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Introduction n

CONTEXTE SOCIO-ECONOMIQUE ET TECHNIQUE

L’emballage des aliments occupe aujourd’hui uneglarépondérante dans les procédés de
transformation/conditionnement notamment grace & demande accrue pour des produits
alimentaires pratiques (a emporter et préparerplage longue conservation (réduction de la
fréquence d'achat) et présentant de meilleure wgalorganoleptique et nutritionnelles
(réduction de l'usage d’additifs ou de procédésaleservation dénaturant). L’emballage joue
aussi un réle clé dans la réduction des perteepreds alimentaires tout au long de la chaine
de distribution, qui représentaient en Europe, 28/4ruits et légumes et 14% des produits
carnés en 2007 [Gustavsson et al. 2011]. Le rokedallage a longtemps été limité a une
simple protection physique, garantissant une gifantminale de produit et limitant I'impact
des chocs mécaniques et les contaminations midogigpies extérieures. Aujourd’hui,
'emballage peut méme interagir avec I'aliment coenlen prévoit la réglementation cadre UE
1935/2004 concernant les matériaux et objets dissi@nentrer en contact avec les denrées
alimentaires. De nouvelles fonctions sont appamm®me celles des emballages actifs
«congus de maniere délibérée pour contenir destitoasts actifs destinés a étre libérés
dans les denrées alimentaires ou a absorber destantes provenant de celles-cEntre
temps, dans les années 70, la technologie d’engieaflaus atmosphere modifiée (EAM, plus
connue par les consommateurs sous le nom d’atm@spheétectrice) a vu le jour et s’est
largement répandues pendant une quinzaine d’anmé@smment pour les produits
alimentaires dit de®f'® gamme. Elle consiste & remplacer I'air contenisd@mballage par

un mélange approprié de gaz (différentes combinaisboxygéne, dioxyde de carbone, et
azote) qui doit étre le plus proche possible démigsphére optimale recommandée, elle-
méme spécifigue de chaque denrée et qui permdomy@r sa durée de vie. Réalisée au
moyen d'un balayage gazeux en association obligatavec un matériau d’emballage
hautement barriere aux gaz, cette technologie sieStée assez colteuse, nécessitant le
recours a des matériaux multicouches sophistigudsrerecyclables. Son utilisation se limite
aujourd’hui a certains aliments a forte valeur &§eu/comme les viandes ou les charcuteries
coupées). La mise en ceuvre de systemes actifpdestichet ou films absorbeurs d’oxygéne
et/ou émetteur de Gnt pris le relai dans les années 90 et se soyergent repandus sans

pour autant résoudre entiérement les problémesiiteet d’'impact environnemental.

Pour les produits respirant (vivants), tels queflags et legumes, I'atmosphere peut

étre modifiee par le simple jeu des échanges gazeuxtiravers de I'emballage qui
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Introduction n

s’équilibrent avec l'activité respiratoire de lmlént (consommation d’'oxygéne et production

de dioxyde de carbone) (Figure 1.1), générant aing atmosphere modifiée d’équilibre a
I'intérieur de I'emballage.

ERp——

Figure I.1. Principe de I'emballage EAM passif gbkition de I'atmosphere (%@t %CQ a
l'intérieur de I'emballage

Chague type de fruits et Ilégumes est unique eeptésionc des besoins spécifiques
en termes d’atmosphére optimale ou de protectioiredes dommages physiques ou les
développements microbiens. Si la technologie dAMBEpassif est éprouvée, son succes dans
la filiere fruits et légumes demeure limité car gbt difficile aujourd’hui d’atteindre
'atmosphere optimale recommandée a cause de deins fmajeurs que rencontrent les

transformateurs/conditionneurs :

- Il'absence d’approche et d'outils d’aide a la dérispermettant de déterminer au
cas par cas les propriétés de transferts des eagbalken réponse aux besoins des
produits respirant pour générer I'atmosphére recanti@e pour une conservation
optimale du produit.

- L’absence de matériaux d’emballage congus et dilmenés « a facon » pour
présenter une gamme de propriétés de transfertgrazdula large gamme de

besoins des produits respirant.

Trouver un emballage adapté au produit repose edifou majoritairement sur une
approche de type essai-erreur (aussi appelée «gpackray ») basée sur I'expérience et qui
se révele extrémement couteuse en temps et eruressoDe plus les matériaux synthétiques
aujourd’hui utilisés dans l'industrie de I'embaléaglimentaire (polypropylene, polyéthylene
basse et haute densité, polyéthylene téréphtalateont trop barriere a I'oxygene pour la

grande majorité des produits respirant, entrainaré anoxie certaine et une altération
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Introduction n

accélérée des produits par apparition de déviatinétaboliques. lls sont donc micro ou
macro-perforés ce qui permet d'étendre leur perggan’oxygene mais leur fait perdre leur
caractére permseélectif (S, ratio of the L£@erméation on the Operméation). De tels
matériaux ne permettent pas d’atteindre des atnéospla la fois pauvres en oxygene et en
dioxyde de carbone, pourtant recommandée pouufzapl des végétaux.

En conclusion, les fruits et Iégumes frais sornpligpart du temps emballés dans des
matériaux plastiques surdimensionneés, issus deurss non renouvelables, qui sont ensuite
perforés afin d’obtenir un matériau qui n’assurpas la conservation optimale du produit
mais exprimera juste des fonctions basiques comeneedroupement ou la protection
physique. Alors que la consommation de fruits gumdes frais est aujourd’hui fortement
encouragée pour ses effets indubitablement positifda santé, leur mode de distribution et
de conservation ne permet pas d’'assurer facileom@tonsommation journaliere de produits

de bonne qualité.

ENVIRONNEMENT ET CONTEXTE SCIENTIFIQUE

Des activités de recherche sont actuellement dgpéblss dans différents centres de recherche
européens pour concevoir des matériaux présengsnpermeéabilités aux gaz (oxygene, gaz
carbonique, éthyléne etc.), mais aussi a la vageau, adaptés a I'emballage des aliments,
notamment frais. L'UMR IATE s’implique depuis unezgine d’année sur le développement
de matériaux biodégradables composites et/ou nampasites, pouvant étre associés a des
systemes actifs de type absorbeurs ,d@ émetteurs de GO permettant de créer
naturellement une atmosphere intra-emballage fal®ra la conservation/évolution du
produit (EAM passif ou actif). Un outil numérique dimulation (Transféromatic) permettant
de prédire les concentrations gazeuses dans l'espadéte de I'emballage qui résulte d’'un
equilibre entre transferts de gaz via I'emballag& €onsommation/production par le produit
a également été développé. Par la suite un outilasie adapté aux EAM actifs a rendu
possible le dimensionnement d’'un emballage (polfétte basse densité micro-perforé +
absorbeur d’'Q) permettant d’améliorer considérablement la coragem des endives avec
maintien de la blancheur des feuilles et retardodessement du chicon et du développement
microbien par rapport aux emballages macro-perfatsellement utilisés [Charles et al.
2008]. Sur le plan des matériaux, les faibles tesn@an Q et en CQ nécessaires pour
préserver les qualités organoleptiques et nutrigties des champignons de Paris, ont pu étre
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atteintes grace au développement de films a bagkutsn, suffisamment perméables a,|€
permsélectifs vis-a-vis de 1)t du CQ [Guillaume et al. 2010a]

L'objectif de cette thése est de contribuer au oexd@ment de l'approche de type
intégrative et des outils d’aide a la conceptiomdaeveaux emballages, développés au sein de
IATE, en restant focalisés sur les matériaux biorsds et biodégradables, congcus a partir
d’agro-polymeéres, et sur leurs spécificités en &yghe propriétés de transfert.

OBJECTIFS SCIENTIFIQUES ET TECHNIQUES

C’est dans ce contexte que mes travaux de thesg@noonduits, dans le cadre du projet ANR
TAILORPACK “Emballages biodégradables adaptés eolaservation des fruits et légumes*
et financé par I’Agence Nationale pour la Recher@adR-07-PNRA-029). Coordonné par
'UMR Ingénierie des Agropolyméres et Technologiemergentes (IATE), le projet a été
mené en partenariat avec le Centre Technique détsefft.égumes (CTIFL) de Lanxade et de
Saint Rémy de Provence, 'UMR Sécurité et Qualigs dProduits d’'Origine Végétale
(SQPOV) d’Avignon, I'équipe Multicouches de polyéimlytes de I'Institut Charles Sadron
(ICS) de Strasbourg, un fournisseur de matieremigres industrielles d'origine végétale

ADIVEC et la papeterie Gascogne Paper.
Les objectifs appliqués étaient de :

0] développer un outil d’aide a la décision conviviakenant en compte les
besoins des produits dans le but de concevoir désriaux a fagon, sur la base
de propriétés de transfert ciblées ;

(i) dépasser les limitations des matériaux synthétiquesventionnels, en
associant des matrices végétales : des protéingguten de blé pour leurs
propriétés de transfert intéressantes et des sisppapiers pour assurer un

renfort mécanique.
D’un point de vue scientifique, il s’agissait de :

0] mettre en place une approche basée sur l'ingéniexierse permettant de
prendre en compte les besoins des produits végélasite départ et de les
transcrire en propriétés de transfert requiseslegibde I'emballage pour

concevoir des matériaux a fagon ;

26



Introduction n

(i) comprendre et mettre en ceuvre des moyens de miodufeia la structuration,
composition, mise en forme,...) des propriétés desteat des matériaux
protéiques (a base de gluten de blé) afin de s¥dks matériaux d’emballage

répondant aux propriétés définies grace a la ntaidéimarche de conception.

PLAN DE TRAVAIL

L’organisation du manuscrit est présentée dandglard 1.2 et repose sur 2 axes
d’études. En ce qui concerne I'approche, un étdtagierecense I'évolution des modeéles de
simulations qu’ils soient spécifiques a des phémmwéprécis (transferts de matieres,
respiration des produits, etc...) ou globaux (modédesplés) et les améliorations qui
pourraient leur étre apportées. Par la suite,lisation d'un outil de simulation en ligne
(développé dans le cadre du projet) pour tradwesebesoins du produit en propriétés de
transfert, est étudiée dans un premier chapitrgaaers de simulations/prédictions pour une
gamme de fruits et [égumes cibles. Enfin I'approglubale mise en place pour concevoir un
matériau par ingénierie reverse est détaillée §pax) et validée a travers le développement

d’'un emballage optimal pour la conservation desésadans le chapitre 3.

Concernant le volet matériaux, les propriétés iredata I'emballage (de transfert et
mécaniques) des matériaux protéiques et les phigsibide modulation de ces propriétés au
travers de diverses stratégies de structurationfodeulation ou de procédé sont d’abord
discutées dans I'état de I'art. Le premier chapi&montre I'intérét des protéines de gluten de
blé comme matiere premiére pour créer des matér@wwvrant une large gamme de
permeéation a I'oxygene (B9 et permsélectivités. L'étude de la relation dnue-propriétés
de transfert dans des matériaux a base de protdaeguten de blé est présentée dans le

chapitre 2 et pour 3 cas distincts de modulatioledes propriétés de transfert:

- Matériaux multichouches micro-structurgsapiers enduits de gluten. Cette partie
est consacrée a I'étude de I'impact de la strucioterne d’'un support fibreux
destiné a I'enduction sur la structure du matéeaduit résultant et ses propriétés
de transfert aux gaz (et de surface).

- Matériaux multicouches nano-structurésassemblage couche par couche [nano-
argiles/gluten] sur base papier. Cet article motdr@ossibilité de transposer la

technique de construction couche par couche (diéposialternée de

27



Introduction

polyélectrolytes de charge opposée) d’'un suppodéteosynthétique régulier a un
support « naturel », irrégulier et poreux tel geephpier, tout en utilisant des
agropolymeéres a la place des polyméres synthétique les dites couches. Il
présente aussi comment ces couches (nature et @pathle support choisi pour le
dépdt influencent les propriétés de transfertetercatériaux.

- Matériaux multicouches micro-structurés modifié&ahelle moléculairepapiers
enduits de gluten et traités au £Q'impact de la sorption de GOsur les
propriétés de transfert des matériaux résultantsiegiscuté.

En dernier lieu, le chapitre 3 aborde la structoratd’'un matériau actif pour la
rétention/libération d’agent antimicrobien volatieur la conception d’'EAM dit « actif ».

Context & Problematic
Important losses of fresh fruits and vegetables thorough the distribution chain
0] (i)
Current packaging developmentapproaches Conventional synthetic packaging materials
like the “Pack and Pray ” approach are of do not permit to cover the broad range of
limited efficiency needs of all fresh produce

m Objectives

Propose and validatea Requirementdriven Investigate and understandthe ways of

approach for packaging design compared to modulating mass transfer properties of protein
conventional “Pack and Pray ” approach based materials for packaging applications

(ii)

Thesis Organization

State of the Art

[State of the Art]
Modeling Tools Protein based materials

for Packaging Design for food packaging

New Routes to Design Modified Atmosphere Packaging
for Fresh Produce
[Chapter 1]

Single Source Agro-polymer
for Packaging Material

Modified Atmosphere
Packaging Modeling Tool
Use of modelingtools to determine

optimal transfer properties for
packaging of selected produce

Structuring wheat gluten proteins
based material to cover a large range
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This first part consists in an analysis of the estaf the art dealing with the possible
application of requirement driven approach (RDA) design packaging using modified

atmosphere packaging (MAP) modeling tools and thes & cons in using proteins as

packaging materials, both for MAP of respiring proel.

This review work will allow definition of the crital points to investigate for improvement

of

packaging design for fresh and respiring producksanset the scientific goals of the present

thesis.
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Part 1

Toward requirement driven approaches to design food
packaging: focus on fresh and respiring products

INTRODUCTION

Over the last decades, conventional “trial and rérapproaches, time and cost consuming,
were phased out in favor of integrated and requergndriven approaches based on modeling
tools and reverse engineering to develop decisiakimg tools in various fields of research
and development (from oceanography to aerospaeac®) and used for different purposes:
reduction of costs, increasing efficiency of a @ss; etc. However, this is not a generalized
trend and some sectors just start to considerpibngerful methodology. One of them is the
food packaging’s sector and more precisely packpginfresh fruits and vegetables, as a
whole or fresh-cut. In 2011, nearly half of thestidruits and vegetable production was lost
before consumption and in western countries, upOfid of the losses happened during steps
of the distribution chain where most of the prodace packed [Gustavsson et al. 2011]. Such
figures really raise the question on how to incedae efficiency of their packaging.

Fresh fruits and vegetables are living (respiriagyl fragile products with short shelf
life. In addition to common food degradation pheroin physico-chemical (dehydration and
oxidation) and microbiological, they also underdoy/siological degradations that inevitably
lower their quality. One way to improve their sigeas to use chilled temperature, and this is
currently applied to fresh-cut produce [Manolopauét al. 1998; Vargas et al. 2006], but it is
costly, difficult to manage and most of whole produs distributed at ambient temperature.
The other route is to change the atmosphere sutnogithe produce in order to reach optimal
atmosphere of storage, specific to each produceldKat al. 1989; Barron et al. 2002;
Charles et al. 2008; Sandhya 2010]. Such atmosphare be reached in controlled
atmosphere rooms or modified atmosphere packadi#P]. In this case, it relies on the
natural interplay between the produce physiologygngcimption or production of gases and

vapors) and the transfer properties of the packpagiaterial (gases and vapors permeation
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rates). MAP can also be considered as active: ditiad to the afore-mentioned interplay,
inert gas mixture can be flushed during conditignam active systems (to release or absorb
gases and/or vapors) can be added to the packagingbject or within the packaging
material.

Whatever the technology used, success of MAP rahieguickly reach the optimal
atmosphere recommended, then, designing and pnogedsMAP should rely on the smart
use of materials tailored to the application. Tlteshould take into account, since the very
beginning, the produce requirements and translaemtinto expected mass transfer
properties. To allow and promote such a requirentgivien approach, it is necessary to
combine biological science to characterize the hygy of the target produce, material
science to characterize mass transfer propertidsegbackaging, and mathematical science to
perform simulation on modified atmosphere and prigp@imension MAP. The aim of this
work is to provide an overview on existing litenawn MAP modeling that could be used in
requirement driven approach as a first step ofreevengineering.

KEY ELEMENTS FOR UNDERSTANDING MAP OF
FRESH PRODUCE

Physiology of fresh fruits and vegetables

Once harvested, fresh fruits and vegetables hawraw on their own reserves to maintain
their cellular integrity. During respiration, stdrearbohydrates are broken down into glucose,
which is oxidized into Cg water and energy (adenosine triphosphate, ATEyrding to
several enzymatic steps but limited by the actigitjhe cytochrome oxidase.

Ce¢H,,04(Glucose x) + 60, » 6C0, + 6H,0 + 36ATP(energy *)

As soon as these substrates become unavailabkr, adhbonated resources that are
essential (constitutive protein or membrane lipia® consumed, leading to the death of the
produce. Thus the potential shelf life of fruitsdamegetables is closely related to their
respiration rate, expressed as the quantity,afddsumed (or in a minor extend g£@leased)
per time and per mass of produce: the lower thgineson rate, the longer the potential shelf
life [Marcellin 1975; Paull 1994]. Respiration ipexific to each produce, in term of specie
and variety, but may differ depending on its ripgnistage, mainly for climacteric ones.
Difference between climacterics and non-climacteriies on their ability to synthesize the
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growth hormone ethylene in an autocatalytic waynot, respectively [Robertson 2006].
Minimal processing (peeling, slicing, etc.) causesstress that induces an increase in
respiration activity from 2 to 8 fold [Brecht 199%nd stimulate ethylene production from 5
to 20 fold [Pech et al. 1994]. In association wabrobic respiration, moisture vapor is
produced and natural dehydration occurs, causetifiongion of moisture vapor from the high
concentration compartment in fresh product to the ktoncentration in the surrounding

environment.

Optimal storage conditions

Aside lowering storage temperature that is knowrettuce physiological reactions, another
factor affecting the produce physiology is gas cosmpon. Usually, lowering the Qevel is
really effective in reducing respiration, but areoXa switch to anaerobic catabolism and
growth of anaerobic flora that produce undesiradfieflavors and off-odors) should be
avoided [Nguyenthe et al. 1994; Varoquaux et aQ520High CQ levels (more than 10%)
might also reduce the respiration and ripening efesal commodities [Mathooko 1996;
Varoquaux et al. 2005] and can limit or inhibit gm@duction of ethylene [Rothan et al. 1994;
Rothan et al. 1997]. High CQevels induce a bacteriostatic effect on aeroloiafbut might
lead to the development of anaerobic microorganidfaseover, injuries might occur when a
fresh product is exposed to a level of £fbove its tolerance limit as for example formation
of brown spots or yellowing that are common visdagradations caused by a high £O
content [Zagory et al. 1988; Lopez Briones et a®92]. Together with C& 1-
methylcyclopropene (1-MCP) is also considered asmpetitive inhibitor of ethylene action
and can be used to delay ethylene production aeddhpiration crisis [Fan et al. 2000;
Hershkovitz et al. 2005]. Since the optimal comboraof O, and CQ greatly depends on the
respiratory activity of the product (values rangenf less than 35 up to 300 mg Ky* h™)
and its sensitivity to Cg) there is no unique atmosphere composition thaliddoe applied to
all fresh commodities. Critical concentrations of @nd CQ exist for a lot of fruit or
vegetable [Kader et al. 1998; Bishop et al. 2008].

Mass transport in MAP of fresh produce

As long ago as the 1930s, controlled atmosphera® weed in storage rooms during

shipment and transportation to preserve the fresshoé fruits allowing the maintenance of
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low O, and moderate to high G@evels. That is why MAP historically refers toatio of &

and CQ in the headspace of packaging. It can be and i® rand more extended to other
gases (e.g. argon and even xenon) or vapors (waper, ethylene, aroma compounds, etc.).
In passive MAP, gas and vapor exchanges occur ketiye produce and its surroundings as
well as through the packaging material as indicateéfigure S.1. Initially the headspace
composition is air and then, after a transientqukrit reaches a steady state when gas and
vapor permeation through the material balancesagdsvapor consumption and production
from the produce. This steady state atmosphere bwusis close as possible to the optimal
recommended atmosphere otherwise it might be dettiah to the quality of the commodity
[Floros et al. 2005].

Thus it is essential to carefully select a filmmwauitable gas and vapor permeabilities.
Otherwise, the produce can be exposed to unsuigddecompositions during the transient
period, thus preventing the positive effects of #teady state atmosphere. It should be
stressed that most synthetic polymer films exhimtlow a permeability to gases and vapors
and most often need to be perforated (micro-hdlesgllow sufficient gas exchange. Using
active MAP, gas can be flushed (inert gas mixttwejuickly reach a desired ratio o @nd
CO, and suppress the transient period of passive MAPthat the initial headspace
composition is different from normal air. As shownFigure S.1, active MAP can also be
achieved by the release or absorption of gasesapors from or by active agents in
combination with gas/vapor permeation. This opgnsiew possibilities for packaging such
as the controlled release of antimicrobial agentsase of temperature abuse and/or the
removal of unsuitable substances such as ethylbéea wroduced.

Active agenfs for
gas or vapors
release

W W W w—
0, CO, Sy Ay
2 2 ~ )
l T o T ‘.::
. ..It
Active . i .
agents for Respiration 4 Microbial spoilage
gas or
vapnr..s
absorption. 19 Maturation Transpiration
C,H, H,0(v)

Figure S.1. Mass transport phenomena in passiveaatide MAP in relation to produce physiology.
(adapted from Guillaume et al.2011 : Modified atpieare packaging of fruits and vegetables :

modeling approach [Guillaume et al. 2011])
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MODELING FOOD PHYSIOLOGY
Respiration

Fresh produce respiration models based on the Miichslenten equations are the most
common and the most fitting ones (Table S.1). Ttmysider aerobic respiration as a single
limiting enzymatic reaction (based on the activfythe cytochrome oxidase) in which the
substrate is oxygen and express the respiratogyasat function of the {partial pressure and
the Michaelis constant for Oconsumption (apparent dissociation for enzymefsates
complex). Basic Michaelis-Menten model has beest fused by Chevillote et al. in 1973
[Chevillote 1973]. It has since been improved bkirtg into account the potential inhibitory
effect of carbon dioxide content on oxygen consuompby the produce through the 4
common types of Michaelis-Menten inhibitions (cortmpee, uncompetitive, non-competitive
and the combination of competitive and uncompetjthas detailed in previous well
documented reviews on the subject [Peppelenbds ¥8@6b; Fonseca et al. 2002]. The non-
competitive inhibition is preferred among the otbguations due to its simplicity of use and
good fit with most existing data concerning commproducts [Fishman et al. 1995;
Peppelenbos et al. 1996b], nevertheless uncomyeetithibition might be more accurate in
some cases [Fonseca et al. 2002]. The @©duction rate might be easily calculated as the
produce of the @consumption rate time the respiratory quotient (R@ich is the ratio of
CO, production on @ consumption) [Peppelenbos et al. 1996a]. The ra&spy quotient is
close to unit when sugars are catabolize (seeretgwi reaction: 6 moles of @br 6 moles of
CO,) otherwise it is higher or lower; but in this casatabolism of essential molecule occurs
and the produce is in its end life.

Other approaches exist to model the respiratiofnesh fruits and vegetable but they
remain marginal in comparison to the Michaelis-M@nbne. Linear [Henig et al. 1975;
Fishman et al. 1996], polynomial [Yang et al. 1988ng et al. 1994fxponential [Cameron
et al. 1989; Edmond et al. 1991; Beaudry et al2i®B®audry 1993; Smyth et al. 1998; Del
Nobile et al. 2006] models have been tried alonip Wangmuir adsorption based ones where
the controlling mechanism was the adsorption of maéecule of @ at an active site of the
cytochrome oxidase complex [Makino et al. 1996bakio et al. 1996a]. Several
combinations of the model previously evocated (Mipanential, exponential-polynomial,
etc...) have also been considered and tested butodidive very good simulation/experiment

adequacy [Talasila 1992; Talasila et al. 1992]

37



State of the Art B

Transpiration

Basic models for fresh produce transpiration cagrstle moisture transfer through the skin
as a function of biophysical and thermophysicalapsters such as diffusivity, surface
cellular structure, skin thickness or geometry (€&h1). But they refer to parameters that are
difficult to assess. More advanced models, as ties ased by Kang and Dong in 1998 [Kang
et al. 1998] and Song et al. in 2002 [Song et @022, are based on mass and heat transfers
and take into account the respiration of the preduocpredict the rate of vaporization. These
models have been validated on apple and blueberfixed or controlled relative humidity

(RH) and temperature conditions.

Production of other volatile compounds

There are very few model established on the praslucf ethylene and volatile compound by

fresh produce (Table S.1). Grotte et al. in 200&k#ished a polynomial/logarithm model to

predict ethylene production of apricot as a functtad the amount of degree-days received
after blooming [Grotte et al. 2006].

MODELING MASS TRANSPORT THROUGH
PACKAGING MATERIAL

Gas transfer through dense and homogenous filmdrigen by solution-diffusion
mechanisms. Such mechanisms, where gases firsihaisgito the matrix at face of the
sample exposed to higher gas content, then diiusess the matrix to the face of the sample
exposed to lower gas content and finally desorinftibat face, are commonly modeled using
the first Fick’s law (Table S.1). In this case, théven flux is the difference in gas content
between the 2 faces of the matrix and the resistaaefficient is the permeability towards the
considered gas. This permeability can be decompiosedwo terms: the diffusivity and the
solubility, diffusivity being mostly dependent diet gas molecules sizes while solubility is
more affected by the affinity between the gas dednatrix [Matteucci et al. 2006; Matteucci
et al. 2008].
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Composite material

When considering composite films (at macro or misgale), the models become more
complex as the properties of each components (xfdter or each layers) must be taken into
account (Table S.1). In case of multilayer filntee bverall permeability of the composite can
be expressed as the association in parallel opémmeabilities of each layer (balanced by
their respective thicknesses). And in case of x/étter structure, the same relation remains
valid, except that the permeabilities of each congmd are not balanced by their respective
thicknesses but by their respective quantities l[@une et al. 2011]. However it must be
noted that these two models assume perfect adhésiween the layers or the different
phases of the composites and so cannot predigiatieatial effects of any defects such as for

example partial peeling in the case of multilay@mposites.

Nano-composite material

The case of nano-composites is even more compltheanodel should take into account the
shape and the organization/orientation of therfilieside the matrix in addition to the charge
added (Table S.1). The first models, like the Bemggn's model and its simplifications
considered only spherical fillers [Matteucci et2008]. Aris in 1986 [Aris 1986] and Cussler
et al. in 1988 [Cussler et al. 1988] adapted itlakes shape fillers assumed to be oriented
perpendicularly to the gas flux and took into aetothe aspect ratio of the filler. Finally,
Sorentino et al. in 2006 [Sorrentino et al. 200@pioved it by taking into account the
orientation of the fillers in regard of the onetbe gas flux. This last model was proven
accurate and fitting on polycaprolactone, polyuseth and polypropylene matrix filled with
modified montmorillonites nanoclays [Sorrentinoaét 2006] but required determination of
parameters very difficult to assess such as thenveland diffusion coefficient at the interface

region between the matrix and the nano-charges.

