas through the polymer. The presence of hanocomposites and
bioactive compounds interacting with film matrix induces changes in molecular orientation and
crystallinity in MC layer, therefore promoting significant decrease of CO, transmission through
the film. As a result, the diffusive path is made more difficult for permeant gas (Miller, K.S. et al.,
1997). Hence, as a corroboration of analysis of mechanical properties with these reported
studies, it can be hypothesized that CO, barrier was enhanced after addition of bioactive
compounds in relation with changes of crystallinity degree and their dispersion/orientation in the

nanomorphological structure of internal MC layer of the films.
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6.6 Conclusions

The trilayer PCL/MC/PCL bioactive patch films had a strong antimicrobial efficiency against
Gram negative bacteria such as E. coli and S. Typhimurium, with a total inhibition of E. coli at
Day 12 and S. Typhimurium at Day 7. These films containing the formulation A had a stronger
effect against E. coli (with significant antimicrobial capacity from Day 4) whereas both
formulations A or B were efficient against S. Typhimurium (with significant antimicrobial capacity
from Day 2). Moreover, both films had a good capacity to prevent the growth of TAM in broccoli,
for up to 10 days of storage. However, the films had no antimicrobial effect against L.
monocytogenes during storage, hence demonstrating that the diffusion of volatiles may be
supported by a different mechanism of action of antimicrobial volatile compounds, as opposed
to the direct diffusion of antimicrobials in contact with foods. Addition of antimicrobials
decreased the tensile resistance of the films, but films containing formulation B were determined
as more resistant than those with formulation A. Moreover, the encapsulation of antimicrobials
in films greatly enhanced their gas barrier properties (water vapor and CO,).

Consequently, this technology of bioactive films based on a controlled release of volatiles
phenolic and terpenic compounds in food packages offers the possibility to control the growth of
pathogens in food by using a simple and efficient method that ensures food safety and allows
extending the shelf life of products. Another advantage of this technology is the selectivity of
bioactive compounds that could also provide enhanced sensorial qualities of the product such

as flavour and taste in addition to their antimicrobial capacity.
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