Micro-perforated material

Finally, for synthetic films, the case of micro amécro perforation has widely been assessed
(Table S.1). In case of perforated structure, the gansfer can be considered to happen
solely through the perforations (gas transfer i§ tifies greater through perforations (air)

than through low density polyethylene (LDPE) foample [Mannapperuma et al. 1989]) and
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so the first Fick’s law does not directly apply. @eercome this problem several authors have
tried to use the Stephan-Maxwell flow equation suth model, despite being accurate was
not versatile due to its high complexity [Guillaurekeal. 2011]. Other authors have tried to
resort to Fick’s law modifications and obtaineceneisting results [Heiss 1954; Edmond et al.
1991; Fishman et al. 1996; Fonseca et al. 1996ngltal. 2003]. But the most efficient and
versatile models to date are an improved modeldnséca et al. (2000 ) [Fonseca et al. 2000]
based on the one of Edmond et al. (1991) [Edmoral. et991] for a single perforation, an
evolved model based on Fick’s law established lgh@eises at al. in 2006 [Techavises et al.
2008] (able to model transfer o ACO,, N, and water vapor) and an empirical model built
by Gonzalez et al. in 2008 [Gonzalez et al. 2008].

MODELING MASS TRANSPORT IN ACTIVE
PACKAGING

Release of active agents

Aside of the classical HCQO, and water vapor (WV) transfer, it is also posstolesimulate
the retention and the release of more complicatedpounds like aroma compounds and/or
antimicrobial volatile agents (Table S.1). In sumdse, the compound is usually already
embedded inside the polymeric matrix and will Heased from it into the packaging internal
atmosphere. The concentration of the compoundertsied matrix varies with the time and the
position, following the second Fick's law. At thaterface between the intra packaging
atmosphere and the matrix, the equilibrium is agglito be reached instantaneously, so the
rate of substance transfer from the matrix to tmeoaphere is equal to the rate which this
substance reaches the interface. And such ratevendby the internal diffusion through the
matrix. In 2008, Chalier et al. [Chalier et al. 8p8uccessfully used this model to predict the
kinetic release of carvacrol from a soy proteinnw®an various conditions of temperature and
humidity. Humidity was found to be the triggerinieet of the release as increasing it above
80% lowered the glass transition temperature (Tdh® soy protein isolate (SPI) matrix and
allowed carvacrol diffusion towards the interfadéere also is another approach, more
adapted to release into a liquid phase and mos#d tor drug delivery application [Reinhard
et al. 1991; Cypes et al. 2003] that is based smmglified derivation of the second Fick’s
law. This model has been validated by Lin et aR007 [Lin et al. 2007] for release of aspirin
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from a Poly(methyl-methacrylate)/silica compositeen the release remained inferior to 60%
of the initial load.

Scavenging system

Oxygen and/or carbon dioxide scavengers can bedated in the packaging, under the form
of sachet or embedded in the packaging materiakdace the transient period and so reach
the optimal atmosphere composition for preservdister. In case of sachets it is possible to
model the kinetic of @or CQ, adsorption by a first order equation involvingexponential
function (Table S.1). This model can be completed Arrhenius type equation to take into
account the influence of temperature [Charles .e2@0D4]. It should be noted that he initial
content in packaging was proved to have only femdoimpact on the adsorption kinetic
[Tewari et al. 2002; Charles et al. 2004] and gs@he Q scavenger on the market can also
cause parasitic adsorption of €Mo parasitic adsorption of by CQ scavenger has been
reported yet) [Charles et al. 2004]

DEPENDENCE TO ENVIRONMENTAL PARAMETERS

Temperature dependence

As many physical or biological parameters, the iraipn (and consequently transpiration)
rate of fresh produce and the gas and vapor tnanfeough polymeric films are impacted by
the temperature (Table S.1). This effect can berdes] by a simple Arrhenius law with the
energy of activation for oxygen consumption or gasmeation respectively; or by thegQ
relation that is the ratio of the respiratory rateggas permeation at a given temperature to that
at this temperature plus 10°C [Guillaume et al.120k should be noted that;gis commonly
used by physiologist, whereas Arrhenius relatiod #rme energies of activation are more
commonly used in the field of material science.cAls the peculiar case of perforated films,
the influence of the temperature on film permeat®rconsidered negligible [Silva 1995;
Fonseca et al. 2000].
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Relative humidity dependence

Transfer properties of polymeric films may also elegent of the relative humidity, especially
for agro-materials such as protein-based one thah aindergo lowering of their glass

transition temperature (Tg) and swelling with tmerease of the RH. However there is
currently no global model to simulate the impactlieg RH on the transfer properties of all
polymers. There were some attempts focused on ygee df polymer and one gas, as for
example the study conducted on the influence ofstame content on the ethylene transfer
through wheat gluten (WG) films by Mujica-Paz inOBO[Mujica Paz et al. 2005]. But the

polynomial model proposed was not adaptable torotiaerials or conditions.
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COUPLING MATHEMATICAL MODELS

All the mathematical models presented before argre@t interest and importance to design
MAP for fresh produce. But to be efficient they dde be combined to allow simulation of
the headspace atmosphere evolution or predictiothefoptimal transfer properties of the

packaging to reach the optimal atmosphere for coaten.

MAP simulation models (“mass balance”)

There are several MAP modeling tools based on msodien referred as “mass balance
models” that take into account at least both thecebf produce respiration and the effect of
packaging transfer properties on headspace atmsgbenposition [Jacxsens et al. 2000a;
Jacxsens et al. 2000b; Paul et al. 2002; Del Naikd. 2007; Techavises et al. 2008]. Some
even take into account the presence of scavengeifseaexample model from Charles et al.
2003 detailed in Figure S.2, for modeling of &d CQ content inside an active packaging

(O, scavengers) for chicory [Charles et al. 2003]. Ewsy, most of these models only allow

simulation of the atmosphere composition evolufjoat prediction) and so cannot be used
directly for reverse engineering and packaging eption by RDA. Furthermore, none of

them consider complex material such as (nano)coiepasd they are not always easy to use
or to understand for all the stakeholders of tlsHrfruits and vegetable industry and doing

all calculations manually can take a large amouititree.

dn0, [Pe0, xS
(Eq 1-0z) a [ X (pO,ext — Pozpkg)] - [RRoz x m] - [[:Noz):o X (1- exp(—kt))]
First Fick's Law Michaelis-Menten First order equation
Gas transfer through packaging Produce respiration 0Oz absorbtion by scavengers
dnC 0, PeQ, XS
(Eq 2-C02) @ [ x (pCOyext — pCOzpkg)] + [}?:'R'o2 X m X RQ]
First Fick's Law Michaelis-Menten
Gas transfer through packaging Produce respiration
- RRozmax*P020kg
with: RRy, =
0z {Hmmappﬂlozpké?}x(l"'%J

Michaelis-NMenten
{non-competitive inhibition)

Figure S.2 — Mathematical model for simulationtad evolution of headspace composition

inside an active MAP
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MAP simulation tools (simulation and prediction)

So with the aim of developing and promoting revemsgineering and the requirement driven
approach for MAP design, user friendly MAP prediati software such as Tailorpack
(www.tailorpack.corp or PackinMap [Mahajan et al. 2007] (www.packinncam), have

been built. These simulation tools are able to iptetthe evolution of the intra-packaging
atmosphere by modeling: the respiration of the pced the permeability of the packaging
(dense film with tailorpack and microperforatedrfilvith packinmap), and the influence of
the temperature (on produce and packaging). Intiaddiby using numerical loops and a
fitting algorithm, they are also able to predice tbptimal oxygen and carbon dioxide
permeabilities properties a packaging should featar optimal preservation of a selected
produce. Usually three types of input data are irequto run such tools: respiratory
parameters of the produce, targeted, basic dimessaf the packaging, and optimal
atmosphere composition (in prediction mode) or tyassfer properties of the packaging
material (in simulation mode).

The Tailorpack (Figure S.3, Table S.2) modelind te@ free to use web-application
that does not include a database on produce ak@giag material. The advantage is that you
can enter precise data about your produce physiold@m bibliography or personal
measurements), but the obvious drawback is thatopat databases on both produce and
packaging materials are required as the applicatidingive you the optimal permeabilities
the packaging material should feature, but will saggest any commercial film that feature
such properties to the user.

The PackinMap tool is a commercial web applicatibat is based on the same
principle than the Tailorpack one but coupled wddtabases on fresh produce respiration,
fresh produce optimal atmosphere for preservatimmhpackaging materials transfer properties
[Sousa-Gallagher et al. 2013]. These databasew dhe software to suggest an actual
material to use for packaging in addition of theéirpl transfer properties result and relieved
the user of any particular preliminary bibliogragddiresearches on the produce. In addition,
the PackinMap application can suggest to microgpaté a particular film when appropriate.

With such tools, it is already possible for anykstelder of the fresh fruits and
vegetable industry to both easily simulate the atwoh of the intra-packaging atmosphere
composition (simulation mode) or easily calculdte tequired gas transfer propertieg (P
Pcoz S) of a packaging material for optimal consensatjprediction mode) and then select

the appropriate material for optimal preservation.
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PERSPECTIVES

Current MAP modeling tools are quite new and sidled to be improved before being
considered as decision-making tool. First of &kkytare only available for the whole produce
and do not take into account processing steps ete@d in fresh cut produce (washing,
peeling, slicing, etc.). The increasing demanduahsready to eat food would drive further
researches on the influence of such processings step the physiology of fruits and
vegetables, leading to more literature and datéalidses management is also a bottleneck to
overcome. At this time, when they exist, they astricted to few produce and very few
materials (since modeling tool consider at thisstimaterial as dense film or micro-perforated
ones). They do not refer to complex (hano)compasiderial that can be used to overcome
some weakness of neat films. In addition, cost,ilaviity of raw material, potential
contaminants, processability, mechanical propereesironmental impact, and so one, are
various elements that need to be considered whaigrdeg packaging and should be part of
future powerful decision-making tools and databa$éss would allow to select and rank a
bunch of fitting existing materials not only on th&in permeability criteria but also on
additional secondary criteria such as the prica epecial feature (cost, transparency, color,
biodegradability, etc). And, if no material matctiee defined criteria well enough, one can
imagine a tool that would propose the optimal foatian and structuration of a new material
to match them. Of course, such powerful tool worddquire further improvements in the
accuracy and versatility of the current modelsdioucture/transfer permeability relationship
in composite materials (especially the nanostrectumes).

There is still no modeling application that incledthe water vapor and ethylene
transfers, probably mostly due to the difficulty neodel such physiological behavior. And
there is also no application for Active MAP thakda into account either the presence of
scavenger or the incorporation of active agentdmshe packaging material for a release in
conditions of use/retailing. These two last imprmoeats could be envisaged, given the
establishment of complete database about the sgavdormulas and the antimicrobial
compound diffusivity inside (at least) common pognma matrixes respectively. Then other
improvement would be to take into account the \mlitg of the fresh produce in terms of
respiratory characteristics. The PackinMap softwackides an option that allows the user to
define the % incertitude and so obtain minimal amakimal R, and Ro, optimal values
instead of single ones, thanks to a monte-carlalsition. While interesting and allowing fast

calculation this method does not take into accoealt variability of the produce related input
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data. Recently, Guillard et al. (2011) [Guillard adt 2011] proposed another approach to
implement the impact of variability into a modeindar to the one used by the Tailorpack
application. This approach was based on intervalyars instead than on probability and gave
a better compromise between accuracy of the reaalissimulation time according to the

authors.
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Part 2 (Review)

Multi-scale structuration of protein based materiak for
MAP of fresh produce

Thibaut Cagnon, Carole Guillaume, Valérie Guillardl Nathalie Gontard

Trends in Food Science — Submitted

INTRODUCTION

Over the last decades, research and developmegtapne on eco-friendly materials, so-
called “bio-plastics”, have boomed as an altermativ plastic based materials in order to
lower environmental impact such as reducing thesgomption of fossil fuel resources and
plastic wastes accumulation, saving non-renewab&rgy and decreasing greenhouse gas
emission. This route does not constitute a totddsswtion of plastics, that are today
ubiquitous, but a replacement in specific applaai where the balance environmental
impact/efficiency is high such as food packagirihds been demonstrated in UK that 11.9
million tons of short-lived food and their packagimwere discarded within a year of
manufacture, and packaging wastes contributed Gomitons of carbon dioxide to the
atmosphere (report by the Waste and Recycling ActRrogramme, 2010). Besides
environmental purpose, bio-plastics should exlobiginal properties far from conventional
materials that should better meet the requiremehfsodstuff than synthetic polymers, and
most of all short lived commodities as living osp&ing ones.

Bio-plastics classification relies on the origin pblymers, renewable or fossil, the
synthesis of polymers, nature-made or chemical,/oantheir end life, i.e. recyclable,
biodegradable, or compostable [Averous 2004; Gtikieal. 2011]. Among them, extractible
agropolymers, as polysaccharides and proteins aambeyreat interest because in addition to
good film forming ability [Gennadios 1994; Cuq &€tE098; Gontard et al. 2011], they benefit
from low green-house gas emissions and energy usee sthey do not require
deconstruction/reconstruction steps, and exhibitemarkable biodegradability and non-

ecotoxicity [Domenek et al. 2004]. Due to the hegeneity of their constitutive amino-acids
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and their consequent folding pattern, proteins rofteger chemical functionalities and
network structures than other polymers and thatdea unique mass transfer properties that
depend on physical, chemical and environmentalnpai@rs (including greaseproof character
[Trezza et al. 1994; Gallstedt et al. 2005] or plssibility to be used as a vector for volatile
compounds [Ben Arfa et al. 2007a; Chalier et B0& Mascheroni et al. 2010; Mascheroni
et al. 2011; Balaguer et al. 2012]). One of thetmmdtuent parameter is the relative humidity
(RH). In low relative humidity conditions, protelvased material are considered as barrier
material [Gontard et al. 1996b; Guilbert et al. 179€uq et al. 1998] but when RH is
increased (higher than 60%), they show high oxya®h carbon dioxide permeabilities that
permit G and CQ exchanges [Gontard et al. 1996b] favorable to fremtliatmosphere
packaging of fresh fruits and vegetables, as it m&viously demonstrated on mushroom
[Barron et al. 2002; Guillaume et al. 2010b]. Sachehavior is very promising for modified
atmosphere packaging of fresh produce that reliregshe natural interplay between the
produce respiration (oxygen consumption and carlborxide production) and gases
permeation through the packaging material in otdeslow down the produce respiration and
so delay physiological and biochemical changes, thnd degradation rate [Kader 1987;
Kader et al. 1989; Solomos et al. 1989]. Each freshduce features its own MAP
requirement for optimal preservation and so reguirspecific packaging but all roughly need
an environment poor in both,@nd CQ [Kader et al. 1989], which is not easily reacthwi
most of the conventional synthetic plastics, evémmvthey are micro-perforated [Exama et
al. 1993; Al-Ati et al. 2003].

Despite interesting mass transfer properties, dgveént of protein-based material for
food packaging is still limited due to their poorchanical properties (too brittle at low
relative humidity or too sticky at high relative ridity). However this limitation can be
overcome through various reinforcement strategtediféerent scales, acting on physical
parameters (e.g. temperature and pressure) or cheones (e.g. fillers, plasticizers, pH,
other polymers). The aim of this section is to eewhow different structuration, shaping and
formulation strategies can improve mechanical pitgee of protein-based and how these
strategies affect their mass transfer propertiesyding on potential MAP applications for
fresh produce. First part of this work is dedicatedhe original properties of self-supported
protein based materials adapted to MAP applicationsomparison to other polymer from
fossil or renewable resources. Second and thirtk pdeal with the different structuring
strategies at micro- and nano-scales, respectitelproduce either mono- or multi-layer(s)

material. The third part is based on the more reltenature and/or prospective strategies.
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SELF-SUPPORTED PROTEIN BASED MATERIALS:
GENERAL CONCERNS FOR MAP APPLICATIONS

Properties required for MAP applications

There are two types of mandatory material propefee MAP applications: mechanical and
mass transfer properties. Regarding the first catjeghe materials must present sufficient
rigidity (Young modulus, E) and resistance (Tenstiength, TS), and/or sufficient elasticity
(Strain at Break, SB) depending on the applicafimreseen (punnet/tray or film/sachet,
respectively). Regarding mass transfer propertths, materials must present adequate
oxygen, carbon dioxide and water vapor permeat@nes for optimal preservation of the
produce considered. It should be noted that whisewvapor transfer in protein based
materials have been extensively studied, lesstaitehas been paid to oxygen transfer and
very few to carbon dioxide transfer as can be seenTable S.3 (page 82). Then the
permselectivity ratio (C®permeation / @ permeation), important for MAP, is not always
easily available. This raised the need of futuregiete studies on transfer properties for
MAP application, looking at water vapor, oxygen apdrbon dioxide permeabilities
altogether.

One particularity of MAP is that this techniqueesftinvolves high relative humidity
inside the packaging, especially in case of fresti eespiring produce packaging. So as
protein materials are known to exhibit differenbjperties according to the relative humidity
[Gontard et al. 1992; Gontard et al. 1996b; Cuglel997a; Cuq et al. 1997c; Pouplin et al.
1999], it is important to look for mechanical andnisfer properties at the proper relative
humidities, usually over 85%RH, when looking fockwapplications. However, most studies
on protein materials are conducted either at thg keav relative humidity of 0% RH (e.g.
ASTM D 3985-95 for oxygen permeability measurementat the moderate one of 50% RH
(e.g. ASTM D638-10 and ASTM D3039 for mechanicatitey or SCAN-P 53:84 for air
permeation measurement). Then, in the followingdises, protein based material properties
are discussed whatever the RH considered but stuahiematerial properties at high RH

should be conducted in the future to be relevatit MAP application of fresh produce.

Material processing from proteins
Among all the proteins available in nature, onlgsé widely available from food industry by-

products (from cereal, milk or fish / meat productnsformation) are studied for material
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processing, either from plant or animal resourd@song plant sourced proteins, wheat
gluten (WG) and soy proteins are the most studiédeat gluten proteins are produced by
removing most of the starch and other soluble sulosts from the wheat flour under
extensive water washing. They consist in prote@allstedt et al. 2011] of various molecular
weights (MW): glutenin polymers between 150000g:iahd more than 5 millions g.mbl
monomeric gliadins between 17000 and 70000 gmemd then small proteins (albumin and
globulin) with less than 17000 g.nol[Bietz et al. 1972; Lasztity 1986; Morel et a0(®b;
Lagrain et al. 2010]. Soy proteins can be dividedwo groups, the isolate (SPI) and
concentrate (SPC). The isolate (SPI) containsast 180% of proteins and is produced by a
mild alkali or aqueous extraction followed by isestic precipitation. The concentrate (SPC)
contains only between 65 and 72% of proteins apddduced from aqueous liquid extraction
or acidic leaching. Both SPI and SPC are complexures of proteins with widely different
properties depending on their molecular weight;ttlie@ main fraction are two globulins: the
B-conglycinin (MW: 160000 g.md) and the glycinin (MW: 340000 g.nmbl [Kunte et al.
1997; Cho et al. 2004]. The corn zein (CZ) is alinterest (despite being less studied) and
is mainly constituted of monomers and disulfidé&did oligomers.

Regarding animal sourced proteins, whey protei)\Vgelatin (Ge), caseinates (Ca)
— especially the sodium caseinates (NaCa) —, ahdnfiyofibrillar (MF) proteins are the most
common for film shaping. Whey proteins are byprddinom cheese-making that can be
obtained by ultrafiltration and spray drying eitherder the form of concentrate (WPC, 25-
80% protein) or isolate (WPI, >90%protein) [Ramosle ; Cuqg et al. 1998; Krochta 2002;
Gallstedt 2011]. They are mainly constituted fefactoglobulin (MW: 18400 g.md), a-
lactalbumin (MW: 14200 g.md), bovine serum albumin (MW: 66500 g.ritpl Gelatin can
be sourced from fishes or mammals and is mostlg usehe drug delivery field to build
“softgel” capsules for encapsulation [Gallstedl 20 Caseins (mainlg-casein with MW of
23000 g.maf, B-casein with MW of 24000 g.mdl andk-casein with MW of 19000 g.md),
as WP, originate from milk and are mostly useddikle coatings or as drug delivery systems
like gelatin [Elzoghby et al. 2011]. Finally, figshyofibrillar proteins (mainly myosin with
MW of 470000 and actin with MW of 42000) are ob&drby purification and concentration
of fish muscle proteins (they constitute 50% of inescle).

All proteins exhibit good film forming propertiesud to their ability to form a
cohesive network with different kind of interact®ordepending on the nature of their

constitutive amino-acids (hydrogen-bonds, disulphimbnds, isopeptic bonds, hydrophobic
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interactions, etc). The final structure of theitwnerk and the type, number and strength of its
bonds is dependent on the film forming processidensd. Indeed, as conventional synthetic
polymers, proteins can be processed through dryru@sn, molding, pressing) or wet
(casting, coating) processes. Due to the high teatyees involved material build through dry
process often present a denser and more reticutetieebrk than the one build through wet
process. So the impact of high temperatures, dusing process and then as post treatment,
on the properties of the material will be furthésadissed later in this review. In addition to
these process considerations, it is important tie nioat almost all self-supported protein
based films require a minimal amount of plasticiretheir formulation to maintain their film
form at standard conditions of temperature and diyn{implying that there is no such thing
as real neat protein material). As plasticizer gapact the protein network structure by
loosening it and favoring chains mobility, the impadf various type and contents of

plasticizer will also be discussed later on.

Mechanical properties of self-supported proteindzhsaterials

Protein Origin. When looking at the mechanical properties of gadtein at moderate RH
(around 50%) it appears that Ca caseinates fillamge present the highest rigidity with E
value of about 750MPa [Monedero et al. 2010], folbd by SPI with 500 MPa [Cao et al.
2007b], WPI films with 160MPa [Shaw et al. 2002aflaNVG with only 10MPa [Tunc et al.
2007], all for casted films with content of plaster between 10 and 25% (Figure S.4).
Mechanical properties of Ca and Ge films are gyaatpacted by the protein type and origin
respectivelyp-casein films present the best mechanical propebyefar with TS up to 10000
times and 2 times higher, and SB up to 6.5 timmek I times higher thams;-casein films
and caseinate films respectively (note: testingddmns were different) [Motoki et al. 1987,
Banerjee et al. 1995; Mauer et al. 2000]. And, pgelatin based films exhibit better overall
mechanical properties than fish and beef based(witk TS up to 10MPa and SB up to
90.55%) [Wang et al. 2007; Nur Hanani et al. 2012].

Shaping processAs stated, the properties of all protein basecenas were conditioned by
the processing mode chosen. For example, therma®dulcompression molded and
thermopressed WG films present better mechanicgdguties than casted ones and may even
be suitable for punnet/tray applications [Gallstetltal. 2004; Gallstedt et al. 2005]. And
slightly better mechanical properties are obtaifdCZ self-supported films processed by
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extrusion blowing than by solvent casting [Lueehal. 2010]. This could be attributed to a
tighter and more reticulated gluten network in iaerials processed at high pressure and/or

temperature [Cuq et al. 2000].
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Relative humidity. The surrounding RH can also greatly affect theachanical properties.

At low to moderate RH (<50%), all neat protein lthseaterial presenting no or low

plasticizer content are under glassy state, extsebrétle with moderate to high E and TS

and dramatically low SB for plastics and so canpethandled or further processed (cut,

folded, etc...). Oppositely at very high relative hdity (>90%) they are under rubbery state

and are easily deformable (high SB). But they exhibry low rigidity (E) to the point of

some undergoing deformation under their own wel@uintard et al. 1996a; Cuq et al. 1998;
Zhang et al. 2001; Lens et al. 2003; Gallstedt.2@05]. For example, E of casted WG films
can be reduced from 1000MPa to 10MPa when incrgdsihfrom 20% to 70% (Figure S.5).
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Figure S.5. Impact of relative humidity on transfay and mechanical (b) properties of wheat gluten

films

59



State of the Art B

Mass transfer properties of self-supported proteased materials

Protein Origin. Just as for mechanical properties, each type atieppr presents particular
transfer properties. For instance, at moderatedabsted gelatin filmfolodziejska et al. 2007]
present very low water vapor permeability (WVP) lfonp to 0.43x13°mol.Pa’.m™.s%)
whereas W({Lee et al. 2005pnd SPIRhim et al. 2002ffilms present a moderate one (up to
4.16x10"mol.Pa.m.st and 1.58x18mol.Pa’.m™.s*, respectivelyand WPI[Shaw et al.
2002a] a high one (up to 17.75xtfmol.Pa’.m™.s%) in comparison, due to their more
hydrophilic nature [Guerrero et al. ; McHugh et #94; Rhim et al. 1998; Cho et al. 2004;
Oses et al. 2009a; Cho et al. 2010]. It should b&d that comparing theof and
permselectivities of the proteins is complicatedyFe S.6) due to lack of data on the later
parameter. The transfer properties of protein basattrials are also very dependent of the
protein concentration as SPC and WPC films displapeorer gas barrier than their
counterpart SPI and WPI films, respectively. Fipnalbe and Ca are dependent of their origin.
For example, fish gelatin films exhibits a 2 tinmsver Ry, than the one of mammal gelatin
films (for protein content of 8%) [Nur Hanani et 2012] and a slightly lower WVP
(probably due to lower proline and hydroxyprolirmenino-acids) contents [Avena-Bustillos
et al. 2006; Chiou et al. 2008; Karim et al. 2009])

Shaping process.The shaping process also impact the transfer piepgas the films built
through wet process (e.g. casting) are less pelmdabgas and vapor than their dry
processed (e.g. thermomoulding) counterparts. kamele, extruded CZ films present a
WVP 1.5 times lower than casted CZ films. Furtherendor a given shaping process the
temperature had an influence on the transfer ptiegeas WG films thermoformed at 80°C
exhibited a WVP of 6.25x18 mol.P&".m™.s* against 4.47x18" mol.Pa’.m™.s* for a WG
film thermoformed at 120°C [Angellier-Coussy et 2011]. These observations can both be
related to the network structure of the materialsasting of protein films build a loose and
open network while thermo-molding creates eithghlyi intricate polymeric network (due to
the formation of additional covalent bonds like-meptide bonds) or a cross-linked network
during heat treatment (especially at temperatufegbove 120° C) which reduce gas and
vapour transmission [Micard et al. 2001; Hernarblemoz et al. 2004; Mangavel et al.
2004].
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Relative humidity. Transfer properties of protein based materialadse very dependent of
the RH. This dependency can be attributed to thstigizing effect of water that decreases
the glass transition temperature (Tg) of the filf@®ntard et al. 1996a; Cuq et al. 1997c;
Pouplin et al. 1999] (by increasing the disordaref volume and mobility of the
macromolecular chains) and so increase the gasapuat transfers through the materials. Not
all protein based materials are equally affecte®Rblychanges. WG films are clearly the most
sensitive (Figure S.5) as Gontard et al. in 199éni@rd et al. 1996b] reported a.RAnd Ro;

of 1290 x10® mol.Pa.m™.s* and 37000x1%® mol.Pa’.m™.s* for measurements at 95%RH,
values which are respectively 1040 and 4960 tinigiseln than the one measured at 0% Rh . It
should be noted that the selectivity of such filvas also greatly affected as it rose from 6 to
almost 28. This was patrtially attributed to thenag CQ solubility in water than that of O
and mainly to the interaction between £@ombined or dissolved form) and binding sites
(covalent, electrostatic, hydrogen, or hydrophobonding with amino-acids) of the WG
protein only unveiled at high relative humidity é&lto high chain mobility) [Pochat-Bohatier
et al. 2006]. WVP of cast WG films, was also aféecby RH, as Roy et al. in 2000 [Roy et
al. 2000] reported a 10000 increase of WVP for ®R68l increase. CZ [Aydt et al. 1991] and
MF [Guilbert et al. 1996] based films present saniRH dependence regarding thei, But
their R0z (and so their S) seems to be less affected by liidges than the one of WG. The
WVP of WP [McHugh et al. 1994], SP [Brandenburgletl993], Ge and NaCa [Fabra et al.
2012] and the & of NaCa [Fabra et al. 2012] appear to be lesstsento RH.

Comparison to other agro and synthetic plasticsgackaging

Protein based materials can be compared to otherkaged materials which are of interest
for food packaging related applications such adulosic materials (highly structured
polysaccharides), polysaccharides, lipidic mater@ald naturally engineered, by enzymatic or
bacterial process, agro-polymers (e.g. Polyhydrikeyeoate, PHA or Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate, PHBV). Thduesic materials derivated from wood
are widely used for food packaging in form of sasher cardboard punnet due to their
interesting mechanical properties in terms of rtgidnd/or tear resistance depending on both
their composition (ratio cellulose/lignin) and shapprocess. However, these materials are
not of interest for MAP due to their porous andnsm-gas-barrier character (witlhyFof 10
“mol.Pa’.m™.s* or higher). Polysaccharide based materials (frtarch, starch derivatives,
alginate, chitosan or gums [Kester et al. 1986pckKta et al. 1997; Ryu et al. 2002;
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Khoshgozaran-Abras et al. 2012]) exhibit good filonming properties (through hydrogen
and hydrophilic bonding) and acceptable rigidity fmckaging application [Bahrami et al.
2003; Gallstedt et al. 2005] (unlike most neat @rofilms at high RH). However, most of
them present limited elasticity at moderate humidike the proteins) with 1-25% strain at
beak at 50%RH) [Ryu et al. 2002; Escalante ef@l2] and also low moisture barrier
properties [Jang et al. 2011], which might be drasks for packaging applications of fresh
produce (possible condensation and then microl@adittp). As for proteins they exhibit low
oxygen permeability at moderate RH [Escalante .e2@12] and are very sensible to relative
humidity with selectivity up to 17 and 24 (agaihsts than 5, at 0%RH) for chitosan and
starch based films respectively [Allen et al. 196&ntard et al. 1996b]. Only red algae and
agar based films seemed to exhibit a different Wehaegarding mechanical properties with
a higher elasticity and a lower rigidity [Jang et2011; Rhim 2011]. Lipids films (beeswax,
carnauba wax, fatty acids, shellac resin, trigligtes, etc...) [Baldwin et al. 1997; Rhim et al.
1999; Morillon et al. 2002] are only used for cogtipurposes (directly on the produce) as
they usually do not form cohesive stand-alone filmmsl exhibit dramatically low rigidity
(even lower than plasticized protein films at highl). Regarding transfer properties they
exhibit interesting water vapor barrier properti@dorillon et al. 2002; Monedero et al. 2009]
but are highly permeable to oxygen compared toeprobased materials. The naturally
engineered (via metabolic transformation of carlswurces by microorganisms) agro-
polymers [Madison et al. 1999; Verlinden et al. 200u et al. 2009], such as PHA or PHBV,
are material presenting far higher rigidity thae trotein based ones. They indeed present
mechanical and transfer properties often similapédroleum derived polymers (such as
polypropylene, PP or polyethylene, PE) but combitedhe advantage of biodegradability
[Lee et al. 1999]. However, their use for MAP apations for fresh produce would be limited
by their too high barrier properties and high pri¢€hoi et al. 1999; Philip et al. 2007].
Finally, chemically engineered agro-polymers sushhee well-known polylactic acid (PLA)
usually exhibit rigidity and gas transfer propest{€., & S) close to the one of conventional
synthetic plastics [Komatsuka et al. 2008] but i/ \y®or strain at break compared to proteins
(around 2%). They also present a brittle behavimilar to the one of most proteins at low
RH and are more moisture sensitive than conventiolastics [Bledzki et al. 2010; Jollands
et al. 2010; Nampoothiri et al. 2010].

Protein based material can finally be comparedtoventional synthetic plastics (PE,
PP, OPP, PET...) widely used in the food packagielgl fiFigure S.4 & Figure S.6). Contrary

to most protein based materials, these conventisyrathetic plastics exhibit limited to no
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sensibility to relative humidity. Whatever the huiity, they feature lower oxygen and carbon
dioxide permeability than the materials based atgamns. Furthermore, in any RH conditions,
they exhibit limited selectivity (lower than 6) [Bleer 1986; Exama et al. 1993; Poyet 1993;
Fishman et al. 1995; Al-Ati et al. 2003; Okuji ¢t 2006]. Thus most synthetic films are not
adapted to gas transfer requirements of most fpestiuce because they can induce anoxia
damages [Kader et al. 1989; Exama et al. 1993]thmy can be adapted to muscle food
packaging (but not optimal) [McMillin 2008]. Thenes also featuring very low WVP are
optimal for dry food conservation (e.g. biscuils)s always possible to enhance theip By
micro or macro perforation. But doing so would fireir permselectivity at a value of 1 and
so prevent them to create atmosphere content bmth ih O, and CQ (which are
recommended for most fresh produce) [Exama €i98l3; Guillaume et al. 2011]. Regarding
mechanical properties, the conventional plastic momly used for food packaging (such as
PE, PP, PET, OPP) obviously fit well mechanicauregments for fresh fruits and vegetable
packaging as they can feature either high enougldity for physical protection of the
produce against shock or sufficient strain at bifeakvrapping application depending of their

formulation.

So, given their interesting and wide transfer prbeg proteins appear to be the raw
materials that present the best hope for replaceofesynthetic for MAP applications. Still, it
is necessary to find ways to improve their poor ima@ecal properties (either too brittle or not
rigid enough). This could be achieved by many $tmation, shaping process and formulation
modulation strategies as detailed in Figure S.@tefr based materials can be strengthen by
chemically modifying the proteins during formulatior after shaping, introducing fillers in
the protein matrix or being structured as compegjgither monolayered polymer blends or
multilayered) to benefit from higher mechanical gedies of other agro-polymers. And all
these strategies can be applied either for micnoaon-scale structuration of the materials. In
the following parts, the effect of these modulatgtrategies on the mechanical properties of
protein based materials will be discussed along wieir concomitant effect on the transfer

properties and the data will be summarized in T&B(page 82).
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MICRO-STRUCTURING PROTEIN BASED MATERIALS:
MODULATION OF THEIR MECHANICAL AND MASS
TRANSFER PROPERTIES

Monolayer Structure

The most intuitive and common ways to modulatentieehanical properties of materials is to
play on the chemistry during formulation or postqessing treatments, while keeping the
micro-scaling process of self-supported materials.

Chemical modification during formulation.

o pH
pH is an important factor for processing proteinchgting. First, it must be set far enough of
the considered protein isoelectric point to allomod dispersion and obtain homogeneous
casting solutions (e.g out of pH 4-5 for SPI andatye and out of pH 6-7 for WG)
[Gennadios et al. 1993]. Second, it has been demaded to greatly affect the final
mechanical properties of the protein based maseriédme protein based materials feature
better properties at basic pH than at acidic oik® SP which exhibit best mechanical
properties (especially E and TS) at basic pH (pHdL@ to optimal unfolding of the protein
at this pH [Brandenburg et al. 1993; Cao et a072). Others, like WG materials, exhibit
higher strain at break and puncture strength whiepgsed in acidic conditions whereas they
feature higher young modulus and tensile strendtbnaprepared in basic ones [Gontard et
al. 1992; Kayserilioglu et al. 2003]. And finallgpme like myofribillar fish protein materials
present better overall mechanical properties (ESByat acidic pH (E:370 for 300MPa, SB
40 for 30% and no significant difference for TS)emdas others like SPI films seems to
present both better mechanical (puncture strengthdaformation) and also moisture barrier
properties when prepared at basic pH (pH 9) thaacidic condition (pH 3) [Were et al.
1999].

o Fractionalization
Isolating a precise fraction of protein can afféwe final properties of the material. For
example, films made from different SPI fractiondl@kDA, 100KDa-300kDa, >300kDa)
isolated by ultrafiltration presented different rhanical properties [Cho et al. 2004]. The 2
lightest fractions gave films with lower strengtfah standard SPI films whereas the heaviest

faction brought a slight increase of tensile stten@+0.2MPa). All films made from
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fractionated SP featured lower %strain at breaknthetand SP films. However,
fractionalization does not seem to affect the gassfer properties as the WVP was similar
for all SPI films whatever the fraction isolatechlo et al. 2004]. On the contrary, isolating
either the glutenin or the gliadin from wheat glutead an effect on both the transfer and
mechanical properties. Hernandez-Munoz et al. i@420[Hernandez-Munoz et al. 2004]
showed that glutenin rich films (heaviest fracti@xhibited higher tensile strength but lower
elongation at break than gliadin rich films (lighttdraction). Glutenin rich films were also
less permeable to water vapor than gliadin rictrsdriernandez-Munoz et al. 2004]. Finally,
films produced from different caseins subunits enésd different WVP values with 3.13 x10
Y mol.Pa’.m™.s* for p-casein films against values between 1.26X1fol.Pa".m*.s* and
2.24 x10®mol.Pa.m™.s* for caseinate films [Banerjee et al. 1995; Mauexl €2000].

o Crosslinking
It is possible to strengthen and increase the tenéithe protein network by increasing the
number of intermolecular bonds through cross-ligkimhis can be achieved by heating (as
for thermoprocessed materials) but also by incagmmn of various molecules in the
formulation such as 1-ethyl-3-(3-dimethylaminoprjpycarbodiimide (EDC), N-
hydroxysuccinimide (NHS) [Tropini et al. 2004], gein [Gonzalez et al. 2011], aldehydes,
or even natural tanins [Cao et al. 2007a; Zharay. &009].

Addition of genepin to SPI film forming solutiondreased the TS of the final material
from 3.2 to 4.6 MPa, reduced its WVP of 30% andrionps its resistance to biodegradability
on the soil (20 more days necessary for total dkgian) [Gonzalez et al. 2011]. Synthetic
chemical crosslinking agents such as formaldehyd&@C are often more efficient than
natural ones like dialdehyde starch (which only iowed the water resistance and slightly
affected the mechanical properties of SPI filmsjammin acid (which did not affect the WVP
of Gelatin films) due to their limited MW and saghier mobility which allows them reach the
reactive amino groups of the protein matrix morsilggRhim et al. 1998; Cao et al. 2007a].
In any case, it should be noted that an over adiif crosslinking agents can have adverse
results and deteriorate both the mechanical andebaroperties of the film [Tropini et al.
2004].

Among other modifications that can be chemicallguiced in soy protein materials,
denaturation of the proteins by alkaline chemiaaa lead to an increased rigidity (while
maintaining other mechanical and transfer proper{iBrandenburg et al. 1993] and arylation

of soy protein based material by 2,2-diphenyl-2+oygethanoic acid (DPHEA) to an
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increase of E and a higher resistance to water glsat result in a decrease of TS and SB)
[Kumar et al. 2009].

o Plasticizers
Oppositely to cross-linking that tightens the proteetworks, it is possible to loosen them by
incorporation of plasticizers in the formulatiorufStances like water, glycerol, sorbitol or
some sugars can bring this plasticizing effect blyamcing molecular chains mobility inside
the network. Their efficiency depends on their molar weight and their interaction with the
protein matrix (mostly through H bonds) [Gontardakt 1993; Pouplin et al. 1999; Irissin-
Mangata et al. 2001; Ghanbarzadeh et al. 2006].

After water [Gontard et al. 1993; Gontard et &96a; Cuq et al. 1997b], glycerol is
the most used and studied plasticizer of protegeflanaterials. It is well known that adding
glycerol to WG [Gontard et al. 1993; Mastromattéale 2008], SPI [Cao et al. 2007b], CZ
[Ryu et al. 2002], WPI [Shaw et al. 2002b; Shawakt2002a; Barreto et al. 2003] or
caseinates [Barreto et al. 2003] film forming smn$ or powder mix increases the maximum
strain at break but decrease the tensile strengthitee young modulus of the final materials.
For example, addition of 0.4g of glycerol to a $fh forming solution can divide its TS and
E by five or more while multiplying its SB by 5 [Gat al. 2007b]. Glycerol also affected the
gas transfer properties of the protein films,,FPco2 or WVP of WG [Gontard et al. 1993] or
WPI [Shaw et al. 20023a] films increased with adutitof glycerol.

Sorbitol is another quite common plasticizer thahds similar changes to protein
films than glycerol. For example it reduces theargl the brittleness of milk protein based
films by the same proportion than glycerol whilsaincreasing the elongation at break of the
materials [Barreto et al. 2003].

Sugar molecules such as glucose, fructose or gakaatan also have a plasticizing
effect on CZ films [Ghanbarzadeh et al. 2006]. Albar molecules had the same effect on the
Tg of the CZ films, which is probably due to theimilar molecular weight. However the
type of sugar (fructose, galactose or glucose)ehalong effect on the mechanical properties
as addition of galactose allowed creation of filexbibiting higher TS, SB and E than those
containing glucose or fructose. It can be noted tbatratry to sorbitol or glycerol addition,
increasing the sugar plasticizer content (dose lédutbom 0.5g/g of CZ to 1g/g of CZ in the
work of Ghanbarzadeh et al. in 2006 [Ghanbarzadett. 2006]) did not significantly affect
the mechanical properties of the final material.

Plasticizing effect can also be achieved by chelnmaadification of the proteins. SDS
can be added to SPI film forming solution (up t88Q@o multiply the strain at break by 4 and
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divide the tensile strength by nearly 2 througlrevention of hydrophobic bonds creation by
occupation of hydrophobic sites, resulting in a kezastructure [Rhim et al. 2002]. However
use of such molecule decreases the WVP of therimlaand not increases it as common
plasticizers would do) probably because of theddrgdrophobic portions of SDS molecules
[Rhim et al. 2002].

Finally addition of salts also plasticize proteiratnxes as it was observed on SPI
supplemented with NaCl that increase the waterestrdf the protein film and thus plasticize
it (increased SB) [Cao et al. 2007D].

o Other compounds
Hydrophobic additives such as fatty acids (hexanaligic, palmitic etc...) or lipids can also
be added to protein matrixes to modify their prtipsr They act as plasticizing agents but, in
some case, may exhibit antagonist effects. For pl@anBeeswax addition into protein
matrixes increase theiroPand Ro2 like a plasticizer [Fabra et al. 2012] but redudieeir
strain at break, increased the strength and staffracture behavior from plastic to brittle as a
cross-linking agent would do [Song et al. 2008; Eero et al. 2009]. On the contrary, Oleic
acid, as castor oil [Song et al. 2008], has adstahplasticizing effect on the mechanical
properties of the protein films with increase ie gtrain at break and decrease in strength and
rigidity [Pommet et al. 2003; Monedero et al. 2Q08]d it also acts as a plasticizer regarding
gas transfer properties by promoting molecular titgbnside the matrix and thus increasing
the Ry, and R 0f the materialdFabra et al. 2012]. It can be noted that thectfba transfer
properties was more important than the one obsediaredeeswax addition, probably due to
the solid state of beeswax at room temperature lwimaited the improvement of molecular
mobility in the matrix [Fabra et al. 2012].

Despite these differences, all hydrophobic compeusdared the same effect on
materials WVP. Addition of oleic acid to WG [Pomn&ttal. 2003], caseinate [Banerjee et al.
1995; Monedero et al. 2010; Fabra et al. 2012] 8Rd films [Monedero et al. 2009;
Monedero et al. 2010], addition of soya oil to WBhaw et al. 2002a] and addition of
beeswax to caseinate [Monedero et al. 2010; Fabeh €012] and SPI [Monedero et al.
2009; Monedero et al. 2010] were found to signiftbareduce the WVP of casted films
compared to films containing equivalent amount ofcegrol due to their hydrophobic
character. Oleic acid and beeswax can even be oachlbo obtain higher reduction of WVP
of caseinate films (10 times reduction instead ofith compounds used individually) thanks

to combination of hydrophobic wax and surfactariolacid [Fabra et al. 2012]. On the
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contrary, Modereo et al. in 2009 [Monedero et 809 did not notice any synergy in terms
of WVP reduction but explanations were not givenaHy it should be noted that addition of
oleic acid and beeswax combined did not manageutiiciently improve the mechanical
properties of SPI casted film to make them a slétabplacement for synthetic plastics
according to the same authors.

It can be noted that other compounds also presemicanventional effects on the
protein matrixes. For example cysteine (at pH 7)ef#/et al. 1999] added to SPI films
increased the tensile/puncture strength while deong strain at break or puncture elongation

but left the transfer properties unchanged.

Agro-polymers composites

o0 Agro-polymers blend
To create better mechanical properties or morewstecgas transfer properties, proteins can
be co-processed with other protein(s) or other -pgtgmer(s) as in bulk homogeneous
composites.

Increasing amount of WG in SPI film formulation mé¢utral or slightly basic pH
improved mechanical properties of SP films in teohpuncture strength and tensile strength
but reduced the puncture deformation until the SRIWG ratio. Regarding transfer
properties there was no significant trends for Wi@itgon: all tested ratio induced films with
reduced WVP compared to SPI films (up to 4.5 fimeetfor a 2:1 ratio at neutral pH), and
with increased & (up to 4 times for 2:1 ratio) except for 3:1 rafj@hich remained
unchanged). Authors attributed this behavior tower content of hydrogen bonding in the
WG/SPI composites than in the SPI films even ifytbeuld not explain the behavior of film
obtained with the 3:1 ratio [Were et al. 1999].

Combination of gelatin with WPI [Wang et al. 201d@] SPI [Cao et al. 2007b] was
also tested. Regarding the WPI films, gelatin wasfl to act somewhat like a plasticizer
regarding both mechanical and transfer propefeseasing the gelatin content decreases the
TS of the WPI film while increasing its elongatiamd brought higher WVP and oxygen
permeability [Wang et al. 2010]. It should be notedt it was possible to enhance each
properties of this WPI/Gelatin composite by additaf various amount of sodium alginate, a
substance showing high compatibility with gelady. means of simulation, Wang et al. in
2010 [Wang et al. 2010] stated that the best comjz® film formulation for material overall
properties (mechanical and barrier) was 8g of VIR of gelatin and 5g of sodium alginate.

But when looking for maximal mechanical or barriproperties individually other
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combinations (WPI/gelatin/sodium alginate) could dmnsidered. For example TS max of
10.77MPa was obtained with 20/8/12g angb Fiin of 3. 85x13® mol.Pa’.m™.s* with
10/16/14g) [Wang et al. 2010]. Regarding the SPatgecomposite, the main interest was to
improve the mechanical properties of SPI films bbatn an interesting material at lower cost
than pure gelatin film. It was also found than d:S®Elatin ratio of 4:6 prepared at pH 8 and
elevated temperature (>50°C) exhibited far bettecmanical properties than SPI films
(around 3 folds for tensile strength and elastiduohas and 1.5 folds for elongation) [Cao et
al. 2007b]. Finally, casein/SPI (containing olexidsand beeswax) composites have also been
studied. 1:1 SPI:caseinate films featured bettesike strength and Young modulus, and also
lower WVP than their pure SPI or caseinate equitalfMonedero et al. 2010].

Combination of protein based and other agro-polgmbaas also been tried.
Gelatin/starch composites have been studied by asskHn et al. in 2012 [Al-Hassan et al.
2012], and increasing the content of starch didhase any significant impact on the WVP
which remained around 4.63x¥b mol.P&.m*.s* (which was two time higher than the one
of pure starch film in the same measurement candji It should also be noted that gelatin /
starch composites with higher gelatin content fietuower rigidity and tensile strength but
higher strain at break.

Addition of dispersed fibers or cellulosic composndan also be of interest.
Incorporation of methylcellulose in casted and heaated WG films containing glycerol
significantly increased their tensile strength, ygunodulus and strain at break due to the fact
that cellulose derivates consist in long straidhmins of high molecular weight that exhibit
better mechanical properties than gluten proteainsh However, addition of methylcellulose
in thermomoulded WG films had a clear negative iohjmen the mechanical properties of the
final films due to the poor plasticization effedtgbycerol to methylcellulose in dry conditions
[Zuo et al. 2009]. Addition of methylcelluose habs impact on the transfer properties. At
low RH, it was found to increase the WVP of theafifilm but at high RH no clear impact
was found as the WVP only varied between 13%1@nd 1.5x13* mol.Pa’.m™.s* [Zuo et al.
2009]. Addition of Xylan Birchwood to WG films alsallows modulation of mechanical
properties but to a lesser extent. Incorporatiornigh contents of xylan (over 40%) was
found to increase the Young modulus (and slightly tensile strength) of the final material
but also to highly reduce its strain at break (ntben 5 times). And, as with methylcellulose
incorporation, no clear effect on the WVP was regticlt should be noted that not all xylan

are compatible with WG matrixes as the author ewdd that incorporation of grass or
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corncob xylan significantly reduced strength ampldity of the gluten films [Kayserilioglu et
al. 2003].

Gums can also be of interest as they can actdilgasticizer for the mechanical
properties while maintaining the water vapor bami@perties of the protein films. Oses et al.
in 2009 showed that a 50/50 WPI/Mesquite gum comgpa@xhibited lower TS and Young
modulus but higher strain at break than a contRilfin (2Mpa against 12.1MPa, 23.9 MPa
against 421.3 MPa and 70.7% against 4.4%, respégtivout the composite featured the
same WVP than the control WPI film: 3.08%xt0mol.Pa’.m™.s* which was due to the
hydrophilic nature and the similar WVP of both campnts [Oses et al. 2009a].

o Protein embedding

Organized fiber networks can also be used to erpbat#ins and create composites. In most
case such structure increased the rigidity andtifemgth of the final composite but decreased
its strain at break, as it's the case for commonriribers composites. For example,
Mastromatteo et al. in 2008 [Mastromatteo et aD&bserved an increase of the Young
modulus up to +400MPa but also a significant SBe&se for incorporation of spelt bran into
a WG matrix. In some case incorporation of a fihetwork can increase all mechanical
properties as for the incorporation of ramie fibeside SPI films. If the orientation of the
fibers is correctly chosen (depending of the fumexhanical solicitations) and the amount of
fibers sufficient (30% at least), all mechanicapperties (E, TS and SB) of the SPI films will
be enhanced [Kumar et al. 2009].

Regarding gas transfer properties, organized fibetswork/protein composites usually
presents higher gas transfer properties than titeipronly materials due to possible presence
of interfacial defects between the fibers and tlarixi that creates preferential path for gas

diffusion.

Post treatments

0 Temperature
Aside its impact during processing, temperature e#so affect the protein materials
properties through thermal treatment applied onalneady processed films. For almost all
proteins (SP [Rhim et al. 2000; Sabato et al. 2004y et al. 2002; Cao et al. 2007b], WG
and its different fractions [Hernandez-Munoz et28l04], Gelatin [Cao et al. 2007b], or other
animal proteins [Garcia et al. 2005]), expositionhigh temperatures (above 80°C) lead to

materials presenting higher strength and rigidgy (TS of gliadin film multiplied by 10 to
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reach 16MPa after heat treatment [Hernandez-Men@. 2004]) and lower strain at break
and water vapor permeability (e.g. WVP of gliadimfdivided by 3 [Hernandez-Munoz et
al. 2004]). Such changes are mainly attributed tdisauption in the protein network by
heating, resulting in the exposition of previousiyried chemical groups (sulthydryl and
hydrophobic in case of SP and WG) that can reatdtirgoiuce a cross-linking that strengthen
the intermolecular network [Kim et al. 2002; Herdam-Munoz et al. 2004]. The opposite
behavior — increased heat leading to weakeninghefnhaterial — exists but was seldom
observed. As an example WG films prepared in besiditions (pH 11) and dried at 80°C
presented higher SB (2 times) and lower TS and En{8s) than the ones dried at room
temperature. This may be attributed to the pH dei because in the same study no clear
effect of the temperature was observed for quitelar film prepared in acidic conditions pH
(pH 4) [Kayserilioglu et al. 2003].

o lIrradiation
Gamma irradiation (up to 50 kGy) on processed prdtased materials is known to provoke
cross linking and so strengthening of the films eedliction of its permeability to gases [Lee
et al. 2005] [Lee 2005, WG irradiation].

o Other treatments
Other post treatments such as plasma or coronaneass or calendering could be applied to

protein based material but have never been in\astiggo our knowledge.

Multilayer structure

Another solution to reinforce the mechanical praperof protein based material is to process
multilayered composites.

Coating. The most common protein based multilayered mdseaee protein coated fibrous
supports (papers and cardboards) [Trezza et all; 19&n et al. 1999; Gallstedt et al. 2004,
Gallstedt et al. 2005; Ben Arfa et al. 2007a; Ghakt al. 2007b; Gastaldi et al. 2007;
Andersson 2008; Guillaume et al. 2010a; Khwaldiaalet2010; Mascheroni et al. 2011;
Cagnon et al. 2012], but coating synthetic suppdttsng et al. 2006; Lee et al. 2008] were

also considered. Interestingly, coating on fibrousynthetic supports allow use of plasticizer
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free proteins, bringing quite different transferoperties compared to self-supported
equivalents.

Among bio-based supports for coating, paper andbcard are among the most
studied and the most interesting for fresh fruitd &egetable packaging because they were
found to exhibit gas transfer properties well siifer such produce once protein coated
[Guillaume et al. 2010b; Gouble et al. 2011a] arelragid enough to serve as sachet or lids
for punnet. Due to their rough and porous charathere are 2 important criteria to meet in
order obtain good transfer properties (i.e. clasthe protein film ones) for fibrous support /
protein composites: a sufficient amount of pro@éposed (coating weight > 10g9mand a
homogeneous deposition (absence of defects on dhted layer and regular thickness)
[Gallstedt et al. 2005; Guillaume et al. 2010a]re&ent study by Guillaume et al. in 2010
[Guillaume et al. 2010a] also highlighted an addhél criteria: the penetration of the protein
layer inside the support paper. In case of higating weight (Cw>20g./), important
penetration of the protein inside the paper shdaddrecommended as it create a thick
interaction zone just below the paper surface liedpp to mechanically protect the apparent
protein layer from cracks and so to maintain irgeng barrier properties. Paper coating by
spreading the protein solution onto the sheet sarfeas already been performed with a wide
variety of protein including WG [Gallstedt et alD@5; Chalier et al. 2007b; Gastaldi et al.
2007; Guillaume et al. 2010a; Mascheroni et al.12@agnon et al. 2012], WPl and WPC
[Han et al. 1999; Han et al. 2001; Gallstedt e2805], CZ [Trezza et al. 1994] , SPI [Ben
Arfa et al. 2007a] and the protein coated papeusllysfeature lower barrier properties and
lower permselectivity than their respective selysorted protein based materials. For
example, at high relative humidity, WG coated papéiave been found to exhibit
permselectivity values from 2.03 [Guillaume et2010a] to 12 [Cagnon et al. 2012] whereas
WG self-supported film have been found to exhilailues up to 28 [Gontard et al. 1996b].
Aside of the minimal 10g.th limit, the coating weight deposited is of impoxanas
increasing it gives to the final coated materiad gansfer properties that are closer to the one
of its respective protein based material 2005, Gallstedt [Gallstedt et al. 2005] evideshc
that, for WPI, WPC and WG coated papers, the highercoating weight, the more “neat
protein like” the transfer properties (e.g. lowermermeation for higher coating weight, Cw).
Indeed air permeation of WG coated paper was 106 tower for a coating weight of 27
g.m? than for one of 14 g.f) and air permeation of WPC coated paper was 16 ftmver for
a coating weight of 20 g.fnthan for one of 10 g.f). Finally, the type and the structure of

paper support were also found to have a greatanfle on the coated material properties. In
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2010, Guillaume et al. reported a 2 times highkrcseity for WG coating on untreated paper
than on treated paper (pre-coated with starch alwibien carbonate [Guillaume et al. 2010a].

The mechanical strength of the cellulosic suppoprdtein coating composites is
obviously more dependent of the nature of the stpgpan of the coated protein. However,
the type and the quantity of protein deposited t{ngaweight) was also of importance.
Generally, the more protein, the lower the rigidityd the strength but the higher the strain at
break. But WG coating seemed to less affect thengouodulus of the composite (5400MPa,
similar to uncoated paper sheet) than WPI (4300MBa)similar coating (Cw: 14 g.H)
performed on the same support [Gallstedt et al5SR00

Coating on cellulosic support can also be perfornid compression-molding
[Gallstedt et al. 2005; Cho et al. 2011]. In suebe; Gallstedt et al. in 2005 [Gallstedt et al.
2005] have demonstrated that the lower the prestunieg the process, the thicker and the
more homogeneous the apparent protein (WG) laye¢oprof the paper and hence, the lower
the oxygen permeability @2 2.99x10"® mol.P&.m™.s* against 5.18x1¢ mol.Pa.m™.s*
for materials processed at 350 and 900bar respedctand tested at 0%RH and 23°C).
Regarding mechanical properties, compression moldéd/Papersheet composites can
exhibit Young modulus up to 10 times higher than \WWi@s but feature a strain at break
down to 10 times lower. The authors also evidertbat] as for coating by spreading, the type
of sheet used in the molded composite is impoanising paperboard instead of laboratory
papersheet created composites exhibiting lower Youondulus and strain at break both, due
to the inferior mechanical properties of the papard [Gallstedt et al. 2005].

Proteins can also be coated on conventional plasth as PP [Hong et al. 2006; Lee
et al. 2008; Tihminlioglu et al. 2010], OPP [Hortgaé 2004], PVC [Hong et al. 2004] or PE
[Hong et al. 2006]. However such composites will be easily biodegradable and will only
be destined to high barrier packaging applicatiGusing the highly barrier character of
proteins at low RH) and so not to respiring prodpaekaging applications as presence of a
synthetic layer would greatly limit their gas peatien.

Layered protein composites.Two proteins or a protein and another bio-basetknah can
also be processed together to create multilayemtdposites and obtain intermediate
mechanical and transfer properties between the ¢e@mpounds. As an example of
protein/protein composite, Cho et al. in 2010 [@bal. 2010] combined the smoothness and
excellent Q barrier properties at low to moderate RH of SPhgito the higher mechanical

strength and better sealability of CZ films to ¢ecan interesting edible and safe (in regard of
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food/packaging interactions) alternative to coniwmerdl plastic individual pouches for

Chinese noodle oil preservation. Pol et al. in 2@2o0 worked on SPI/CZ laminates

composites to obtain materials with improved &d WVP barrier properties [Pol et al.

2002]. As an example of protein/other agro-polyngcemposite structure, protein/starch

layered composites were experimented by Ryu @b &002 through a study on the properties
of CZ coated amylose starch films [Ryu et al. 300he WVP of such composites was

higher than the one of self-supported CZ films tamained low enough for the composite
material to be considered as a possible replacefoesynthetic cheese packaging according
to the authors. And at the same time, the tens#mgth of the composite was higher than the
one of CZ films and the SB was only slightly inteti

NANO-STRUCTURING PROTEIN BASED MATERIALS:
MODULATION OF THEIR MECHANICAL AND MASS
TRANSFER PROPERTIES

Monolayer Structure

In bulk incorporation of nano-fillers have been mand more studied in the past decade for
enhancement of mechanical and barrier propertiealldtind of polymers, from synthetic
plastics [Gloaguen ; Dufresne et al. 1997; Manchetdd. 2005; Pereira de Abreu et al. 2007;
Choudalakis et al. 2009; De Azeredo 2009; Ferreiraal. 2011] to protein based ones
[Guilherme et al. ; Miao et al. ; Tang et al. ; etal. 2004; Tunc et al. 2007; De Azeredo
2009; Kumar et al. 2010; Luecha et al. 2010; Yuiaal.e2010; Hemsri et al. 2011; Souza et
al. 2012]. There is also several studies centemedhe construction and use of nano-
composites for food packaging applications [Tanglet, Avella et al. 2005; Brody 2006;
Pereira de Abreu et al. 2007; De Azeredo 2009;eSile et al. 2011; Cagnon et al. 2012],
mostly with the aim of increasing oxygen barrieogerties and mechanical strength of the
materials [Silvestre et al. 2011]. In order to ®ssfully do so it is important that the
nanofillers are well dispersed, and orientatedof@uen ; Bharadwaj et al. 2002; Sinha Ray
et al. 2003; Silvestre et al. 2011].

Nano-clays. Nanoclays are the most common nano-fillers as #ey available in large
quantities and at moderate price. The clays camabgral or chemically modified to improve

their properties or their adhesion with the mafBkaradwaj et al. 2002; Jang et al. 2011,
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Rhim 2011]. Nanoclays have been initially used émforce the mechanical properties of
various materials including the protein based oifileanade et al. 2003; Pereira de Abreu et
al. 2007; Tunc et al. 2007; Chivrac et al. 2009]t Biteresting effects on improvement of the
gas barrier properties were also observed. There8 derey factors to successfully modulate
(reduce) the gas transfer properties of materials wlays: a good interaction between the
matrix and the protein (polymer) to avoid defettattwould create preferential path for gas
transfer; a good exfoliation and a good (and moinectional) orientation of the clay platelets
to create a tortuosity effect that will increase gas molecule path through the composite and
so reduce gas transfer [De Azeredo 2009] (modelBlibisen in 1967 [Nielsen 1967] then
Beall in 2000 [Beall 2000]). Achieving such regurents will also ensure improvement of
the materials TS and Young modulus (usually atettfense of its strain at break). The most
commonly used nano-clays are the montmorillonitekee under their natural form or
modified for better clay/matrix compatibility.

Addition of nanoclays has a significant impact &k tmechanical properties of all
protein based materials by increasing their terstength and young modulus at the expense
of their strain at break (WG [Tunc et al. 2007; W al. 2010; Cho et al. 2011], CZ [Luecha
et al. 2010], SPI [Kumar et al. 2010]); same eftemtl been witnessed on other biomaterials
(starch [Tang et al. ; Avella et al. 2005; Souzalef012], agar [Rhim 2011], red algae [Jang
et al. 2011], chitosan [Vermogen et al. 2005; Wah@l. 2005; Li et al. 2011] and PLA
[Petersson et al. 2006; Jollands et al. 2010]). éi@m, nanoclays does not always have the
expected effect on the gas transfer propertiesalier vapor permeability of protein based
materials was found to be reduced by nanoclaysrpocation in many case thanks to the
water absorption properties of the clays [Tund.e2@07; Luecha et al. 2010], the gas transfer
properties were not always significantly reducedr{d@ et al. 2007]. This was attributed to an
imperfect exfoliation and orientation of the clayside the protein (gluten) matrix which
prevented the tortuosity effect. Finally, it sholdd noted that almost all studies involving
nanoclays reinforcements (of proteins or other p@lys) were directed towards maximizing
the barrier properties either with no special aggtion targeted or for packaging of food that
require high barrier properties toward WVP (drydepor towards &/Pcoz(such as meats or
beverages) [Pereira de Abreu et al. 2007; McMiiD08; Lagaron 2011; Silvestre et al.
2011].

Nano-fibers (cellulose whiskers and microfibrils).There are a lot of different nano-fibers

that can be used as filler for composite matefrais highly crystalline cellulose whiskers to
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the micro-fibrilated cellulose, they differ in peation method, properties and targeted
applications [Hubbe 2008; Siqueira et al. 2010].

Cellulose whiskers are highly crystalline nano-stines that come from agricultural
by-product. They are mostly used as mechanicafaigiement as they exhibit very high E
and TS (up to 250GPa and 10 GPa respectively) Btielt al. 1996; Mathew et al. 2002;
Hubbe 2008; Siqueira et al. 2010] and are also kntmancrease the thermal stability and the
Tg of the polymeric matrix [Helbert et al. 1996].s Aor the nanoclays, filler/matrix
compatibility, aspect ratio of the filler, dispeysiand orientation are of major importance for
properties enhancement. There are only few stuahetheir effect on transfer properties but
they are supposed to somehow reduce permeabilityases and aroma compound via
creation of a maze-like structure (tortuosity effgast as the nanoclays. However they are
not always very efficient as evidenced on converaimr bio-based plastics [Hubbe 2008;
Sanchez-Garcia et al. 2008]. Added to gelatin, theye found to increase the TS (up to +
25MPa) and the young modulus (up to +160MPa) [Geaygal. 2012] but also storage
modulus and the hardness of the film [Chang e2@l2] and to enhance the cohesion of the
matrix for charges up to 4%. The nano-whiskers adtérial cellulose were also found to
delay rehydration of the composite films [Changlet2012] and to reduce their WVP up to
minus 20% [George et al. 2012] by hydrogen bondiatyveen the nano-whiskers and the
matrix, and by the supposed establishment of aofserl network of nano-whiskers [Chang
et al. 2012; George et al. 2012]. Same propertiedutations were observed for cellulose
whiskers addition to starch based materials [Angtes. 2000; Angles et al. 2001; Lima et al.
2004].

Cellulose microfibrils are longer and more flexibparticles than the straight and
crystalline whiskers [Hubbe 2008; Siqueira et &11@. They also present a higher surface
area and a web like structure [Montanari et al.520@Gnd despite their name they feature
nano-size diameter (and micrometer length). Thieiste modulus is lower than the one of
whiskers with value up to 150GPa [lwamoto et aDZdeading to expect lower rigidity and

tensile strength improvement if used as reinfordithegr[lwamoto].

Other nano-fillers. Less common nano-fillers have also been studieantalulate the

properties of protein based materials. In 2004¢etal. [Lu et al. 2004] studied the impact of
chitin whiskers incorporation into SPI films. Thesano-fillers were prepared by chitin acid
hydrolysis and feature a nanometer scale diametdrlangth both [Lu et al. 2004; De

Azeredo 2009]. They evidenced a great improvemg&bbth mechanical properties (TS and
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Young modulus) and water resistance of the matafial chitin whiskers addition but did not
investigate the effect of these fillers on trangpeoperties. It can be noted that similar
properties improvements were observed for chitimsidrs incorporation into other kind of
agro-based materials such as chitosan films [Symaal. 2005; Li et al. 2011].

Incorporation of nano-silica has also been testéden introduced in a WG matrix,
they were found to increase all mechanical properin regard of the neat WG film even if
they had a clearer impact on strength than on alomg (with highest properties for 5 to 7%
silica). As for the nano-clay, the type of nanaeesilhad an impact on the matrix/nano-filler
compatibility and so on the properties of the cosmgo[Hemsri et al. 2011]. The nano-silica
were also found to act as compatibilizers betwéarcis and polyvinyl-alcohol through C-O-
Si links if introduced in small amount (2.5% beitige optimal charge) [Tang et al. 2008;
Xiong et al. 2008], thus improving the mechanicaigerties of the composite but also, and
more interestingly, its water vapor barrier projsrt(reduction of WVP by 60% for the
composite containing 2.5% of Si©Gompared to the one devoid of it). So they mag ks of
use to modulate the transfer properties of prqteitéin or protein/bio-based polymer.

Finally, it is also possible to use carbon nanotitbeeinforce polymers. Lot of study
are focused on composites featuring ultra-higtdiigiand tensile strength based on synthetic
polymers and carbon nanotube [Lau et al. 2002; Mado et al. 2005; Zeng et al. 2006; Kim
et al. 2008]. Incorporation of carbon nanotubesbmpolymers such as PLA [Brody 2006],
PCL [Sanchez-Garcia et al. 2010] or starch [Famal.gthas also been studied to enhance
mechanical properties or reduce oxygen permeabdftytheir respective neat materials.
However, to our knowledge, there are currently tadies available on reinforcement of
protein based material by carbon nanotube or useadfon nanotubes to modulate the
properties of food packaging materials. This iljkdue to the high price of the carbon

nanotube compared to the cost of the food to bkguac

Overall it appeared that incorporation of nandesd#élers into protein matrixes is of
great interest for both mechanical properties eoé@ent and reduction of WVP but
improvements of the exfoliation and orientatiorttod nano-fillers inside protein matrixes are
still needed to achieve tortuosity effect in sudmposite materials and so significantly
reduced their permeability to oxygen and carboxidm
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Multilayer Structure (LbL assembly)

Layer-by-layer assembly is a nano-structuring tegumn based on alternate deposition of
mono-molecular layers of chemical substances obsipp electronic charge onto a substrate.
This technique was first performed and describedbgher and co-workers [Decher et al.

1991; Decher et al. 1992; Decher 1997; Decher.e1388] and actively investigated since

[Lvov et al. 1995; Izquierdo et al. 2005; Arigaabt 2006; Jang et al. 2008; Priolo et al. 2010;
de Villiers et al. 2012; Hong et al. 2012]. There eainly 3 ways to perform the assembly:
dipping, spray assisted LbL and spin assisted [Dbpping is the oldest while spraying is the

fastest technique. LbL can allow construction ofyvehin and resistant films and precise

modulation of the mechanical, gas transfer [Jara).€2008; Priolo et al. 2010; Holder et al.

2012] or other (e.g. fire resistance [Carosiole@l12]) properties of the material used as
substrate for the deposition. The main advantag#iseoLbL assembly technique is that it is

possible to deposit almost all kind of chemical poomds and to very precisely control the
quantity deposited and the thickness of the fileated.

Outside of the protein-based materials field, Lbdpasition of synthetic polymers
(such as PEI) and nano-clays has already beentosmdate highly transparent and resistant
materials that feature amazingly high mechanicdl gas barrier properties [Jang et al. 2008;
Priolo et al. 2010]. With 2 sides deposition of [[MBVIT] 4oonto PET substrate, Priolo et al.
[Priolo et al. 2010] in 2010 obtained a final makfeaturing a Young modulus of 12.5GPa
and a B, as low as 2.89x1tf mol.Pa".m™.s*. Furthermore, pH was found to have a great
influence on all properties, because it affectscdyeacity of PEI to unfold and so to form real
nano layer. At neutral pH, the mechanical propsriiere favored (E of 33GPa at pH 7
against 12.5 at pH 10) whereas at basic pH theebaoroperties were favored ¢ of
2.89x10" mol.Pa".m*.s* at pH 10 against 7.17 xtdmol.Pa’.m™.s%). It is also interesting
to note that even at high RH the barrier propertaas remain very high (10 folds better than
ones of common PET). But high RH has a negativecefionetheless as it induce swelling of
the clay layers [Wong et al. 2004; Jang et al. 26G8der et al. 2012].

These results pointed out the key role of nanocleysmechanical and barrier
properties enhancement obtained through LbL asgenthich structure appears of great
interest to modulate either mechanical or trangfeperties of protein based materials. But to
our knowledge there is still no study on that toplowever it is possible to produce protein /
nanoclays composites with LbL deposition as demmatexd in previous studies applied to
biological and medical fields. Szabo et al. in 2(B7abo et al. 2007] and Miao et al. un 2010
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[Miao et al.] proved that it was possible to alegtimely deposit Protamine, Lysozyme or
Papain alternatively with nanoclays like saponiup fo 15 pairs of layers). The deposition
was found to be more regular with lysozyme and peagiean with protamine as a part of the
protamine was lost during the dipping in the clajugon. It is also possible to alternatively
deposit other protein with nanoclays [Lvov et #@9%; Ariga et al. 2006]. However, as for
glucose oxidase, it is often necessary to dilugepttotein into a synthetic polymer such as PEI
to ensure good adhesion between the monomole@yard. But, even with such technique,
the proteins immobilized in the LbL structure watde to maintain their activity [Ariga et al.
2006] which was very promising because if proteitivity and properties are maintained
through LbL deposition thanks to the mild condiBonf the process (water, moderate
temperature, low mechanical constraints), therenape to maintain transfer properties

(especially selectivity) of proteins such as WGS&rin similar LbL structure.

PERSPECTIVES

Through the various formulation, shaping, and $tmation strategies discussed, it appears
possible to overcome the mechanical weaknessesotdip-based materials and to structure
them for packaging applications. The different tefyges presented here to modulate
mechanical properties of protein based materiagghtralso be applied to modulate their gas
and moisture transfer properties within a broadgeanarger than the one of synthetic
polymers. Then it would permit to cover the neetisnost of fresh produce for modified
atmosphere packaging. However, to improve and aekpla® use of such materials for fresh
produce MAP, it seems mandatory to deepen the rdukm@owledge on their properties at
high relative humidity, and especially on carbooxdie permeability and the impact of the
modulation strategies on this property. Indeedioupow, most of the studies are conducted at
low to moderate RH and focused on water vapor pabitity and oxygen permeability (to a
lesser extent) only, neglecting carbon dioxide pdnility despite its equal importance when
considering the conception of materials for MAP laggpions. Also, deeper investigation on
the structure/properties relationship in currentdoiation strategies such as coating and on
new and innovative modulation strategies such gerlay-layer deposition should be

considered in the future as interesting packagpmdieations could be foreseen.
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*Notes regarding Table S.3:

-“Neat” proteins materials: plasticizer content &vthan 30%

-For the “modified” proteins materials, reductioh)( stability @) or increase#) of the property
compared to the “neat” material in the same stadgdicated

-Low RH (<40%); Med RH (40<...<80); High RH (>80%)

*References in Table S.3:

1-[Gontard et al. 1996]; 20-[Beck et al. 1996];

2-[Roy et al. 2000]; 21-[Aydt et al. 1991];
3-[Tunc et al. 2007]; 22-[Luecha et al. 2010];
4-[Lee et al. 2005]; 23-[Ryu et al. 2002];
5-[Guilbert et al. 1997]; 24-[McHugh et al. 1994];
6-[Cagnon et al; 25-[Oses et al. 2009];
7-|Guillaume et al. 2010]; 26-[Krochta 2002];
8-[Gallstedt et al. 2005]; 27-[Shaw et al. 2002];
9-[Hochstetter et al. 2006]; 28-[Fabra et al. 2012];
10-[Hernandez-Munoz et al. 2004]; 29-[Guilbert et al. 1996];
11-[Li et al. 2010]; 30-[Mauer et al. 2000];
12-[Cho et al. 2010]; 31-[Cao et al. 2007];
13-[Were et al. 1999]; 32-|Avena-Bustillos et al. 2006];
14-[Gonzalez et al. 2011]; 33-[Nur Hanani et al. 2012];
15-[Rhim et al. 2002]; 34-[George et al. 2012];
16-[Monedero et al. 2009]; 35-[Kolodziejska et al. 2007];
17-[Cho et al. 2004]; 36-[Cuq et al. 1998];
18-[Kumar et al. 2010]; 37-[Cuqg et al. 1997];

19-[Rhim et al. 1998];
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NEW ROUTES TO DESIGN OPTIMAL MAP FOR
FRESH PRODUCE
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New Routes to Design Modified Atmosphere Packaging
for Fresh Produce

[Chapter 1]
™ N e e P s o e, |
i Modified Atmosphere | | Single Source Agro-polymer |
i Packaging Modeling Tool ! i for Packaging Material |
| i 1] |
1 i i
i Use of meodellingtool to determine E ‘ ‘ i Structuring wheat gluten proteins |
! optimal transfer properties for E ! based materialto cover a large range i
i packaging of selected produce ' i of gas transfer properties H

\ o O

4 Y

This chapter aims to illustrate the interest of twmbination of the two new routjs
ch

(focused on respiration and gas transfer) and tiAé vhodeling tools will be exposed and

considered for MAP optimal design. First the ins¢ref the requirement driven appro

then the ability of materials from a single protéiwheat gluten (WG)) to cover the needg of
various produce thanks to a large range of gassfeanproperties; through different
structuring scales (nano/micro), formulations anapsng processes will be discussed
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Publication 1

Nano and micro-structuring of materials from a
single agro-polymer for sustainable MAP

preservation of fresh food

Thibaut Cagnon, Carole Guillaume, Valérie Guilla¥athalie Gontard

Packaging Technology and Science, IAPRI 2012 Spétsaue — In Press

ABSTRACT: The main objective of the present work was to mietee whether a single
agro-polymer (wheat gluten) could fit the modifieetmosphere packaging (MAP)
requirements of a range of 6 different fresh prednckey terms of oxygen permeation ¢pje
and CQ/O, permselectivity (S) values. The required propsrog optimal packaging of fresh
fruits and vegetables were first evaluated usimgTailorpack MAP modeling software with
packaging dimensions, and respiratory and optini@osphere data as input parameters.
Then, the modeled values obtained were compardteiqroperties of a range of wheat
gluten (WG) composite films: mono-layer self-sugpdror multi-layer at micro or nano-
scale, cast or thermo-plasticized, with differentnulations (percentage of plasticizers or
nano-fillers). The experimental gas transfer proeerthat could be covered by these
materials ranged from 0.850"° to 2.0<10° mol.m?.s*.Pa* for Pey, and up to 18.0 for S.
These ranges are much larger than for conventiptagdtics which exhibit Rg from
0.10x10™ to 0.20¢10™° mol.m?s.Pa* and S up to 4.5. It was demonstrated from a food-
requirements driven (Tailorpack modeling) and atiradale film structuring (WG based
composites) approaches, that transfer propertiesWwd based films would fit the
requirements of the six selected fruits and vedesdtetter than conventional plastics.

Meeds for

Fresh Produce Optimal
Preservation

{ Atmosphere o 'j;
‘ﬁ?""p Compusiion | #4FAbsels | P12 L W ¢

PelOZ
|| s || ] e

Packaging
Material
Structuration

Packaging
Properties

KEY WORDS: Modified atmosphere packaging; Fresh produce; Wlhybaten; Mass transfer
properties; MAP modeling tool
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INTRODUCTION

Important losses of fresh fruits and vegetablesgnilage between harvest and consumption
have always been a concern for all stake-holdeosy tthe producer to the consumer. The
fragility and highly perishable character of thesenmodities lies in their living and respiring
characteristic after harvest and through the enlis&ibution chain. The key factor for good
preservation is to lower the respiration of the duce as it delays physiological and
biochemical changes [Kader 1987; Kader et al. 139pmos et al. 1989; Fonseca et al.
2002] and thus degradation rate. This can be aetliby decreasing the temperature or using
modified atmosphere conditions.

Modified atmosphere compositions ranging from 256 G and 0 to 15% C@are
commonly used for produce storage. According to enamrs studies, each type of produce
has its own requirements in terms of optimal steregnditions [Kader et al. 1989; Toivonen
et al. 2009; Sandhya 2010; Guillaume et al. 2011].

Modified atmosphere packaging (MAP) aims to essdibAn optimal atmosphere for
food preservation inside the packaging. It relisgymdification of the headspace atmosphere
through both gas transfer properties of the packngiaterials and produce respiratiorn, (O
consumption and C{production) [Kader et al. 1989; Sandhya 2010; Guithe et al. 2011].
Therefore packaging, with suitable, Permeation (Rg) and CQ/O, permselectivity (S),
should be properly chosen in order to allow thetirsptup of an optimal headspace
atmosphere. Most of the MAP in the food industrystdl based on a costly and time-
consuming trial and error approach. But recent kbgwveents of MAP modeling tools such as
the Tailorpack (www.tailorpack.com) or the PackirM@www.packinmap.com) online
applications, allow to design packaging materigecglly adapted for MAP via reverse
engineering [Gontard et al. 2011; Guillard et &12, Guillaume et al. 2011]. Respiratory
parameters of the produce to be packed, its optatrabsphere for preservation and the
packaging dimensions are the input data for theahod

Conventional plastic packaging materials are knéavrtheir very low Q permeation
(Pey,) [Gontard et al. 2011] and limited G, permselectivity (S) [Exama et al. 1993;
Fishman et al. 1995; Al-Ati et al. 2003; Guillauree al. 2011] that would often lead to
excessive anoxia and induce detrimental metab@vations. Macro/micro perforations are
used to limit this drawback but the permselectivdtypps to a value of 1, unsuitable for
generating the optimal modified atmosphere of rpostiuce.
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Other polymers, from renewable resources, suchrasgip (whey, soy proteins, and
wheat gluten proteins) are more and more investiihdbr their unique mass transfer
properties [Cuq et al. 1998; Gallstedt et al. 2@Bastaldi et al. 2007; Guillaume et al. 2010a;
Guillaume et al. 2010b; Gontard et al. 2011]. Amahgm, wheat gluten (WG) has been
demonstrated to offer, at high relative humidity HJR high gas permeation and
permselectivity such as generally demanded forhfrésit and vegetable packaging
[Guillaume et al. 2010b]JGontard et al. 1996b]. Furthermore WG is procesaith most
industrial shaping technologies (casting, coatitigermomoulding, etc.) and specific
plasticizers [Gontard et al. 1998} fillers [Tunc et al. 2007&re susceptible to allow further
modulation of its transfer properties.

Therefore, the present paper focuses on studymalility of WG based materials to
cover the requirements of a large range of fregitsfland vegetables. In a first step, a reverse
engineering approach has been conducted: stamimg dptimal MAP for 6 representative
selected produce, required packaging material feansoperties (R & S) have been
determined using a MAP modeling tool. In a secaiegh $he gas transfer properties of WG
based materials were analyzed as a function diyfheeof structuration (mono or multi-layers
at microscopic and nanoscopic scales), the shgmiogess (casting or thermo-plasticizing)
and the composition (percentage of plasticizersamo-fillers). Finally adequacy of gas
transfer properties (permeability and perm-sel@glvof WG based materials to fit

requirements of the selected produce were anaguéddompared to conventional plastics.

MATERIALS AND METHODS

Materials

Wheat gluten (WG) powder, containing 7.2 wt. % adisture and 76.5 wt. % of protein was
provided by Amylum (France). Acetic acid and sodisaiphite, also used to prepare the
coating solution were purchased from Aldri€dlycerol was obtained from Sigma Co. (St
Louis, MO, USA). HPS montmorillonites nanoclays (MMwere purchased form Sud-
Chemie AG (Choisy le Roi, France). Kraft paper @rgra 36g.rd) was provided by
Gascogne Paper (Mimizan, France) to serve as suppper for coatings along with white
untreated paper (36g:fhprovided by Smurfit WR (Mortagne, France). Opti§él synthetic
nanoclays (short montmorillionites-like clays withdheavy metals in the layer lattice) and
polyethylene imine (PEI) for layer-by-layer asseynidere kindly provided by the Institute
Charles Sadron (Strasbourg, France). The commesgrghetic films used for comparison
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were a polyamide/polyethylene copolymer (PA/PHpva density polyethylene (LDPE) and
an oriented polypropylene (OPP) from Sudpack FrédéeS. (Marne La Vallée, France),
Bolloré Division Films Plastiques (Quimper, Franaey Lawson Mardon Morin (Sarrebourg,

France) respectively.

Preparation of the WG based materials
Self-supported casted film.The film forming solution (500mL) was prepared @gsirbg of
gluten, 0.0509g of sodium sulfite, 25g of glycerd0% w/dry w) and distilled water. The pH
of the solution was brought to 4 using acetic aBitithe components were mixed vigorously
using an Ultra Turrax mixer (Janke & Kernke, KGalllerk, Germany) at ambient
temperature (25°C). The film-forming solution wdeen kept 2 h at 25°C to remove all
bubbles.

To form the “Mono-layer Self Supported — Castin0%RH” material, the film
forming solution was spread onto a Plexiglas levalerface using a film-making apparatus
(Braive Instruments, Chécy, France) adjusted tanfh4height and dried at 30°C in a

ventilated oven for 12 hours.

Self-supported thermo-molded film. Wheat gluten-plasticizer blends, so-called pre-film
samples for thermomoulding, were obtained by miximgy gluten powder and plasticizer in a
two blade counter-rotating batch mixer at a 3:Zed@ntial speed (Plasti-corder W 50,
Brabender, Duisburg, Germany) connected to a coenpnterface and controller unit (PL
2100, Brabender, Duisburg, Germany). The torque gmdduct temperature were
continuously recorded during the mixing procesanperature of the mixing chamber was
regulated using a regulation temperature unit (W,T&inreich, Lidenscheid, Germany)
and water circulation in the double jacket of the&en Cold gluten (4°C) was first introduced
in the mixer chamber (volume of 50&mthen the plasticizer (glycerol), equilibrated2&a°C
was added 30 seconds after mixing began. A plastiaontent of 30% was used for all
experiments. The mixer chamber was filled with 5@tal mass. The mixing speed was
30rpm. The mixing chamber was regulated at 25°GirMi was stopped 5 minutes after the
time needed to reach the maximum torque.

Wheat gluten-plasticizer blend samples (5g) weracqd between two flat

polytetrafluoroethylene surfaces and pressed usingeated press (Sercom, Montpellier,
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France) (120°C, 200 bars) for 10 minutes to prodime “Mono-layer Self-Supported —
Thermomoulded — 90%RH” films.

WG coated papers.The standard WG coating solution (21.23% dry wiw) doated perm-
selective materials was prepared at room temperadiacording to an adapted 3 step
procedure [Guillaume et al. 2010a]. First, 30 gME powder was dispersed under shacking
in 50 ml of a sodium sulphite solution (0.06g / 3Qrwvhich worked as a reducing agent of
the disulfide bonds. Then, after 30 minutes oflisgttthe pH of the solution was set to 4 by
adding a 50% v/v solution of acetic acid. Finalhe tsolution was adjusted to 130mL by
adding deionized water and the whole mix was stiened left to rest for a day.

The glycerol plasticized WG solution was prepared same way except that 20%
(w/dry w) of glycerol was added to the mix befohee tsolution volume adjustment with

deionized water.

For the WG MMT solution, 5% (w/dry w) of HPS montrillonites were dispersed in
water under magnetic stirring for 10 minutes. Thegre then added to the WG preparation
just before the volume adjustment.

For coating on kraft papers: prior to coating, ksafpport papers were stored in an RH
controlled chamber set at 30% RH using GaThe coating was performed with the standard
WG coating solution using an E409 blade coater fiemnchsen (France). The coater was
equipped with a blade n°8 featuring a spire widtimm. Coating speed was 10mih.§o
be spread all over the sheet surface, an exce3s1(> of the coating solution was deposited
to produce coated papers. After coating the masenare left to dry at 20°C for 2 hours and
the relative humidity was kept below 40%. The cddteaft paper will be referred as “Multi-
layer Coated — Kraft — 100%RH” or “Multi-layer Cedt— Kraft + Nanoclays — 100%RH”"
and “Multi-layer Coated — Kraft + Glycerol — 100%Rtthen montmorillionites or glycerol
were added to the coating solution respectively.

For coating on white papengrior to coating, all papers were wet and thenteited
under vacuum on leveled aluminum plates to be saidke edges using masking tape, to
avoid wrinkling during the coating process. Theteafvacuum was stopped and a layer
(about 150 um thick) was coated onto the surfacw/ufe base paper, using a thin-layer
chromatography applicator (Braive instruments, keiegelgium), to produce WG coated
white paper hereinafter referred as “Multi-layera@& — White — 100%RH". Drying was
performed at 25°C and 50% RH until constant weight.

94



Chapter 1 — New Routes to Design Optimal I\/IAF.

Layer-by-Layer assembly. The WG solution for the layer-by-layer (LbL) assdynb
consisted in a WG standard solution for coating42% dry w/v without plasticizer) diluted
to 0.2%.

Diluted WG solution (0.2%), Optigel SH solution Z8) and ultra-pure water were
prepared and poured into separate spraying deviieBpy, purchased from Carl Roth
(Karlsruhe, Germany). The layer-by-layer depositwees performed directly on kraft paper
by alternate spraying (5 seconds) of the Optigdlitem and the diluted WG solution.
Between each layer deposition, washing (5 secomds)performed with the ultra-pure water
to remove excess deposit and weakly bound compolegmsition of 10 and 40 layers pairs
were performed and referred as LbL [WG/MMJ& LbL [WG/MMT] 4.

Material characterization
Thickness. The average thickness of each produced material detsrmined at room
temperature and 30% RH with a hand-held digitalrometer (Mitutoyo instruments) from

10 measurements randomly taken over the papercsurfa

Gas transfer properties. The @ and CQ permeation (Re & Pecoy) of WG coated papers
were assessed in triplicate with an isostatic arnygachic method using gas phase
chromatography. The materials were placed in a eability cell. The inferior and superior
chambers were each spread by a 30 mLrflinx of permeant gas (Gr CQy) and vector gas
(He) respectively. The RH of the gas flux was s#hg a bubbling flask containing water and
placed in a cryothermostat regulated at a propehgsen temperature. The differential
temperature imposed between the cell and the @ywibstat permitted the establishment of
the desired RH in the chamber. The self-supportaténals were measured at lower RH due
to their critical mechanical weakness at very HRith. The permeation cell was coupled to a
gas chromatograph GC3800 from Varian (Les UlisnEea equipped with an automatic valve
to online analyze the evolution with time of permiegas concentration in the superior
chamber of the cell (analysis of 1ml of sample raspribed times). The gas chromatograph
was equipped with a filled column Porapak-Q fromrddhmpack (Les Ulis, France) of 2m
length and 0.32m diameter for separatinga@d CQ, with a thermal conductibility detector
(TCD). The gas (@or CQ) permeation of the material was determined a®vdl in the

international system unit:
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__Ae
Pex = AtXAXAP eq.1.1

where subscript x referred to,@r CG, AQ was the number of moles of gas that passed
through the filmAt was the time for which permeation occurred, A wWesexposed film area
and AP is the difference in pressure exerted by the gasach side of the film. Gas
permeation was expressed in mot.gt.Pa’ unit. For total @ and CQ desorption and RH
stabilization, materials were placed prior to measents in the permeation cell using helium

to spread both chambers.

Material permselectivity (S) was calculated asrtte of Peo, on P,

MAP simulation

Tailorpack MAP modeling tool. The evolution with time of oxygen and carbon diexid
partial pressures in packaging headspace was sedul@ing the web-application Tailorpack
(www.tailorpack.com) to evaluate viability of thelscted packaging. This mathematical
model is based on the mass balance between themagl carbon dioxide flux through the
packaging material on one hand and theafid CQ consumption/ production of the produce
respiration on the other hand as described prelyiolisis model, as most of those previously
established [Kok 1985; Wade et al. 1987; Kadel.e1289; Edmond et al. 1991; Talasila et
al. 1994; Fishman et al. 1995; Peppelenbos et%6l], was based on Michaelis-Menten
equations for produce respiration and Fick’s lagrsgias transfers. Briefly,

pkg _ PegzXS pkg _
Doy = e2 — pg’ét — Do ) X RRpyp, Xm = f; eq.1.2.1

pkg _ PecozXS pkg _
Pcoz = —ez — (p&3% — pcoz) X RRp, Xxm X RQ = f; eq.1.2.2
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with, considering no C@inhibition

k
_ RROZmaxxpgzg
RRy, =

eq.1.3.1
k
Kmappoz‘l‘pgzg
or, considering non-competitive G@hibition
kg
_ RROZmaxxpgz
RRy, = ) PEg eq.1.3.2
(Kmapp02+pgzg)x(1+%>

where the first part of the right-hand sidefpandf, describes gas flux per time unit
through the packaging material, while the second pascribes gas consumption (and

emission) by the vegetable or fruit modeled usifgiéhaelis-Menten-type equation.

In these 4 equation® ey, andPe:o, are respectively the £and CQ permeabilities
(mol.m*.s.Pa®), Sis the packaging surface }ne is the packaging thickness (m}, is the
partial pressure of j in i (kPa)RRy is the Q respiration rate (mmol.kgh™), m is the mass
of food (kg), RQ is the respiration quotient (-RRo2max IS the maximal @ respiration rate
(mmol.kg*.h) and Kmgppoz is the Michaelis-Menten constant (kPa) andcKi is the non-
competitive CQ constant.

Numerical solving of the nonlinear ODE system ciuatgd by these 3 equations was
carried out using the ode45 solver from Matlabwgafe (The Mathworks Inc., Natick, MA,
USA). This routine adjusts the time step size falcalations according to the importance of
partial pressure variations. All simulations weexfprmed using the user-friendly interface

(www.tailorpack.com).

This mathematical model can be run in two modedlaMa on the Tailorpack
website: optimization and simulation. In the cas®mimization, the optimal atmosphere is
previously required (%9 and %CQ) and the optimal permeabilities of the packaging
material could be then identified using an optirtic@a procedure (e.g., Levenberg-Marquard
algorithm) to fit predicted partial pressures tdim@l ones. In the case of simulation, the
packaging permeabilities (i.e. permeation valuetipiidd by thickness) are required and the

evolution with time of @and CQ headspace composition is predicted.
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RESULTS AND DISCUSSION

Determination of required mass transfer properf@soptimal MAP

The Tailorpack software was used in optimizationdmdo determine the required mass
transfer properties for the packaging of the 6ctetéproduce. Three types of input data were
necessary: optimal storage conditions, dimensiohsthe packaging and respiratory
parameters of each produce. Two outputs describm@ptimal gas transfer properties of the
packaging were calculated: optima} @ermeation (Rg) and permselectivity (S) values of

the materials.

Optimal storage atmosphereThe optimal atmosphere composition for preservatioeach

of the six selected fresh produce are presentédgure 1.1. For pears, onions, chicories &
apricots the input data were taken from a singlé kveown and recognized source [Kader et
al. 1989] which was checked to be consistent wgtated data from UC Davis [UCDavis
2012]. For strawberries and mushrooms, the valwscted came from a compromise
elaborated from the latter sources [Kader et 891®CDavis 2012] and from other studies
[Woodward et al. 1972; El-Goorani et al. 1979; Buaret al. 1987; Lopez Briones et al. 1992;
Shamaila et al. 1992; Lopez Briones et al. 1993y Bal. 1995]. Regarding mushrooms,
Kader & al. (1989) recommended an atmosphere aontamore than 1% £and less than
15% CQ whereas other sources recommended slightly difteralues [Burton et al. 1987;
Lopez Briones et al. 1992; Lopez Briones et al.31%oy et al. 1995; UCDavis 2012]. As an
example, it has been demonstrated that ac@@centration above 5% could have a rapid and
strong phytotoxic effect when mushrooms are baahkotonal air [Lopez Briones et al. 1992].
Consequently, the selected range was set at 2-108h2.5-5% C@ For the strawberries,
recommended compositions by Kader & al. (1989) d@dDavis were 2-5% of £and up to
15% of CQ. Due to the risk of off flavor development at l@y content [EI-Goorani et al.
1979; Shamaila et al. 1992], there is a consensubelowest @value acceptable (2%), but
the high CQ percentage is subject to controversy as it candadff flavor development
while it is well known to inhibitB.Cinereagrowth [Woodward et al. 1972; Shamaila et al.
1992]. Therefore an £content ranging from 2 to 5% and &fdom 0 to 10% were chosen for
this study.
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Figure 1.1. Optimal atmosphere compositions foispreation of 6 fresh produce [Varoquaux et al.
1999; Benkeblia et al. 2000; Charles et al. 2005n@&s et al. 2010; Gouble et al. 2011a; Gouble et
al. 2011b]

Packaging dimensionsPackaging dimensions (mass, volume, surface) wersen to be as
close as possible to commercial packaging (Taldle The overall surface was available for
transfer when “Sachet” or wrapping combined withght wood punnet” was selected. In
case of “PET punnet + Lid” only the lid surface wasilable for transfer as the PET walls
are assumed to be highly barrier to gases andftimeraot significantly contributing to the

modified atmosphere set up.

Respiratory parameters of the produce selectedata for respiratory parameters of the 6

fresh fruits and vegetables selected were takan fiee literature and unpublished database
(Table 1.1). It should be noted that obtaining irespry parameters is not an easy task due to
the variability of biological produce, the absermiea standardized method and a huge

dependency of these parameters on the producdyarie
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In the case of fresh cut pears, apricots and ontbasonly thoroughly completed

studies to our knowledge were considered [Ben&edilial. 2000; Gomes et al. 2010; Gouble
et al. 2011a; Gouble et al. 2011b]. For mushroonaschicory, values presented in Table 1.1
for these two produce were chosen among the megilyévestigated and MAP oriented
studies [Varoquaux et al. 1999; Charles et al.520@or strawberries no thoroughly
completed source was found and therefore a perslatabase was used.

Determination of required mass transfer properties By running the Tailorpack software in
optimization mode, a range of required/optimalofP@nd permselectivity values were
obtained for each produce (Figure 1.2, cross reptasons). Values obtained covered a
broad range of Rg and S values: from 0.820°mol.m?.s*.Pa' to more than 610"°
mol.m?2.s*.Pa* and from 2.5 to nearly 20, respectively. Withiisttterval a same range of
Pey, or S values could fit the requirements of sevpratiuce (e.g. similar optimal values of
Pey, for strawberries and fresh cut pears and simileor Strawberries and onions). However,
a combined range of both &eand S never fitted the needs of more than one audiiyn

highlighting that no unique material is able tatlfie requirements of all produce.

Gas transfer properties of WG based materials avskjble modulations

WG features unique permselectivity at high relativenidity (e.g. S value of 28.2 for a cast
gluten film at 95%RH [Gontard et al. 1996b]) andoddilm forming properties that are
adapted to all kinds of structuration (from monantolti-layer at micro or nanoscopic scales).
It is also compatible with most of the usual shgpiprocesses (e.g. casting, thermo-
plasticizing) [Gontard et al. 1992; Gallstedt et 2004; Guillaume et al. 2010a] and with
various natural plasticizers [Gontard et al. 19@i8sin-Mangata et al. 2001 fillers [Tunc

et al. 2007] opening a broad range of modulaticssiimlities that are discussed hereinafter.
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Processing of monolayer self-supported filmsOxygen permeation and permselectivity of

cast wheat gluten film at 25° C and 90% RH werentbto be 6.610"°mol.m'.s.Pa* and
18.2 (Figure 1.2 , orange square) respectivelycrordance with previous published results
on cast materials in the same conditions [Mujica &aal. 1997; Irissin-Mangata et al. 2001].
O, permeation rates and permselectivities of cast WG were about 1.5 fold higher than
thermomoulded WG film (Figure 1.2, light brown sggjaand consequently G@ermeation
rate was 2.25 times higher, in similar conditiorfsrelative humidity, temperature and
glycerol content. This indicated that the £g&rmeation of wheat gluten films seemed more
influenced by the film-forming technique than, @ermeation. It can be related to a
modification of the gluten network under high pressand temperature conditions during the
thermomoulding process affecting gas permeatiorviBus studies [Micard et al. 2001;
Hernandez-Munoz et al. 2004; Mangavel et al. 2G04gjgested that casting of wheat gluten
films seems to build a loose and open network wtiermo-molding creates either a high
polymeric network (due to the formation of additsicovalent bonds like iso-peptide bonds,
methylene bridge etc.) or a cross-linked networkirdu heat treatment and especially at
temperatures of above 120°C.

Despite such interesting gas transfer propersielé;supported WG films exhibit poor
mechanical resistance and alternative solutionslldhoe used to maintain the good transfer
properties while improving the mechanical ones. ©h¢hese routes is WG coating onto

paper substrate.

Processing and formulation of multilayer micro-structured WG coated papers.

All the coated papers studied in this work featusetdigh enough coating weight (around
15g.m?%) and a homogeneous and thick enough apparenngiayer on top of the paper in
order to fill the paper pores and exhibit gas ti@nproperties as recommended in a previous

study [Guillaume et al. 2010a].
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A white coated paper (bleached fibers, loose fibéwork, coating weight 24g.H)
and a kraft coated paper (kraft fibers, tight filmatwork, coating weight 15g:fh were
produced from a pure WG solution and compared. Bafters exhibited moderate Barrier
and interesting permselectivity values. The whit& \dbated paper (Figure 1.2, yellow circle)
was 4.5 five more permeable t@ @nd 2 times more selective than the kraft (Figu
orange circle) WG coated paper. Such difference magly attributed to higher coating
weight deposited in the white paper than in thdtkyaper. An increased amount of protein
deposited on the paper is likely to enhance theaivgliten behavior (highly permselective at
high RH) of the multi-layered material. Howeveishould not increase the &2¢2.04x10*°
mol.m*.s*.Pa’ against 0.3810mol.m™.s.Pa* for white coated paper against kraft coated
paper). This unexpected higheroPmay be due to the nature of the support papers ased
gas transfer properties of WG coated paper arendiepe on the surface properties of the
support paper used (e.g. hydrophilicity and rougbheas evidenced in a previous study
[Guillaume et al. 2010a].

The effect of the plasticizer content was thenistaidn kraft paper coated with a WG
solution containing 0% or 20% of glycerol. The dioh of glycerol induced a 2.5 times
higher permselectivy but did not significantly affePey,. Increasing the content of the
plasticiser into the solution is known to incregsdéymeric chain mobility, providing a better
accessibility to active sites for GGsorption onto the protein. As a consequence, CO
permeation increases as well as the selectivitynf@d et al. 1993; McHugh et al. 1994;
Pouplin et al. 1999; Irissin-Mangata et al. 200ha® et al. 2002b]. It could be noted that
similar effects have been evidenced by increasing Waterials water content (the most
ubiquitous WG plasticizer) in high moisture envinoents [Gontard et al. 1993; Gontard et al.
1996a; Gontard et al. 1996b].

The effect of the addition of nano-fillers on gesntsfer properties of coated paper was
assessed by comparing a kraft coated paper with vatitbut 5% (w/dryw) of MMT
nanoclays. No significant difference was observetwben the two papers. This is in
agreement with previous results obtained on sgifpstted nano-composite WG materials
[Tunc et al. 2007] demonstrating that an increddbequantity of nanoclays up to 7.5% does
not affect the @and CQ transfer properties of the WG film. Spatial orgaation of the clays
was demonstrated not to be exfoliated and orieatexigh to form a complex pattern that

would slow down gas transfers by a tortuosity dffec
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Multilayer nano-structuration of WG films via LbL a ssembly.One new way to modulate

the permeation values of film materials is to faartayer-by-layer assembly onto a substrate
by depositing successive nano-layers of opposgetreinic charge. This technique, which
was first studied by Decher and coworkers [Dedteal. 1991; Decher et al. 1992; Decher
1997] and Lvov and coworkers [Lvov et al. 1995] tiee 1990’s, has been recently
demonstrated to be able to create gas barrier imiaterhen used on synthetic polymers [Jang
et al. 2008; Priolo et al. 2010]. However, to onowledge no attempt has been performed on
structuring LbL material directly onto paper.

For this study, alternative LbL deposition of WQarlays nanolayers were performed
10 ((WG/MMT];0) and 40 times ([WG/MMT4) on kraft paper. The material built with only
10 layers pairs was highly permeable to oxygenreamdpermselective. Increasing the number
of layers deposited decreased they,Pom around 50810'°mol.n%s®.Pa* to around
200x10°mol.m?s®.Pa' when depositing 40 layers pairs instead of 10. H@neno increase
of the permselectivity value was observed. Krafigraexhibited a very irregular surface and
lot of pores, so it was very likely that such thiepositions did not fill these pores sufficently.
It can be concluded from these first results thatmanical and/or chemical pretreatment of
the paper support should be performed prior to delposition in order to create a slick

appropriate surface for continuous LbL deposition.

CONCLUSION

It is possible to modulate gas transfer propenied/G based materials through structuration,
shaping process and formulation. From the aboveepted results, these factors have been
classified according to their ability to providerrasing Pg; or S values of WG based films:

- Pey; Thermomoulded self-supported material < Castsgtiported material < Coated
kraft paper (with or without glycerol/MMT) < Coateavhite paper < LbL
[WG/MMT] 40 < LbL [WG/MMT] 10

- S: LbL [WG/MMT]1040< Coated kraft paper (with and without MMT) < Cedtwhite
paper < Coated kraft paper with glycerol and Thenoolded self-supported material
< Cast self-supported material

It should be noted that the layer-by-layer asseroblyd be a promising way to modulate

gas transfer properties of WG based material if shpport paper is properly previously

treated or if another adequate support is chosen.
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The above-mentioned modulations allowed the creatb WG based materials
(Figure 1.2, yellow to brown symbol) which were elvb cover a far broader range obpe
and S values than conventional synthetic films {f@gl.2, white and blue symbols). They
ranged from around 0.880°mol.m?s*.Pa’ to 2.00<10'°mol.m?.s*.Pa’* for Pey,and up to
18.0 for S whereas the selected conventional syoth®terials were limited to values from
0.10x10"° to 0.20x10*°mol.m?2.s*.Pa* for Pey, and up to 4.5 for S. The &eof synthetic
material could be increased by the use of micrdepations as a function of hole density
(Figure 1.2, blue dotted line) or thickness modatat However in both cases, their
permselectivity cannot be increased and remain hevy(<4.5 for the considered plastics, 1
for micro-perforated materials) and not compatiwiéh main produce requirements except
onions. On the contrary, by regulating or combinstgucturation, shaping process and
formulation it appeared possible to obtain WG baseaterial with different Rg and
especially S values that could meet the requiresnehiall considered fruits and vegetable
(Figure 1.2, black dotted arrows). For example, anofayer self-supported thermomoulded
WG film containing less glycerol and processed &igher temperature is likely to exhibit
suitable transfer properties for onion packaging.obtain an optimal material for apricot
packaging, a coated kraft paper containing 10%yafegol would be appropriate. And finally,
fresh cut pear could benefit from suitable MAP vatlwhite WG coated paper with a slightly
increased WG coating weight and glycerol contemijeweducing WG coating weight could
easily fit mushroom MAP requirements.

This demonstrates that a reverse engineering agpro@ambined with micro and nano-
structuring of agro-polymer based materials offatsresting perspectives for the design of

eco-friendly packaging better adapted to freshdrand vegetables preservation.
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In this chapter an in-depth study on the structtaesfer properties relationship will |
performed to better understand how structuring gssc (including formulation) an
architectures at different scales can modulatgésetransfer properties of wheat gluten bg
materials. First the influence of the support ie fitoperties of a protein coated paper will
discussed. Then the possibility to perform layeildyer deposition involving protein ont
paper based substrates will be assessed and tliages performances of the built mater

evaluated. Finally, the impact of a €€orption treatment on the properties of wheategll

coated paper will be measured.
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Publication 2

Importance of the structure of paper support

in gas transfer properties of protein-coated paper

Thibaut Cagnon, Carole Guillaume, Emmanuelle Gdistslathalie Gontard

Journal of Applied Polymer Science — In preparatidar submission

ABSTRACT: Composites made from fibrous support coated witto-pglymers have only
been sparingly studied, especially in terms of df@n properties, despite their evidenced
interest for applications such as food packagingtiermore most of past studies on the topic
have been focused on the impact of surface presedf the support on the final coated
material structure and its properties; leaving yhesed the potential impact of the in-bulk
structure of the support. This study demonstratesl influence of in-bulk structure and
especially fibers refining degree of 4 kraft papE&®28, 36, 60 & 80) on the structure, and
surface and gas transfer properties of their res@ewheat gluten coated paper (WGP28, 36,
60 & 80). Paper presenting a high fibers refiniregrete (SP28) exhibited very tight and
narrow in bulk fibers network which prevented mos$tthe WG coated layer penetration,
maintaining an important WG apparent layer on tbpghe paper and a small fibers/wheat
gluten composite zone inside (WGP28). Such straciave strong “WG-like” properties to
the final coated material with moderate oxygen pation and high permselectivity
(1.50x10" mol.m?.s™.Pa* and 8.09 for WGP28) whereas the highly impregnategtture of
coated papers built on lowly refined papers (SR#0e and loose structure) gave coated
materials presenting weak “WG-like” properties, gogedly due to a thick composite zone
presenting interfacial defects, with higher oxyggermeation and very limited
permselectivity (11.90xIH mol.m?s.Pa' and 1.06 for WGP80).

@ Apparent WG layer [ Composite zone (fibers'WG) B Paper

24um

High fibers refining degree Low fibers refining degree
= Strong “WG-like” behavior => Weak “WG-like” behavior

KEYWORDS: Fibrous support; Wheat gluten coatin§fructure; Gas permeation; Surface
properties
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INTRODUCTION

During the last 20 years, protein based polymeve leen the focus of many studies on food
packaging materials due to their low price, andrtbhmmdegradable and renewable character
[Tang et al. ; Kumar et al. 2009; Abdul-Khalil et 2012], and their unique functional
properties as gases and vapor permeations [Goetald 1996b; Cuqg et al. 1998]. However,
their poor mechanical properties, either too lariétt low relative humidity or not rigid enough
at high relative humidity [Gontard et al. 1992; Ceigal. 1998], needs to be improved for
further industrial applications and the route cdr{(o-)composite materials has been already
explored. Among the availability of a large rangepoocesses and (nano-)fillers, protein
based matrixes reinforced in bulk with micro [Kayseglu et al. 2003; Yu et al. 2006;
Kunanopparat et al. 2008; Mastromatteo et al. 2008nar et al. 2009] or nano-scale
[Oksman et al. 2006; Yu et al. 2006; Hubbe 200&)c8az-Garcia et al. 2008; Zuo et al.
2009; Siqueira et al. 2010; Siro et al. 2010; Abdnélil et al. 2012; Chang et al. 2012;
George et al. 2012] fibrous fillers have been, &y the most studied despite finding limited
industrial applications up to now. In comparisone tyet already widely commercialized
polymer coated fibrous supports (such as papermmmboards) have been subjected to less
scientific attention and the existing studies hlagen mostly focused on the surface properties
of these composites [Trezza et al. 1994; Han €t139; Han et al. 2001; Andersson 2008;
Khwaldia et al. 2010] or their mechanical propertigo a lesser extent) [Aloui et al. ;
Gallstedt et al. 2005; Khwaldia et al. 2010]. Ohigited considerations have been given to
their gas (@ and CQ) or vapor transfer properties, which are of maiterest in food
packaging science considering the importance ofemycarbon dioxide and moisture on the
preservation of food products [Gallstedt et al. 208uillaume et al. 2010a; Guillaume et al.
2010b; Cagnon et al. 2012]. In addition, to bettederstand the final properties of protein
coated on fibrous support, several studies haven lmemducted on coating and drying
conditions [Ben Arfa et al. 2007b; Chalier et @02a], the nature of proteins [Chalier et al.
2006; Gastaldi et al. 2007], the chemical compasitf the support [Gallstedt et al. 2005;
Guillaume et al. 2010a], the surface treatmentefdupport [Trezza et al. 1994; Gallstedt et
al. 2005]. But surprisingly, no study has takemw iobnsideration the impact of the structure of
the support paper that is correlated to the rejiniegree of fibers.

This study proposes to investigate the impact o th-bulk fibers network
organization of a fibrous support on the resulshgicture and gas ¢&and CQ) transfer and

surface properties of protein coated material. Hodustrial untreated kraft papers of same

113



Chapter 2 — Structure/Transfer Properties Relationship in-W&Sed Materials .

chemical composition but different basis weight aaotp refining degree have been chosen as
fibrous supports for coating due to their widelyidable character, and common use for food
packaging applications (e.g. sachet for bread eshfrfruits and vegetables). Wheat gluten
(WG) have been considered for coating becauses ekity interesting gas transfer properties:
relative humidity dependent gas transfer and sarfaoperties and high permselectivity ratio
(CO; permeation/ O, permeation) at high relative humidity [Gontard et1®96b], especially
for fruits and vegetable packaging [Cuqg et al. 23&ron et al. 2002; Gontard et al. 2011].
Four WG coated papers were produced in identiaadlitions from the four different supports
and their final properties (surface and gas trahskere discussed in relation with their

structure and the in-bulk structure of their respecacoating support.

MATERIALS AND METHODS

Materials

Kraft papers (Terrana) of different basis weigh8s 26, 60 & 80g." (supplier data) were
provided by Gascogne Paper (Mimizan, France) teesas support papers hereinafter named
Support-Papers (SP) 28, 36, 60, and 80, respectiBamples of pastes used to process the
kraft papers were also kindly provided by Gascogaper. Wheat gluten (WG) powder,
containing 7.2 wt. % of moisture and 76.5 wt. %puadtein was provided by Amylum (Mesnil
St Nicaise, France). Acetic acid and sodium sudplatso used to prepare the coating solution
were purchased from Aldrich (St Quentin, Franceydi®m dodecyl sulphate (SDS), 1,4-
dithioerythitol (DTE) and iodoacetamide (IAM) for @/ fractions quantification were
purchased form Aldrich (St Quentin, France). Fangle preparation to transmission electron
microscopy, Technovit 7100 embedding kit was pusedafrom Labonord (Templemars,

France).

WG solution preparation

A WG coating solution (21.23 wt. %) was preparedaam temperature according to a 3
steps procedure [Guillaume et al. 2010a], sliglatthapted to match the desired quantities.
First, 30 g of WG powder was poured into a box disppersed under shaking in 50mL of a
sodium sulphite / deionized water solution (0.080gAL). This solution worked as a reducing
agent of the disulfide bonds. Then, after 30misetdtling, the pH of the solution was set to 4
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by adding a 50/50 v/v. solution of acetic acid a®ibnized water. Finally the solution was
adjusted to 130mL by adding deionized water andathele mix was stirred and left to rest

for a day.

WG coating process
Adequate procedure for coating process was detedrempirically with the goal to reach a
sufficient coating weight (>10g.f) and to obtain a continuous and homogenous glaier.
Prior to coating, all Support-Papers were stored ralative humidity (RH) controlled
box set at 30% RH. The coating was performed onr#ve side of the paper at room
temperature using an Erichsen coater equipped thitlblade n°8 featuring a spire width of
1mm and at a speed of 10 mih.Fhree milliliters of the WG coating solution warecessary
to perform the coating. These WG coated papersheilreferred hereinafter as WG-Paper
(WGP) 28, 36, 60 or 80 depending on the SupporePapated. After coating WG-Papers

were dried slowly at room temperature and below 5%uduring 2 hours.

Following the same procedure, some Support-Pagdeesah basis weight were also
swelled by coating with acidified (pH 4) deionizedhter for impregnation calculation

purposes.

All materials were stored at 30%, 60%, 90% or 10R®%b and 25°C, depending on

their further characterization.

Thickness measurements

Average thicknesses of Support-Papers, swelled @upapers and WG-Papers were
determined at room temperature and 30% RH withraltneld digital micrometer (Mitutoyo

instruments) from ten measurements randomly takenthe paper surface.

Basis weight and Coating weight

To evaluate the basis weight of each Support-P&osguare pieces (5x5 cm) of paper were
cut and weighed at room temperature and 30% RH avjthecision balance (Adventurer pro,
Ohaus). The results were then processed to gettbdbk meter square scale.

To assess the coating weight, 9 square pieces ¢By50f both Support-Paper and
WG-Paper were cut and left to dry during 24 h weatilated oven at 103°C. They were then
placed to cool into a desiccator containing siljed- After one hour they were taken out and
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weighted with a precision balance. The coating We{@w) in grams per meter square was
calculated as follows:

Cw = w eq. 2.1

where Wyep (9) is the weight of a WG coated paper piecep\¥) is the average weight of

Support-Paper pieces and A (m?) is the area oéeepi

Impregnation calculation

To evaluate the part of the WG coating solution ffenetrated into the paper, the percentage

of impregnation of the coated layer was calculagdbllows:

% Impregnation = 100 X (1 — M) eq. 2.2

€s

where @ capp (LM) is the apparent thickness of the WG coatgelrl@eéemaining on top of the
paper) and £(um) is the thickness of self-supported wheategiuilm (here present inside
and on top of the paper).

ewcappWas calculated from:

ewGapp = €weGp — €swp eq.2.2.1

where cp (Um) is the total thickness of WG-Paper argpdum) the thickness of its
respective swelled paper.

e;s was determined according to the following equapoeviously demonstrated [Gastaldi et
al. 2007]:

e; =1.6 X Cw eq. 2.2.2

where cw (g.n%) is the coating weight of the WG-Paper.

Microscopy observation

Scanning electron microscopy.Scanning electron microscopy (SEM) observationshef
paper pulps and wheat gluten coated papers croisrsewere performed on small pieces
(1x1 cm) directly mounted on stub with double sidmabon tape. After degassing under
vacuum, samples were observed with a Scanning rBted¥licroscope S-4800 Hitachi

(Japan). All micrographs were obtained using amlacating voltage of 2.5 kV.
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Transmission electron microscopy.Transmission electron microscopy (TEM) observations
of the WG-Papers cross-sections were performedhon dlices after embedding of the
samples in Technovit epoxy resin. A transmissi@ttebn microscope H7100 from Hitachi

(Tokyo, Japan) was used for observation at a veleageleration of 75kV.

Wheat gluten fractions quantification by SE-HPLC

Extraction of proteins and SE-HPLC analysis werdgomed on WG powder grinded from
the apparent WG layers of each WG-Paper and orhiyppd WG powder from a control
“WG casted film” (WG coating solution casted ontdPkexiglas plate following the “WG
coating process procedure). The procedure wasedaott as previously described by Morel
et al.in 2010 [Morel et al. 2000c], by performingot sequential extractions. The first with a
0.1 M sodium phosphate buffer (pH 6.9) containiig $DS, and the second with the same
buffer and a sonication step to disperse SDS-itd®lglutenin polymers. Supernatants
obtained from these extractions were injected ansize exclusion column TSK-G 4000-SW
(Merck, France) (7. mm x 30cm) equipped with a TSB00-SW (Merck, France) guard
column (7.5mm, 7.5cm). SDS-insoluble glutenin patysnEi) content was obtained from the
total area of the chromatogram of the second extiHte contents in the other protein
fractions were obtained from the first extract peofearly-eluted fractionsF1 and F2,
included SDS-soluble glutenin polymers; followingdtions,F3 and F4, included mainly
gliadin; the last eluting fractiork5, included mainly albumin and globulin. The arealem
the peak corresponding to each fraction was exgdess% of total protein, estimated from
the sum of the total areas under the chromatogntise two extracts, once corrected for
their different solid-to-solvent ratios [Morel et 2000a]. The percentage of total glutenin
polymers can be calculated as the sunfipfFl andF2; Fi alone gives the percentage of

unextractable glutenin polymers.

Contact angle measurements

Wettability. Wettability of the Support-Papers was evaluate@diyjtact angle measurement
using a contact angle meter Digidrop from GBX (Bpde Peage, France), equipped with a
diffuse light source, a CDD camera (25 frames peosd). The measurements were taken at
30% RH and 25°C. Prior to the measurements, therpapere cut in 5x50mm bands, stuck
on a glass slide using double sided adhesive dhdudng 2 days at the desired RH inside
RH controlled chambers. The sensitivity of Suppgapers surface to wetting was
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investigated by measuring the behavior of a ligingp (3 uL) of WG coating solution, ultra-
pure water and paraffin oil, onto the paper surf&mgh the initial wettability and the rate of
change in wettability were investigated. Wettapil{f.s') was determined by measuring
changes in averaged value of contact angles (mezhsur both sides of the drop) of the liquid
drops with time. The evolution of volume and widithsis of the drop as a function of time
were also recorded to assess the contributionszfraion (mL.8) and spreadability (mmi’

which are two phenomenon involved in wettabilityl Aieasurements were performed in

triplicate.

Surface Energy.The surface energy of both Support-Papers and Wi&fRavas calculated
using the Owen-Wendt equation and linear regresaitim value of wettability equilibrium
angles for diiodomethane, ultra-pure water and letfe/glycol as entries. These wettability
angles were determined via the technique descridieye. The Owen-Wendt equation is
written as follows:

ny(1+cost9)=2/y,leySfi+2’nyySp eq. 2.3

wheref is the angle of the drop at equilibrium in degrgehe energy of the liquid phase and
yLd andy,” its disperse and polar component agthe energy of the solid phase a,@ﬁland

v its disperse and polar component. All energiesapeessed in mN.th

Wetting envelope. The wettingenvelope of a material cabe determined knowing its
surface's polaryf’) and dispersey§”) surfaceenergy components. The polar and disperse
fractions of the liquidy( " andy.“ ) for which the contact angle is 0° (6e4) were calculated
with the same equations after Owen-Wendt. Whengablar fraction waglotted against the
disperse fraction, a closed contour for 6zl wasobtained. This contour was the wetting

envelope, the limit between total and partial vmgttof the material.

Bendtsen roughness measurements

The Bendtsen roughness (ISO 5636-3) of the Suppepers was measured by Gascogne
Paper (Mimizan, France) using a Bendtsen porosimnedelel 6 with the entering air pressure

set at 200kPa. Five measurements were taken on @w@#gport-Paper and the result was
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expressed in ml.mih Bendtsen roughness allows evaluation of the ibefining degree of a
paper: the higher the Bendtsen roughness, the ltheaefining degree.

Gas transfer measurements

To assess the Dand CQ permeation of materials, a dynamic method using ga
chromatography was used for WG-Papers and a stagitiod using oxygen and carbon
dioxide sensitive optical sensors for Support-Pajfadue to high permeation of Support-Paper
that saturated the gas chromatograph detector).

The @ and CQ permeation of Support-Papers were assessed litdte at 25°C
with a static method using,@nd CQ content monitoring spots and optic fibers fromderes
(Regensburg, Germany) [Penicaud et al. 2011]. Robomeasurements, the material was
placed at the desired RH for one day to equilibriteras then placed on top of a permeation
cell containing both one LOspot and one CPOspot situated in a RH controlled chamber
(Froidlabo, France). The cell was flushed with a gax consisting in 50% nitrogen and 50%
carbon dioxide until the amount ok @side went under 1hPa and the amount o @0und
5hPa. The flush was then stopped and the cell hmatlg closed. The amount of;@nd CQ
inside the cell was monitored via the spots andtdiiiters and the permeation was calculated

as follows:

— ]
APXA

Pe, eq. 2.4

where Pgreferred to @ or CQ, permeation of the sample (molPai.s?), J the flux of gas
going through the material in mole per secon®, to the difference in pressure exerted by the
gas on each side of the film in Pascal and A tcstivéace of the material in meter square.

The Q and CQ permeation of WG-Papers were assessed in tripligdh an isostatic
and dynamic method using gas phase chromatograp®y°&€. Materials were placed in a
permeation cell. The inferior and superior chamlerse each spread by a 30 mL/min flux of
permeant gas (Kor CQ) and vector gas (Helium) respectively. The RHhaf gas flux was
set thanks to a bubbling flask containing water plaged in a cryothermostat regulated at a
properly chosen temperature. The differential tenajpee imposed between the cell and the
cryothermostat permitted the establishment of tgirdd RH in the chamber (60 or 100%).
The permeation cell was coupled to a gas chromapbgGC3800 from Varian (Les Ulis,
France) equipped with an automatic valve to onkmalyze the evolution with time of
permeant gas concentration in the superior chawfie cell (analysis of 1 mL of sample at
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prescribed times). The gas chromatograph was eedipjith a filled column Porapak-Q from
Chrompack (Les Ulis, France) of 2m length and 0.82diameter for separating@nd CQ,
with thermal conductibility detector (TCD).The g@3, or CQ) permeation of the material

was determined as follows in the international exysunit:

__ Ae
eX " AtXAXAP eq. 2.5

where subscript Reeferred to @or CQ, permeation of the sample (molPa?.s?), AQ was

the number of mol of gas that pass through the, filinwas the time for which permeation
occurs, A was the exposed film area ang)(is the difference in pressure exerted by the gas
on each side of the film. Gas permeation was tixpnessed in mol.fis®.Pa’ unit. For total

O, and CQ desorption and RH stabilization, materials wegcetl prior to measurements in
the permeation cell using Helium to spread bothrdexs.

Calculation of WG composite layer theoretical oxygermeability

To calculate the theoretical WG composite layegFe 2.7, apparent WG layer + interaction
zone) permeability to oxygen ¢Rwaecomp), the permeability (i.e. permeation time thickress
of the Support-Papers and the WG coated paper Virstecalculated by dividing their
permeation value by their respective thicknessé®nTthe Bwecomp) Was calculated as
follows (adapted from the conventional equation fgiobal permeability of layered
composite):

ewGcomp

eg. 2.6

POZ(WGcomp) = ( ewep esp )

Po2(wGP) Poz(sp)

where ccomp @wap and gp are the thicknesses of the WG composite layerWisPaper
and the Support-Paper respectively,Repyand Ryspyare the oxygen permeability of WG-

Paper and Support-Paper respectively.
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RESULTS AND DISCUSSION

Characterization of Support-Papers

In bulk structure. Four Terrana kraft Support-Papers of identical abehtomposition but
different basis weights were provided under thenfoif sheets: SP28, SP36, SP60 and SP80.
Their basis weight varied from 29.67¢rfor SP28 to 79.84g.tfor SP80 together with their
thickness from 40.55um for SP28 to 92.04um for S&&d their Bendtsen roughness from
36.8 for SP28 to 231 for SP80 (Table 2.1). Bendteeighness value, which relies on the
ability of air to penetrate in-bulk paper, is catesied as a good indicator of paper porosity
and so far is related to the refining degree oérb(the lower the Bendtsen roughness value
the higher the refining degree of the fibers) [kar@t al. 2003]. When decreasing thickness
of paper produced at the industrial scale, basighweoncomitantly decreases and pulp needs
to be more refined to ensure sufficient mecharmiesistance [Bhardwaj et al. 2007]. Higher
refining implies a higher inter-fiber bonding cajpp@nd so a better paper cohesion because
of an enhanced surface fibrillation with a strongehesion between fibers due to the
presence of many microfibrils [Chevalier-Billostaaé 2007].

Table 2.1. Support Paper structure characteriza(i@®’C and 30% RH)

Support nger T EEs o Bendtsen Fiber's Refining
Sample Basis Weight Support Paper Roughness Degree
(g.m?) (um) (ml.minY)
SP 28 29.6%0.13 40.55+1.25 36.8
SP 36 35.380.37 49.72+1.47 102
SP 60 62.460.38 75.68+2.21 246
SP 80 79.841.03 92.04+2.22 231

As evidenced by SEM observations of the differeapigr pulps (Figure 2.1), SP28 and SP36
exhibited more microfibrils than SP60 and SP80, tadr Bendtsen roughness was lower,

suggesting a tighter and less porous in bulk sirect
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Figure 2.1. SEM views of Terrana Support-Papempdct of the refining degree on the presence of
micro-fibrils. (x2500)

This was confirmed by oxygen and carbon dioxidargation measurements at 25°C and
100% RH (Table 2.2): gases permeation slightly eleses with increase of the refining
degree of the Support-Papers. For example SP8@ wdsnes more permeable tg énd 1.7
times more permeable to GGhan SP28. That is in agreement with previous waonk
eucalyptus pulps where reduction of gases pernreatas also attributed to a more intricate
fibers network [Fardim et al. 2003]. It is alsonitonoting that all Support-Papers appeared
to be somewhat less permeable to gases at modenatieity (data not shown) than at very
high humidity as previously demonstrated [Pola&letl993; Desobry et al. 1997]; e.g. SP28
presented a Rg; of 0.35x1¢° mol.m?%s™.Pa’ at 60% RH against 9.17xftnol.m?s.Pa* at
100% RH. This is attributed to the swelling of a#kic fibers in high RH conditions, that
increases gases diffusivity [Desobry et al. 199Vhether differences in gases permeation
were correlated to the different porosity of supgmapers, whatever the RH considered, all
values remained characteristics of highly porostesys.
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Table 2.2. Gas transfer properties (2ePe-o, S) of Support-Papers and Wheat Gluten coated
Papers at 25°C & 100% RH

Support Papers

Peor,

10" (mol.m?s™.Pa)

Peco2

10! (mol.m?s™.Pa’)

SP 28 27900.08660.00 9170.00+170.00

SP 36 40800.0€1780.00 5030.00+140.00

SP 60 43000.060.92.00 6820.00+160.00

SP 80 51900.080.65.00 6770.00£140.00

Pes, Peco2
WG Coated Papers S
10! (mol.m?s™.Pa’) 10*! (mol.m?s™.Pa’)

WGP 28 1.5G0.04 12.1040.13 8.09+0.27
WGP 36 3.350.02 17.4040.07 5.21+0.04
WGP 60 8.780.14 13.90+0.35 1.58+0.05
WGP 80 11.8@0.10 12.50+0.37 1.06+0.04

Surface properties. Surface properties of the four support-papers veamsessed through
different contact angle measurements. First, thitingeenvelope of each Support-Paper was
calculated at both 60 and over 90% RH (Figure 2\&).significant difference in wetting
envelope was demonstrated; surface energies wese 40N.nt at 60% RH and 33N.that
90% RH, whatever the Support-Paper, and the disggetemponent remained higher than the
polar one whatever the RH. When RH increased, thpedsive component was slightly
lowered without significantly affecting the polane and then the hydrophobic character of
papers was slightly reduced. Considering that diqalaced on the same chart is supposed to
wet the material partially if outside the wettingvelope or totally if inside, Support-Papers
were supposed to all be only partially wet by hydhibc compounds such as water and
partially to fully wet by hydrophobic ones such @araffin oil. Then, droplets of the WG-
coating solution, water and paraffin oil were defmmsat the surface of support papers and
static and dynamic contact angle measurements perermed at 30%RH and 25°C to
simulate coating conditions (data not shown). Wiitg (combination of absorption and

spreading phenomena) of all support papers to W&Ergp solution and water was negligible
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with initial contact angle measured close to 904 &m0°, respectively. This indicated a low
affinity between the Support-Papers and aqueousgisolsuch as the WG coating solution.
Initial contact angle and wettability of paraffiil were around 30° and 10%.srespectively,

whatever the support paper tested. As expectel,rbstilts confirmed that all Support-Papers

were of hydrophobic nature at low RH.

— %% EH
-==-= 0% RH

SP28
—~ 5P 36
- SP6D
- SP&D

B Water
@ 0il

Pelar component (mN/m)

Dispersive component (mN/m)

Figure 2.2. Wetting envelopes of the Support-Pape5°C and 60%RH and 90%RH

With differences in fibers refining and then potgf support papers, difference in
their wettability to various liquids was also exjget Indeed the hydrophobic nature of paper
has been demonstrated to be emphasized by surfaggmess [Quere 2002] which is
generally correlated to the refining degree offthers. Thus the lowest refined papers (SP60
and SP80) were supposed to be more hydrophobichleaiwo others (SP36 and SP28). But,
all papers used in this study were subjected teehanical treatment inherent to the Terrana
paper production. This treatment implies frictiom felt inducing folding of both fibers and

micro-fibrils onto the paper surface that likelptied out the difference in surface properties.

Structure of WG-Papers

As described in the material and method sectiomp8u-Papers were coated with a WG
solution and dried slowly at room temperature (8 20 °C). Depending on the basis weight
of the Support-Papers, these coated materials reégged to as WG-Paper 28, 36, 60 or 80
(WGP28, 36, 60, 80).
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The thicknesses of WG-Papers ranged from 62.780&1¥um, for WGP28 and
WGP80 respectively. Their coating weights (Cw) wabtmost identical with values from
14.48 to 15.60g.ifh and would led to a WG coated layer with a theoagtihickness around
24um (@), assuming no penetration of the layer insidepapers (Table 2.3). TEM (Figure
2.3) observations of the WG-Papers cross sectiviter@ced the presence of a continuous
WG layer in all samples. However, a significantréase of the apparent WG layer thickness
was observed with decrease of fibers refining.httiudd be noted that measurement of the
accurate thickness of each apparent WG layer coaficbe performed on TEM micrographs
because of the swelling induced by the preparatiosamples for TEM observations (for
instance, apparent thickness of WGP28 was 40 pnthnmiore than the maximal and
theoretical value of 24 um). SEM observations @&f thoss sections of the WGP were also
performed and confirmed the presence of a contiasW& layer on top of every paper. As
there was no swelling during preparation, measun¢mwiethe apparent thickness of this layer
was possible on WGP36 and WGP60 (Figure 2.4). Hewesample preparation was difficult
and important spreading of gluten from the appavé@ layer onto the fibers was observed
when cutting WGP28 and WGP80, thus no estimaticere \done.

WG-Paper 80 -

Figure 2.3. TEM cross-section views of the WG-Pgajet000) — Illustration of the impact of the
Support-Paper on the thickness and regularity ef\¥G layer. White dotted line indicates the
Paper/WG separation.

Note: Vertical black marks on the micrograph cameenf self-folding of the thin layers of material tvef
embedding and are not representative of any pakedéfect on the WG-layer
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=

WGP 36

Figure 2.4. SEM cross-section views of the WG-Papet000) — Evaluation of the thickness
of the apparent WG layer. White dotted line indésathe Paper/Gluten separation.

To more accurately assess the apparent thickness ofay#es in each of the WG-
Papers, this parameter was determined from cailonléq. 2.2.). Results (Table 2.3) were
coherent with SEM measurements for WGP36 and WGE&h if they slightly differed
probably because of minor WG spreading onto fibengl the local character of SEM
observations. As noticed on TEM micrographs, thpaggnt thickness of the WG layer
decreased with decrease of fibers refining andtmball, WG layers were all thinner than
the theoretical thickness (24um), whatever the WWABep considered. Albeit there was no
affinity between support papers and the WG coatswgution during contact angle
measurement, forced spreading (due to mechanidanaof the coating blade) led to
penetration of the coating solution into paper.sTWwas quantified with the percentage of
impregnation €g. 2.2 and it appeared that the higher the refining eegf the fibers, the
lower the percentage of the WG coated layer impatsgh from 15% impregnation for the
WG layer of WGP28 against circa 70% for WGP60 anGR80 (Table 2.3). WG-papers
were then all considered as tri-layered composiéerals with an apparent layer of WG
proteins, a composite zone with a combination of W&eins and fibers.

Differences in impregnation of WG papers were eslato the in bulk structure of their
relative support papers. They were considered esupcsystems exhibiting different size of
pores related to their refining degree, from atteyhd narrow network in highly refined paper
(as SP28) to a loose and coarse network in lowilgee paper (as SP80). After deposition at
the surface of each support, WG proteins — congjsith molecules of various molecular
weights (MW): glutenin polymers between 150000g:mahd more than 5 millions g.mbl
monomeric gliadins between 17000 and 70000g mand then small proteins (albumin and
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globulin) with less than 17000 g.nol[Bietz et al. 1972; Lasztity 1986; Morel et a(®b;
Lagrain et al. 2010] — elute and split through fibers network depending on their size
(molecular weight) and/or the size of voids (poregthin the support papers. Then protein
composition of the apparent layer of WG papers bmwffected by this elution profile. But,
no differences were observed in the protein coniposof the apparent layers of the WGP.
Indeed, with SE-HPLC, it was possible to deternihna they all presented a composition of
1.5% high MW glutenins, 17.0% low MW glutenins, 8% w-gliadins, 52.0%-p-y-gliadins,
14.5% albumins-globulins and 3.5% insoluble fratsiovhich was very similar to the protein
composition of a control “casted wheat gluten fiim>4% high MW glutenins, 13.8% low
MW glutenins, 10.0%m-gliadins, 55.7%w-B-y-gliadins, 16.2% albumins-globulins and 2.9%
insoluble fractions. However it remains possiblattlh separation took place within the
apparent layer with the high MW proteins remainaighe very surface of the material and
the low MW proteins in the depth of the WG layaw#ards the composite zone). In any case,
given the differences in impregnation observed, gkaetration speed of the WG coating
solution was different depending on the refiningrée. The lower the refining degree of the
fibers (and the bigger the pore size, e.g. SP8@)fdster and deeper the penetration of the
coating solution (e.g. WGP80).
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Surface and gas permeation properties of WG-Pagsdased to their structure
Surface Properties of WG-PapersThe surface energy of each WG-Paper was deternained
60 and over 90% RH with different reference liquid®btain their wetting envelopes (Figure
2.5). For each considered RH, no significant déifee between WG-Papers was observed
which was consistent with the identical apparent Ve@r protein compositions observed

earlier.

= WGP 23

B Water
@ 0il

Palar component (mN/m)

0 10 0 30 40 50 &0

Dispersive component (mN/m)

Figure 2.5. Wetting envelopes of the WG-Paper$aE2and 60%RH and 90%RH

Whatever the humidity, surfaces of the wetting éopes of the WG-Papers (Figure
2.5) were higher than those of their respectivepSupgPapers (Figure 2.2): surface energy
reached 55 or 56N.Trfor WG papers against 40 or 33N’rfor support papers, respectively at
60% or 90% RH. Considering the dispersive and podenponents of wetting envelopes of
the WG-Papers and their respective support papenspeared that the WG coating increased
the resistance to wetting by dispersive liquidscfsas oil) but decreased the resistance to
polar ones (like water). This was predictable sik¢& films exhibit a strong hydrophilic
character at the considered relative humiditiesnf@a et al. 1993]. It can be noted that
contrary to Support-Papers, the surface propeofie&G-Papers were significantly affected
by the relative humidity. Despite a very similarfage energy at both 60 and 90%RH, they
differed in their behavior towards polar or dispezsliquids. The WG-Papers were more
sensitive to polar liquids such as water and lessitive to dispersive ones than at 60% RH.
For instance, WG-papers were totally wet by oB@% RH but only partially wet at 90% RH.
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The higher sensitivity to polar liquids was expdcstnce WG films are known to exhibit a
RH-dependent water sorption behavior charactetizean exponential shape between 60 and
100% RH, as previously evidenced [Gontard et aB3])9[Guillard et al. 2003]. As a
consequence, the affinity between WG-Papers ancbplidbic liquid is reduced at high RH.

Gas transfer properties of WG-PapersGases (oxygen and carbon dioxide) permeation of
each WG-Paper was assessed at 25 °C and 100% R @.@). Values, ranging from 1 to
17x10"mol.m?s*.Pa®* were almost in the same range than previous fhédislata on WG
coated papers [Guillaume et al. 2010a] (coatinightehigher than 20 g./) at 80% RH,
between 11 x16" and 38x13'mol.m?.s*.Pa’. All WG-Papers exhibited far lower (16 1¢f
times) Q and CQ permeation values than their respective SuppgreRgroving that (i) the
apparent WG layer was continuous and (ii) coatimight was above the 10gTtimit in all

WG papers. Those two conditions have been prewiadesinonstrated to be compulsory to
bring enhanced barrier properties to the WG coataterials in comparison to their supports
[Gallstedt et al. 2005; Guillaume et al. 2010a].

While Peo, of WG-Papers remained quite the same whateveMBePaper tested at
100% RH, Pg, of WG papers increased when increasing the imaitegnand decreasing the
thickness of the apparent WG layer: WGP60 and WG#88ented an {permeation 3 to 12
times higher than WGP36 and WGP28 (Table 2.2). A®rassequence, the permselectivity
ratio was concomitantly decreased from 8 for WGR28 for WGP80. And so, only WGP28
(and to a lesser extent WGP36) presented the hagimgelectivity characteristic of WG
materials at high RH [Gontard et al. 1996b; MujiRaz et al. 1997; Pochat-Bohatier et al.
2006]. Furthermore, only WGP28 displayed the RHemelent gas permeation behavior of
WG materials which is marked by an increase pna@d CQ permeation together with an
increase in permselectivity ratio (Rg/Pe) when increasing RH from 60 to 100% RH
[Gontard et al. 1996b; Mujica Paz et al. 1997; Rodohatier et al. 2006]. Indeed, it
presented a Re of 1.23x10"'mol.m?s.Pa’, Peo, of 1.10 x10"mol.m?%s*.Pa!, and a
permselectivity ratio of 0.9 at 60% RH (data nobwh) against 1.50xI8mol.m?s*.Pa’,
12.10 x10"'mol.m?.s.Pa®, 8.09, respectively, at 100% RH.

To go deeper in the understanding of the gas weamsfhavior of the WG-Papers, the
oxygen and carbon dioxide permeabilityy{R Pcoo, permeation multiplied by thickness) of
the apparent WG layer of the WGPs, were calculat#ag equation 6 for bilayer composite
and assuming the composite layer presented a eenygable character, as paper (Table 2.4).
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At 100% RH, it appeared that the PPco,, and S of the apparent WG layers were
different depending on the WGP. Such results weteerpected given the similar protein
composition observed for every apparent WG lay&esg unexpected differences could be
attributed to a bias in the estimation of the sggbarent and continuous WG layer thickness.
Indeed, the interface between the composite zoddhenapparent WG layer is likely not flat
since some fibers may have penetrated into therappadVG layer illustrated on TEM
micrograph of WGP60 (Figure 2.6).

—WG-Paper 60

Figure 2.6. TEM cross-section views of the WGP&0@R) — Illustration of the non-flat character of
the composite zone / apparent WG layer interfaddtéMotted line indicates the Paper/Gluten
separation

In case of coating on highly refined papers (e.dsRE8), which presents a thick
apparent WG layer, the impact of this bias woulcham very limited whereas in case of
coating on lowly refined papers (e.g. WGP60 and \B@®P which present a very thin
apparent WG layer, it would be very important,lasirated in (Figure 2;7).

@ Apparent WG layer B Composite zone (fibers’/WG) a8 Paper

i ol mol i
R

24um

24um
«—

High fibers refining degree Low fibers refining degree

Figure 2.7. Schematic structure of WG coated paper
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Such considerations may explain why the Bf the apparent WG layer increased
from 300 x10®mol.mts®Pa’ to 945 x10®mol.m*s®.Pa' for WGP28 and WGP80
respectively. Consequently, for lowly refined papehe R, of the apparent WG layer may
have been overestimated due to the presence afigortant fibers/WG composite part in the
thickness considered; a composite part presentimghrapermeability towards oxygen due to
the presence of preferential diffusion path at fibers/WG interface. Knowing that the
driving force in CQ permeability of WG materials is the sorption caga®ochat-Bohatier
et al. 2006], the presence of fibers in the apgané@ layer may reduce the G@ccessibility
to target amino-acid of WG [Pochat-Bohatier et 2006]. As a consequence, the £O
permeation of WGP 60 and WGP 80 is underestimatedpared to a pure WG layer.
Concomitantly this bias affect the permselectivaly lowly refined coated papers and
explained their weak WG-like behavior comparedhe strong WG-like behavior of highly

refined coated papers.

Finally the transfer properties of the apparent \&r of the material presenting the
strongest WG-like behavior, WGP28, was compareatieécnes of self-supported casted WG
films from the literature. It appeared that the Bépendent gas transfer properties were well
correlated between the apparent WG layer of WGP2lze self-supported casted WG films
with a strong increase ofolPand S with RH increase from 60% to over 95% inhecase.
However, at 100% RH, theoPand R, calculated for the apparent WG layer of WGP28
were significantly lower than the one of the selpgorted casted WG film (4.3 times and 15
times lower for B, and Rozrespectively). But these differences could eas#yekplained by
the mandatory presence (for mechanical purposeglyoérol inside the self-supported casted
WG films that greatly enhance their permeabilitigsacting as a plasticizer [Gontard et al.
1993; Irissin-Mangata et al. 2001].
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CONCLUSION

While the enhancement of gas barrier propertiepagfer when coated with wheat gluten
(WG) proteins has been previously reported, thiskwirings a new understanding on the
underlying mechanisms affecting structuring andseguiently gas transfer properties of WG-
coated paper. It appeared possible to modulategéisetransfer properties of WG coated
papers (WGP) by selecting fibrous support presgntiifferent fibers refining degrees.

Increasing fibers refining led to a tighter and roewer network that would limit the

penetration of the coating solution within the pagering the coating / drying process and
thus reduce the impregnation of the coating saliiothe support. Marginal impregnation

ensured a limited thickness for the fibers/WG cosmgozone and the presence of a thick
apparent WG layer that would bring WG-like trangbeoperties to the coated material. On
the contrary, low fibers refining created a looed aoarse in bulk network, that led to a thick
composite layer and a thin apparent WG layer and th a material presenting weak WG-like
behavior. This principle was not considered speddigluten coating on kraft paper and can
certainly be applied to any protein coating (suslsay proteins, whey proteins, etc...) on any

fibrous support (bleached pulp for instance).
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ABSTRACT: Layer-by-layer (LbL) assembly is a powerful techregallowing construction
of nanostructured multicomponent materials withlotable properties depending on
composition and structure of the deposited filmiisTstudy aims to fabricate LbL films
adapted to fresh produce packaging (moderate oxpgemeability (B,) to allow produce
respiration) and based on wheat gluten agro-polyw&s) and montmorillonites nanoclays
(MMT) deposited by spraying on paper substrates. /@n uncommon molecule in LbL
assembly and to our knowledge, paper has never lsth as substrate for LbL deposition
due to its rough and non-homogenous charactereldrer a fluorescence based method was
developed to verify successful LbL deposition omgraprior the fabrication of LbL films
[WG/MMT]n on paper and paper coated with heat wited wheat gluten (WGr paper).
Whereas LbL films built on paper appeared to bémtrous and thus too permeable for the
targeted application, the ones built on WGr pamatired B, values from 4.70xI8 to
1.27x10"mol.Pa".m*.s* that perfectly fitted the requirements for mosfresh produce.

[Synthetic PolymerfMianockys]n [ arfManodays]n

Comstruction & Oharacbenimtion
Biethoss

5i Wafer Substrate Paper-based Substrate
+ PE + PE

KEYWORDS: Layer-by-Layer Assembly, Paper, Gluten, Nano-cl&gpermeability
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INTRODUCTION

Layer-by-layer (LbL) fabrication of molecularly agized films is studied since the 1930’s
[Blodgett et al. 1937]. From complicated proceduesricted to small classes of molecules,
it is now extended to a large range of moleculéhde organic from biological or fossil
origin or mineral) [Lvov et al. 1995; Decher et &098; Izquierdo et al. 2005; Ariga et al.
2006; Jang et al. 2008; Priolo et al. 2010] andnigaapplied in medical, pharmaceutical or
electronic fields [Ariga et al. 2006]. This camespible thanks to methods of sequential
adsorption of cationic and anionic molecules elatsat in the 1990’s by Decher and co-
workers [Decher et al. 1991; Decher et al. 1992¢ohsists in the alternative deposition of
polyanions and polycations on a substrate by coniacsimple methods such as dipping or
spraying. Dipping was the first method depositioncess used but is time consuming. In
contrary, spraying is a very fast technique [Sobieet al. 2000] and it takes less than an
hour to obtain 20 layers pairs films of comparajlality with dipping ones (several hours for
20 layers pairs in this case) [Izquierdo et al.30Qp to now, atomically smooth, reflecting,
or transparent surfaces are used as model sulsstatbe able to characterize the film
formation by conventional surface characterizatechniques (atomic force microscopy, x-
ray reflectometry, neutron reflectometry, elipsometV/Vis spectroscopy). Among the few
techniques that could work on more exotic surfacdmre are optical microscopy,
fluorescence microscopy, x-ray photoelectron spsctpy (XPS), or reflection UV/Vis
spectroscopy.

In the field of food packaging, nano-structuringnsre and more studied to improve
mechanical properties [Sinha Ray et al. 2003] aadctfonal properties of materials
[Choudalakis et al. 2009]. But most studies araused on bulk nano-composite materials
prepared by incorporation of nano-particles insaddpolymeric matrix either from fossil or
biological resources [Sinha Ray et al. 2003; Rhinale2007; Choudalakis et al. 2009; De
Azeredo 2009; Abdul-Khalil et al. 2012]. Among nagparticles, the ones presenting a
platelet form such as nano-clays are particuladgied [Chivrac et al. 2009; Choudalakis et
al. 2009; Rhim 2011]. Recently, LbL assembly ofmatays has been used to reduce oxygen
permeability of a synthetic substrate material §Jaat al. 2008; Priolo et al. 2010]. It
evidenced the great potential of LbL depositionoiming nano-clay layers onto synthetic
polymer to drastically reduce the, @ermeability of materials by increasing the numobkr
layer pairs deposited. This opens new routes fodulaing gas transfer properties of

packaging material, and could be appropriate tceldgvmaterial with tailored gas transfer
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properties. From highly barrier to oxygen, for inf@od, to medium or low barrier to oxygen,
for respiring food, a large range of oxygen permogatate is expected. To design packaging
material for respiring produce, as fruits and vegkds, through LbL deposition, the substrate
must be sufficiently permeable to allow tailorediuetion of its oxygen permeability &b
with alternate deposition of adequate polymers aileoules. Due to their high barrier
properties (B, usually lower than 1xI8 mol.P&.m™.s%), conventional synthetic polymers
used in food packaging are obviously not adaptesubstrate and porous support need to be
considered. Paper, a widely available solid mdtewhich presents high gas permeability,
could be a good candidate even if it has never bmmsidered as substrate for LbL
deposition. Only cellulosic fibers were considefedLbL coating of their surfaces [Zheng et
al. 2006; Peng et al. 2008; Johansson et al. 2012].

The aim of this study was to control oxygen perniggtof paper substrates modified
by LbL films made of agro-polymer (wheat glutenjinalays (montmorillonites) for fresh
food packaging applications. A Method to charazeeguantitatively LbL assembly on rough,
inhomogeneous, and non-transparent substrates evasoged by transposing LbL assembly
from a synthetic model substrate (silicon waferp#per. First, the possibility to use wheat
gluten (WG) and montmorillonites (MMT) in LbL assbinwas assessed by depositing each
of them alternately with model polymers (poly(sadid-styrene sulfonate) (PSS) and
poly(diallyldimethylammonium chloride) (PDDA) resgiely), and then spray deposition of
gluten/nanoclays layer pairs was tested onto a &lemwsubstrate. Consecutively, the
techniqgue was transposed to paper or paper coathdreticulated WG, along with the
development of a characterization method for Lbkeasbly on such substrates based on
fluorescence staining. Finally the oxygen permésdsl of the built LbL materials were

measured.

MATERIALS AND METHODS

Materials

Wheat gluten (WG) powder, containing 7.2 wt. % daisture and 76.5 wt. % of proteins was
provided by Amylum (Mesnil St Nicaise, France). Aceacid and sodium sulphite, also used
to prepare the WG solution were purchased from iéid{St Quentin, France). Bleached
paper sheets (T75) was provided by Arjowiggins (Bgoe Billancourt, France) to serve as
support for LbL assembly along with silicon (Si)fers purchased from Wafernet, Inc. (San
Jose, CA, USA). Optigel SH synthetic nanoclays fishmntmorillonites-like clays without
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heavy metals in the layer lattice), poly(ethylengne) (PEI, Lupasol WF, MW=25 000
g.mol* PEI, BASF), poly(diallyldimethylammonium) chloridéPDDA, MW=100000-
200000g.mot, 20 wt. %) and poly(sodium-4-styrene sulfonate3$PM= 206g.mét, Sigma-
Aldrich) have been used for layer-by-layer assembithout further purification. Optigel
montmorillonite has been sonicated for 1h hour leftdto rest for one week prior to use. The
spray deposition was carried out by using air pwsp@y cans purchased from Carl Roth

(Karlsruhe, Germany).

Preparation of the support for LbL Assembly

Paper coated with reticulated wheat gluten.A WG solution (21.23% dry w/v) was
prepared at room temperature according to an adidteps procedure [Guillaume et al.
2010a]. First, 30g of WG powder was dispersed ustacking in 50ml of a sodium sulphite
solution (0.06g / 50mL) which worked as a reducaggnt of the disulfide bonds. Then, after
30 minutes of settling, the pH of the solution wgas to 4.7 by adding a 50% v/v solution of
acetic acid. Finally the solution was adjusted 3®riL by adding deionized water and the
whole mix was stirred and left to rest for one day.

Prior to coating, T75 support papers were storeanelative humidity (RH) controlled
chamber set at 30% RH using CaCrhe coating was performed with the standard WG
coating solution using an E409 blade coater fromhSen (Reuil-Malmaison, France). The
coater was equipped with a blade n°8 featuringit@ spdth of 1mm. Coating speed was set
at 10mm.&. To be spread all over the sheet surface, an XeedmL) of the coating solution
was deposited to produce coated papers. Afterrapétie materials were left to dry at 20° C
for 2 hours and the relative humidity was kept bel®0%. The average coating weight
(determined using the method detailed in Guillawghal. 2010 [Guillaume et al. 2010a]) of
the built WG coated papers was 21g.nfFinally the gluten layer deposited was thermally
cross-linked by exposing the coated papers to @demure of 110°C during 1 hour. These

substrates were referenced as WGr papers.

LbL assembly by spraying

Diluted WG solution (0.2w%) at pH 4.7 (to stabilitee solution and to make WG positively
charged), Optigel SH solution (0.2w%), PEI soluti@b mg/mL) at pH 10 (for better LbL
assembly and barrier properties [Priolo et al. @QIPDDA solution (2.0mg/mL in 0.5M of
NaCl), PSS solution (0.6mg/mL in 0.5M of NaCl) anitta-pure water were prepared. All
materials have been used without further purifaatiAll solutions have been poured into
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separate spray cans and were kept refrigeratedrebafee. Spraying was carried out
perpendicularly to the receiving surface (paper @G\ Coated Paper / Si wafer) which was
fixed in a vertical orientation. The spray ratetloé spraying bottles was approximately 0.6
mL.s* during the entire deposition process. A prelimjnayer of PEI was deposited during
15s then rinsed by ultra-pure water during the sameunt of time. Alternative depositions
of [PSS/WG], [MMT/PDDA],, [MMT/WG], or [MMT/PEI], (n: number of layer pairs) were
then performed by spraying each of the solutionnguss until the desired number of pairs of
layers was reached. Between each layer deposdioimsing step with ultra-pure water was
carried out during 5s. After LbL assembly, the skE®pvere placed on a Plexiglas plate and
left to dry in a ventilated climatic chamber at 2068nd 50% relative humidity (RH).

LbL characterization

Global thickness of the materials. For permeability value calculation, average global
thicknesses of the materials were determined ahr@onperature and 100% RH with a hand-
held digital micrometer (Mitutoyo instruments) fraien measurements randomly taken over

the material surface.

Elipsometry. Measurement of the produced LbL film thickness omv&fers (not taking the
SiO, substrate thickness into account) was carriedwithta PLASMOS SD 2100 instrument
operating at the single wavelength of 632.8nm armrsstant angle of 45°. The refractive
index of the polyelectrolytes was considered consiat the value of n=1.465. Such
assumption will lead to slightly incorrect values measurement of the absolute film
thicknesses but it will allows quick and preciseowgh determination of relative film
thicknesses. The values obtained with this assmpatie of better precision than required for
the comparison of film growth data as in this répBor each substrate studied several points
were measured to obtain the average value forilimettiickness and to determine the film

homogeneity.

Staining. Staining was done with two different dyes: onewastional dye, amido black
(AB), and one fluorescent dye, fluorescein isothi@tate (FITC).

The staining with AB was performed in 2 differenays, either by direct staining of
WG and performing LbL deposition with the stainedtemial, or by doing LbL deposition of
native WG and staining of the whole material afteposition. For the first way 1g of amido

black in 50mL ethanol/acetic acid (9:1 v/v) was edido 200mL of a solution of centrifuged
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2% WG solution at pH 4. The solution has beenestimvernight and the excess of AB was
removed by dialysis against distilled water broughpH 4 by adding acidic acid during 10
days. For the second way, the final material wagpetl into a solution of 1w% of AB in
ethanol:acetic acid (9:1 v/v) for 2h. After staigithe excess of AB has been removed by
rinsing 3 times with ethanol:acetic acid solution 30min each time.

Fluorecein isothiocyanate staining was performedathging 4 mg of FITC in 20mL
DMSO to 200mL 2% WG solution at pH 4. The purifioat was done in the same way as
described previously for the AB stained WG.

Fluorescence Microscopy and SpectroscopyFluorescence images through reflected light
were taken with a Zeiss Axiote@f® microscope from Carl Zeiss SAS (Le Pecq, France)
using a conventional filter set (n°9 from Zeiss) FTC and a Nikon COOLPIX 4500 camera
with a MDC2 relay lens. The intensity of the flustence was also evaluated by fluorescence
spectroscopy using a FluoroMax-4  spectrometerriffdoJobin-Yvon, Chilly Mazarin,
France). Wavelength were scanned from 200 to 95@naximum excitation pic of FITC at
495nm), the slit opening was 1 mm, the signal/no&e was 3000.1 and the minimum

resolution 7ps/channel.

SEM observations

Scanning electron microscopy (SEM) observationthefmaterials surfaces were performed
on small pieces (1x1 cm) directly mounted on stuth wlouble sided carbon tape. After
degassing under vacuum, samples were observedanbanning Electron Microscope S-
4800 Hitachi (Tokyo, Japan). All micrographs welgained using an accelerating voltage of
2.5kV.

Oxygen permeability measurements

The G permeability of materials was assessed in trigicdnanks to a static method using O
monitoring spots and optic fibers from PreSens €@Rseburg, Germany). Prior to
measurements, the material was placed at the deBlH (100% RH) for one day to
equilibrate. It was then placed on top of a perriigaloell containing one @spot situated in

a RH controlled chamber Meditest 600/1300 fromabiol (Meyzieu, France). The cell was
flushed with nitrogen until the amount of, @side went under 1hPa. The flush was then
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stopped and the cell hermetically closed. The amoti@, inside the cell was monitored via
the spots and optic fibers. The permeability wdsutated as follows:

_Jxe
X 7 APxA

eql.

wherex refers to the analyzed gakto the flux of gas going through the material inlenper
second, AP to the difference in pressure exerted by theogasach side of the film in Pascal

and A to the surface of the material in meter sguar

RESULTS AND DISCUSSION

(WG/MMT) LbL assembly method: From Si Wafer to Papbstrate

Characterization of (MMT/WG) , films on silicon wafer. LbL deposition of WG
(considered as a polycation) and MMT (considerea @®lyanion) was studied on smooth
and well-defined silicon wafer substrates (modefase). For a better film adhesion on the
surface, PEI was deposited as a preliminary laydrthen, the LbL deposition was performed
to obtain the desired multilayer system. First, \@& MMT were deposited alternatively
with model polycation (PDDA) and polyanion (PSS$pectively to obtain PEI(PSS/W(G)
and PEI(MMT/PDDA) assemblies. Then PEI(MMT/Wgassembly was prepared. Resulting
film thicknesses were measured by elipsometry affech deposition step in order to
characterize the film growth as shown in Figure 2.8

In all cases, a linear increase of film thicknesshwsprayed layer number was
obtained. Only slight deviations were observed withe first 3-5 layers due to the influence
of the Si surface and/or the PEI layer. Thereftwe increment per layer pair was constant,
even for a very high number of layers (18 layerxmea 9 pairs of layers). The increment
was 4.0 nm/layer pair for the (PSS/WG) systemntn@ayer pair for (MMT/PDDA) and 8.5
nm/layer pair in the case of (MMT/WG). It can beetthat the MMT layers seemed to be
thinner than WG and PDDA ones as evidenced by #tairs like” appearance of the
thickness curve. The error-bars, especially indhse of (MMT/PDDA) and (MMT/WG),
were quite small indicating an homogeneous filngkhess distribution. Also the photographs
in Figure 2.8 showed that the films are opticalyrtogeneous with no visible defects. Nano
clays and other sheet-like materials are knowrctaa leveling agents [Kotov et al. 1997],

which means that they were able to flatten surfadesn used for multilayer formation.

142



Chapter 2 — Structure/Transfer Properties Relationship in-W&Sed Materials .

These results showed that LbL composites with uarmompositions could be formed
on flat surfaces in a good quality. As LbL depasitis known to work on almost any
wettable surface [Decher et al. 2012] results wery promising for the LbL deposition of
(WG/MMT) layers on a more exotic material such apgg.

80 -

® PEI[PSS/WG]n

70 - PEI[MMT/PDDA]n
* PEI[MMT/WG]n

60 -

50 -

40 4

30 -

film thickness (nm)

20 -

10 -

1 2 3 :1 5 E ? E ‘:'i 1lﬂ‘ll1 1I21l3 1l-1‘I|51IE1.T1.B
number of layers

PEI[PSS/WG]; PEI[MMT/PDDA],,  PEHMMT/WG]p,

Figure 2.8. Film construction curves and photogralPEI[PSS/WG] PEI[MMT/PDDA], and

PEI[MMT/WG],

Characterization of (MMT/WG) films on paper substrate. LbL architectures
(PEI[PSS/WG], PEI[MMT/PDDA], and PEI[MMT/WG]}) established on Si wafer were
carried out onto paper substrate. Standard chaizatien techniques like UV/vis
spectroscopy, AFM or elipsometry cannot be useth&wacterize LbL films onto paper due to

the heterogeneity and roughness of this supposrefbre, two methods were developed to
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estimate or to semi-quantify the amount of aminotaming material in the films, i.e. WG.
Both approaches were based on the staining of Vé@ips with dyes that are able to couple
with amino moieties.

The first dye was amido-black (AB) which is usualiyed to stain amino acids and
proteins. WG was stained either prior or after t# deposition and the intensity of
coloration was used to estimate the amount of glutahe film as a function of the number
of gluten layer deposited. As can be seen in FigWethe coloration intensity increases with
the number of gluten layers deposited whateverctiesen WG staining process (before or
after LbL deposition). Thus, the successful LbL aspon of PEI(PSS/WG)multilayers
films on paper could be proven by this AB stainmgthod. In case of staining WG before
LbL deposition, the coloration intensity was ratkarall whereas a much higher contrast and
a better dye distribution were obtained when stginvas performed on deposited film. It can
be noted that in the case of staining after LbLodépn, the control sample that did not
contained any WG (i.e. the bare paper) showedha lityie coloration coming most probably
from the AB dye embedded within the wood fibersuies However, as the blue coloration is a
value that is quite difficult to quantify, the ABasning was only useful to validate the LbL
assembly on paper and could not be used for a itatardg analysis of the film construction.

a Staining before LbL deposition Staining after LbL deposition

0 1 3 1 3 5 10
Pairs of [P55/WG-AB] layers Pairs of [P55WG-AE] layers

Figure 2.9. Paper coated with multilayers of PEIF®/G-AB] by spraying. (a) staining before LbL
deposition, (b) staining after LbL deposition; frésft to right: bare paper, 1, 3, 5 and 10 layelinsa
of PEI[PSS/WG-AB].

To overcome the classical absorption dye limitagiand to be able to better quantify
the film growth, an approach based on a fluoresdgat fluorescein isothiocyanite (FITC),
was developed. Fluorescent dyes such as FITC prédsemdvantage to be more easily and

precisely quantifiable than standard ones usingrélscence spectroscopy. Figure 2.10 shows
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fluorescence micrographs of a blank paper and papedified with PEI(PSS/WG-FITE)
and PEI(PSS/WG-FITG films. A clear increase of fluorescence intensiith the number

of WG-FITC layers deposited is observed. Furtheemat higher magnification, it becomes
visible that the fluorescent material is conceetlabn the borders of the paper fibers (Figure
2.11).

Paper Paper Paper

PEI[PSS/WG-FITC]1 PEI[PSS/WG-FITC]10
Figure 2.10. Fluorescence micrographs of PEI[PSS/AITC], (x200)

Paper

PEI[PSS/WG-FITC]10

Figure 2.11. Fluorescence micrograph of PEI[PSS/\W¥Ghagnification and contrast increase (x400)

The fluorescence spectra of 1, 3, 5 and 10 layes paposited on paper also showed
an increase in peak intensity with the number of WGC layers (Figure 2.12). When the
maximum of intensity recorded for each system wiastqal against the number of layers
deposited, a linear relationship was observed atiig that a regular growth of the layer
thickness was obtained for LbL deposition of PEBR8G-FITC}, on paper (n from 1 to 10).
Based on fluorescence spectroscopy method, it vessilge to establish a relationship
between the number of layer deposited on papertlaadluorescence intensity during the
buildup of PEI[PSS/WG-FITG]film.
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Figure 2.12. Fluorescence spectroscopy spectrina@d maximum fluorescence intensity / number

of layers pairs deposited relationship (B) for apeaPEI[PSS/WG-FITG]film

The same experiments were carried out for a PEI[MMG-FITC], film deposited
onto paper (Figure 2.13). Contrary to what was nteskfor PEI[PSS/WG-FITG]deposited
on the same support, there was no linear correldietween the number of layer pairs
deposited and the maximum fluorescence intensitytfie PEIMMT/WG-FITC], film.
Instead, a saturation of the maximum intensity réed was observed for 2 or more layer
pairs deposited and the intensity recorded foril gggMMT/WG] was 7.5 times higher than
for 1 pair of (PSS/WG). This saturation behaviartfie montmorillonite/gluten system is still
not fully understood, but previous works on othgstems involving nanoclays have
evidenced that a migration of the fluorescent dyeards the nano-clay layer could lead to the
formation of highly fluorescent FITC aggregateshat interface between the 2 layers of the
system causing saturation of the fluorescence gpreter [Mobius 1995; Chibisov et al.
1999; Pevenage et al. 1999; Chibisov et al. 208tkanova et al. 2002].
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Figure 2.13. Fluorescence spectroscopy spectrunai@)maximum fluorescence intensity / number of

layers pairs deposited relationship (B) for a PaEI[MMT/WG-FITC], film

Oxygen permeability of LbL assembly (PEI+[MMT/WG]n) on paper. Given the
possibility of performing LbL assembly on paper,nsouction of such nanostructured
composites (PEI+(MMT/WG) with tailorable Q permeability was attempted. Due to the
foreseen application LOpermeation measurements were performed only dt heptive
humidity (>90%) to mimic the one encountered whaoking respiring produce and results
are presented in Table 2.5.

Depositing a preliminary layer of PEI on the pap@ not significantly affect its
oxygen permeability (2.97 x4 against 2.19x16'mol.Pa’.m*.s* for Paper and Paper-PEl,
respectively). On the contrary, depositing 10 orpéirs of [MMT/WG] in addition of the
preliminary layer reduced theoPPby 6 and 15 times respectively. However such \&alue
remained high and it was likely due to the hightyqus character of the paper. The ultrathin
layers deposited were not able to fill and blockesoof paper, as evidenced in Figure 2.14.
Thus, it created a still porous final material wavagr the type or number of layers deposited
and Ry,;was not reduced enough to meet requirements df frags and vegetables [Cagnon
et al. 2012].
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Oxygen permeability of LbL assembly PEI[MMT/WG], on paper coated with
reticulated WG. To overcome the porosity of paper substrate ahgdies, a thick layer
(thickness around 20pm coating weight around 2fy.0f WG was coated onto paper and
then heat-reticulated. This new substrate for Lkdswamed WGr paper hereinafter. While
fibers and surface pores remained visible whenLtile assembly was performed on paper,
they were fully covered when the deposition wasgoered on WGr paper (Figure 2.14) and

consequently reducing the @Permeability of the substrate.

Paper WGr coated Paper

Paper— PEI[MMT/WG],, | WGr coated Paper - PEI[MMT/WG],,

& i

S-4800 =250 k.

Figure 2.14. SEM observation of Paper, WGr Coatagd?, Paper-PEI[MMT/WG},

WGr Coated Paper-PEI[MMT/WGG]

Materials built on WGr paper substrate were fas lgsrmeable than the ones built on
paper and the impact of the number of layers dégubsvas more significant (Table 2.6).
Indeed, WGr paper-PEI[MMT/WG] exhibited R, of circa 5x10”°mol.Pa-.m™.s* against a
value around 5xI& for Paper-PEI[MMT/WG},. Depositing 40 pairs of layers instead of 10
reduced the & of the material by 3.7 when depositions were perél on WGr paper

against 2.5 when performed on paper. It is likabt the increased barrier properties were due
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to a tortuosity effect brought by the MMT layershfeh are considered as impermeable
platelets [DeRocher et al. 2005]) as the WG isvwkmdo feature only moderate oxygen
barrier properties at high relative humidity. Whiidas been proven that incorporating MMT
in the bulk of a WG matrix gave poor result in tevfrbarrier properties enhancing because of
incomplete exfoliation and non iso-directional otegion [Tunc et al. 2007]; use of LbL
deposition allowed to overcome such problems andréate a tortuosity that reduce the
oxygen transmission [Nielsen 1967; Cussler e1288; Bharadwaj et al. 2002; Ranade et al.
2003; Jang et al. 2008; Priolo et al. 200}, values of around 18mol.Pa".m™.s* obtained
with LbL assembly on WGr paper were interesting ffesh food packaging application. A
range of materials presenting numbers of layerssgeom 1 to 40 would indeed cover the
optimal range of oxygen transfer previously defifiedpackaging material of various fresh
produce [Cagnon et al. 2012]. It should be noted M values of LbL assembly on WGr
paper (10 to 40 pairs) were in the same order gniade than the ones obtained with WG
based materials structured at micro-scale by Cagtail in 2012. But, the LbL technique
offer higher potential in terms of precise moduwativithin this range of permeabilities than

standard micro structuration techniques.

Oxygen permeability of LbL assembly PEI [MMT/PEI], on paper coated with
reticulated WG. The agro-based PEI[MMT/WG] materials were then compared to
synthetic-based PEI[MMT/PEImaterials built on the same WGr paper substraabl€r2.6).
As expected, since synthetic polymer are knownearore barrier than agro-ones at high
relative humidity, PEIMMT/PE} based materials were more barrier t @an
PEI[MMT/WG], based materials: 2 and 10 fold more for 10 anthy€rs pairs respectively.
As for the agro based LbL reduction of the permégbtan mostly be attributed to the
tortuosity effect brought by the nano-clay layeFhe clear decrease of the oxygen transfer
properties with synthetic LbL assembly was alsosesient with previous works where
deposition was performed by dipping [Jang et @0& Priolo et al. 2010]. However, higher
reduction of the B, were observed in these studies as Priolo et &01® recorded a 16 time
reduction for a [MMT/PEI] assembly when increasmgnber of layer deposited form 10 to
40 and Jang et al. in 2008 observed a nearly 3@&stiduction for a [MMT/Polyacrylamide]
assembly when increasing number of layer deposaied 10 to 20. In the present work, the
Po2 of a PEI [MMT/PEI}, assembly was reduced 13 folds when increasing aumwiblayer
deposited form 10 to 40. This difference was aited to both the nature of polycation
(Poly(acrylamide) instead of PEI at pH 10 in Jahglg and polyanion (Cloisite instead of
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Optigel in both studies) used for the deposition aiso to the different RH used i P
measurement (0% RH for Jang et al. and Priolo.etgainst 100% RH in the present study)
that could induce swelling of the nanoclays.

Finally, it appeared that all the LbL films created WGr paper (agro and synthetic
both), except the PEI[PEI/MM]], remained more permeable te @an the WGr paper
itself. The increase ind? value between WGr paper and WGr paper-PEI matéktakimes
higher) it seemed safe to assume that this wasadadixiviation of the WGr coating by the
preliminary PEI layer deposited. As can be sedrignre 2.15, the surface of the WGr paper-
PEI was very different of the one of the WGr pap€ompared to the smooth and
homogenous WGr paper surface, a wave like patters ebserved, indicating degradation
due to the preliminary PEI layer deposition. So wreming for very high @ barrier
behavior, the paper must be first coated with atsuize resistant to PEI or the PEI layer must

be suppressed or replaced by a substance harroteA&Sr.

WGr coated Paper WGr coated Paper - PEI

E-4B0D 250

Figure 2.15. MEB observations of WGr Coated Pap¢Gr Coated Paper-PEI
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CONCLUSION

This study, through establishment of a new charaetgon method based on fluorescence
spectroscopy, proved the possibility to create ktrlictures with agro-based materials (wheat
gluten agro-polymer and MMT nanoclays) and to penfalepositions of such molecules by
spraying onto relatively rough and non-homogenaussisates (like Paper or WGr Coated
Paper) to tailor their gas transfer properties. $ulstrate for deposition remained of major
importance when targeting such properties as piapedly proved to be too porous to allow
creation of barrier LbL materials whereas WGr papeught far better results. Indeed, the
relatively rough but non-porous WGr paper substediaved creation of moderately barrier
LbL materials (based on PEI[MMT/Wgor PEI[MMT/PEI},) that would be of major interest
in the field of fresh food packaging due to thedstiansfer properties and their highly
tailorable character. Furthermore, given propemptateon of the substrate or the preliminary
layer, agro-based LbL could also be of interespdok foods that require low to very low
oxygen permeability packaging.
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Publication 4 (short note)

Impact of CO, sorption on the gas transfer

properties of wheat gluten coated papers

Thibaut Cagnon, Carole Guillaume, Hélene Angeliesssy, Nathalie Gontard

Journal to be determined — In preparation for subssion

ABSTRACT: A new kind

of CQ treatment under standard condition of temperatume

pressure was experimented on wheat gluten coatpdrpdWG-Papers) with the aim of
modifying their gas transfer properties. Increast@ treatment duration led to higher €O
content bound in the materials (from 40.57%1nol.cm® for untreated material to
60.71x10° mol.cm® for 30h CQ treated material) and increased Cermeability and
0O./CO, permselectivity (up to 2 time higher for a 30h tmeent) for the WG-Papers.
Modification of the WG coated layer structure amdzbemistry of the WG-Papers and its
CO, sorption capacity was assumed to be the souramasfified gas transfer properties.
However further experiments are still required atidate this hypothesis and go deeper in the
understanding of the underlying mechanisms of #setgansfer modulation observed.

25

20

15

10

Pgz (10"%), Pggo (1075, S

. P02
. PCO2

0 5 15 30
Duration of CO, treatment

KEYWORDS: Wheat Gluten; Carbon dioxide treatment; Gas tearafoperties

153



154



Chapter 2 — Structure/Transfer Properties Relationship in-W&Sed Materials .

INTRODUCTION

Carbon dioxide is already used under supercritaaiditions as a plasticizer to
facilitate processing of many polymeric materiaBaliceau et al. 2011], including bio-
polymers [Knez et al. 2011] and nano-compositesdhiyvet al. 2008; Akbarinezhad et al.
2011]. As other plasticizing mediums, €0nder supercritical conditions had a clear impact
on mechanical [Asai et al. 2007] and mass trar@feperties [von Schnitzler et al. 1999] of
the final materials. But to our knowledge, £@hder normal conditions of temperature and
pressure is neither studied nor used for similap@ses. This can be explained by the limited
carbon dioxide sorption capacity of conventionaltegtic polymers. However, oppositely to
the conventional plastics, protein based mateaal$ especially wheat gluten (WG) based
one present interestingly high €8orption capacity [Gontard et al. 1996b; Pochatdier et
al. 2006] and are known to be able to react andlheth CG, molecules in many ways
[Gontard 1998]. Thus, use of GQ@nder standard conditions of temperature and press
could be envisaged to modify the structure and thveperties of WG-based materials.

WG based materials have been long studied far peeuliar gas transfer properties at
high relative humidity (very high permselectivityatio of CQ permeation rate and ;O
permeation rate, and moderate oxygen permeabititgt made them of interest for
applications such as fresh produce packaging. Bespch interesting properties, their weak
mechanical resistance led to combine them witkrllor mechanical supports as paper. But,
when coating WG onto paper, the WG like behaviaresuced compared to self-supported
films, notably the high permselective characterd@m et al. 2012]. Then new ways of
modulating the properties of WG coated paper (avukfully increasing its permselectivity)
are of major interest.

In this study, the impact of a G@reatment under standard conditions of temperature
and pressure on the gas transfer properties of W&ed papers was evaluated and
understanding of the underlying mechanisms of tbdifications observed was attempted.

155



Chapter 2 — Structure/Transfer Properties Relationship in-W&Sed Materials .

MATERIALS AND METHODS

Materials

Kraft papers (Terrana 36ganwere provided by Gascogne Paper (Mimizan, Frataceerve
as support papers. Wheat gluten powder, contaihidgvt. % of moisture and 76.5 wt. % of
protein was provided by Amylum (Mesnil St Nicaiderance). Acetic acid and sodium
sulphite, also used to prepare the coating solwiere purchased from Aldrich (St Quentin,
France). Carbon dioxide and helium were purchaszd fAir Liquide (Montpellier, France)
for sorption treatments. Barium hydroxide, hydrockd acid, perchloric acid, anhydrous
ethanol, and phenolphthalein were purchased fragm&iAldrich (St Quentin, France) for
absorbed C@quantification. Barium chloride for high relativemidity (RH) conditioning of

the materials was purchased from Aldrich (St Querirance).

WG solution preparation

A WG coating solution (21.23 wt. %) was preparedam temperature according to a 3

steps procedure [Guillaume et al. 2010a], slighihapted to match the desired quantities.
First, 30g of WG powder was poured into a box amspetsed under shaking in 50mL of a

sodium sulphite / deionized water solution (0.06g#%). This solution worked as a reducing

agent of the disulfide bonds. Then, after 30miseitling, the pH of the solution was set to 4
by adding a 50/50 v/v. solution of acetic acid aledbnized water. Finally the solution was

adjusted to 130ml by adding deionized water andvhele mix was stirred and left to rest for

a day.

WG casting process (WG-films)

The WG coating solution was casted onto a Plexiglague with a casting blade featuring a
2mm height and left to dry under slow and soft ¢bowls at room temperature and below
50% RH during 180 minutes. Wheat gluten self-supgabcasted materials will be referred
hereinafter as WG-films. All WG-Films were 175umicth and exhibited a density of

1.6 cni.g™.

WG coating process (WG-Papers)
Prior to coating, all Kraft papers were stored iRRld controlled box set at 30% RH. The

coating was performed on the untreated side ofpdyger at room temperature using an
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Erichsen coater equipped with the blade n°8 feaguai spire width of 1mm and at a speed of
10mm.§&". Three milliliters of the WG coating solution wearecessary to perform the coating.
After coating WG-Papers were dried under slow aftl®nditions at room temperature and
below 50% RH during 90 minutes. Once processedmalierials were sealed into LDPE
pouches waiting for characterization. Wheat gluteated papers will be referred hereinafter
as WG-Papers. All WG-Papers featured a thicknes&pim and a coating weight of 14.5

g.m?.

Thickness and coating weight measurements

Average thicknesses of WG-films and WG-Papers wletermined at room temperature and
30% RH with a hand-held digital micrometer (Mitutoystruments) from ten measurements
randomly taken over the paper or WG-film surface.

To assess the coating weight, 9 square pieces rf9xdtboth Kraft paper and WG-
Paper were cut and left to dry during 24h in a Netedd oven at 103°C. They were then
placed to cool into a desiccator containing siljed- After one hour they were taken out and
weighted with a precision balance. The coating We{@w) in grams per meter square was
calculated as follows:

Wwep—Wsp
A

Cw = eq.2.7
where Wycr (9) is the weight of a WG coated paper piecep ) is the average weight of

Kraft paper pieces and A (m?) is the area of agiec

CGO; sorption treatment

Both WG-films and WG-Papers were subjected to, 8@ption treatments in a permeation

cell at 100%RH. Materials were placed in an aluminuermeation cell and the inferior and

superior chambers were both spread by a 30mif-fiir of CO,. The RH of the C@flux was

set thanks to a bubbling flask containing water plaged in a cryothermostat regulated at a
properly chosen temperature. The differential tenajpee imposed between the cell and the
cryothermostat permitted the establishment of thgirdd RH in the chamber (100%). The
materials underwent the treatment during 0, 5, 183M@®hours. Such treated materials were
referred as WG-film or WG-paper 5@, 15@, or 30defftall materials were subjected to a

helium (He) desorption treatment to remove non-edn@€Q molecules. Materials were
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referred as WG-film 0, WG-film 5, WG-film 15, WGHin 30 or WG-Paper 0, WG-Paper 5,
WG-paper 15, WG-Paper 30 according the lengthefaf) treatment applied.

Quantification of CQ

The quantity (in mol) of carbon dioxide inside M&s-films and WG-Papers was evaluated
thanks to a titration method adapted from Gill @8& [Gill 1988] and Jakobsen et al. in 2004
[Jakobsen et al. 2004].

Prior to measurements, the samples were weighlidoefaveen 0.05 and 0.15 g). They
were then immersed in a mixture of perchloric aod ethanol (50/50 v/v) which forced the
CO, adsorbed in WG based materials to be releasedtlimtcheadspace of a first bottle
(“extraction bottle”) and then transferred into thecond bottle (“titration bottle”) where it
reacted with a Ba(OH)(0.0016N) aqueous solution (9mL in excess) to feotid BaCQ.
CO, was instantly consumed by the reaction with Ba(@Bk the overall equilibrium of the
reaction promoted the release of £ftom the material until none remained. Finallyteaf
48hours, the residual quantity of Ba(QH) the “titration bottle” was titrated directlytmthe
flask against a standard HCI (0.0032N) solutiomgigihenolphtalein as color indicator.

To take in consideration possible impact of atmesigchCQ contained in the bottle at
the beginning of the experiment or leaking in dgritne experiment, two control bottle
containing only Ba(OH)(9mL in excess) were prepared. The first one \wested right away
and the second one at the end of the experiment.

So given the chemical reactions implied:

[CO; extraction] : CO3™ +2H" - HCO3 + HT - H,C05 - C0,(gas) + H,0
[CO, consumption]: Ba(OH), + CO, — BaC0O5; + H,0
[Residual Ba(OH) titration] : Ba(OH), + 2HCl - BaCl, + 2H,0

the amount of C®per volume unit of material exposed (in molYnwas calculated as

follows:

[HC1]

(COy) = 2

x((th ~Vs)=(Veo—Ves )>

vm

eq?2.

where [HCI] (in mol.Y) is the concentration of the HCI solution usedtfation, Vi (in L)
and \j the volume of HCI necessary to titrate the conswlution at the end and at the

beginning of the experiment respectively, (W L) the volume of HCI necessary to titrate the
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sample solution from the titration bottle, and vem) the volume of the sample placed in the
extraction bottle.
The absorbed amount of carbon dioxide was assésdéeglicate for each treatment

conditions.

Permeability measurements

The G and CQ permeability of WG-Papers were assessed in tafgiovith an isostatic and
dynamic method using gas phase chromatography.ridistevere placed in a permeability
cell. The inferior and superior chambers were egmiead by a 30mL.mihflux of permeant
gas (Q or CQ) and vector gas (Helium) respectively. The RHhaf gas flux was set thanks
to a bubbling flask containing water and placed inryothermostat regulated at a properly
chosen temperature. The differential temperaturposad between the cell and the
cryothermostat permitted the establishment of theirdd RH in the chamber (100%). The
permeability cell was coupled to a gas chromatdgr& 3800 from Varian (Les Ulis,
France) equipped with an automatic valve to onbmalyze the evolution with time of
permeant gas concentration in the superior chawibétre cell (analysis of 1ml of sample at
prescribed times). The gas chromatograph was eedipjith a filled column Porapak-Q from
Chrompack (Les Ulis, France) of 2m length and 0.82diameter for separating@nd CQ,
with thermal conductibility detector (TCD). The g&%» or CQ) permeability of the material
was determined as follows in the international exysunit:

AQxe

= — eq3.
X AtXAXAP 9

where subscript Preferred to @ or CO, permeability of the sample (molPan*.s%), AQ
was the number of mol of gas that pass througlilthee is the thickness of the material,
was the time for which permeation occurs, A was g¢kposed film area and\P) s the
difference in pressure exerted by the gas on edeho$ the film. Gas permeability was then
expressed in mol.ths®.Pa® unit. For total @ and CQ desorption and RH stabilization,
materials were placed prior to measurements irpémmeation cell with helium flux in both

chambers.
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Glass transition temperature measurements

Measurement of the glass transition temperatur¢ &ng differential of heat capacitjaCp)

of WG-films and WG-Papers were carried out, inlicgte, using a DSC2000 in modulated
scanning mode and T-zero hermetic pans and lidsfrah T.A Instruments (Geneva,
Switzerland). The temperature was set to go froBtG4to 80°C with a slope of 3°C.niin
and a modulation amplitude and modulation frequemese 0.796°C and 100sespectively.
Prior to measurements “pan-size” samples of theenadé were cut and placed in hermetic
boxes containing Bagkolution for conditioning at high RH (92%) duriBgdays (Note: the
DSC Q2000 is limited to analysis of sample conditid at 95%RH maximum). Just before
measurement, the weight of the sample to be tesdsdneasured on a precision balance.

FTIR measurements

FTIR measurements were carried out on a Nicolet06ff0m Thermo (lllkirch, France)
equipped with a triple reflection diamond crystatlaa MCT detector. The wavelength range
was 800-4000nm, the resolution was set at 4amd 32 scans were performed per run. The
recorded spectra were analyzed for discriminatigh e Omnic software. 6 measurements
were carried out on each sample. Prior to measursmehe samples were conditioned at
100%RH and 25°C during 3 days.

RESULTS AND DISCUSSION

Impact of CQ on the gas transfer properties of WG-Papers

The @ and CQ permeation of all WG-Papers were performed at higlative humidity
(>90%RH) where WG based materials exhibit theireniateresting properties [Gontard et al.
1996b; Mujica Paz et al. 1997].

Impact on CO; transmission. When comparing the evolution of the percentageC6%
transmitted through the material during the perineatneasurement of untreated WG-Paper
(WG-Paper U) and WG papers previously treated @ith (whatever the duration of the GO
treatment), it appeared that the £grption treatment increased the g#@rmeation of WG
paper, as illustrated in Figure 2.16 for materi@,@eated during 15hours (WG-Paper 159).
Indeed, the steady value of g@ansmitted was almost 2 times higher for WG-Pé&li=d
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than for WG-Paper U. And more interestingly, itcadgppear that forced desorption under He
flux did not permit to restore the G@&ansmission profile found for the untreated WGé&ta
As an example, the steady value recorded for W@&iP4p (after He desorption) was
equivalent to the one of WG-Paper 15@. Such reputtged that the COtreatment induced

irreversible changes within the material.

74 + —o—WG-Paper U
6 - —+—WG-Paper 158
E 5 | ; —e—WG-Paper 15
£
w 44
&
E 34
[x]
Q 2
[&] >4 *— + * - + — + + + +—+
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0 . . . . . . . .
0 50 100 150 200 250 300 350 400
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Figure 2.16. lllustration of the irreversible clater of the C@treatment.

Percentage of C&transmitted against time during thed? measurement by gas chromatography

Therefore, for practical purposes, all £teated WG papers were subjected to He

desorption prior to further measurements or anglysi

Impact on CO, and O, permeations. Permeability of the WG-Papers 0, 5, 15 and 30
towards Q and CQ were measured. As can be seen on Figure 2.1\K@GiPapers exhibited
quite the same oxygen permeability (between 2.2%18nd 2.6x18°mol.Pa".m™.s?).
However, the permeability towards €0f these materials increased with increasing ctnte
of CO,. WG-Paper 30 presented ad?of 21.48x10"mol.Pa".m*.s* and a permselectivity of
9.40 whereas WG-Paper 0 presented ao2P and permselectivity of only
12.09x10”°mol.Pa".m*.s* and 5.18 respectively. Consequently, permselégtivalso
increased from 5.18 for WG paper 0 to 9.40 for Wep€t 30 and was in the same range than
data from previous work: from 2 when WG was coatatb kraft paper (and same coating
weight) [Guillaume et al. 2010a] to 12 when coatedo white bleached pulp paper (with
highest coating weight) [Cagnon et al. 2012]. lwigrth to notice that comparing to other
modulation strategies as increasing coating weiglthanging paper support, g@eatment
did not seem to be the most efficient. But, corméimethe constant increase iadz and S, it

was assumed that these properties could be furtbezased by longer treatments.
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Figure 2.17. Evolution of the gas transfer propestof WG-Papers with the duration of the CO

treatment (B,: O, permeability, Ro,: CO, permeability, S: ratio of permselectivity)

Relation between the structure of the Qf@ated WG-Papers and their transfer

properties.

In order to better understand how the Q@atment affected the gas transfer properties of
WG-Papers and what were the underlying mechanisrhsit action, structural
characterizations were undertaken in comparisoh WG-films. Albeit support paper may
react with CQ as previously demonstrated (€€brption coefficient of 107x10mol.Pa*.m™

in laminated white paper [Desobry et al. 1997])lyowG was supposed to bring transfer
properties to the final material and it is known itgeract with CQ through different
interactions with amino-acids (GGorption coefficient of 18757xT0mol.Pa’.m* in WG

self-supported film with glycerol as plasticizingemt [Pochat-Bohatier et al. 2006]).

WG-Papers CG, content. First, the quantity of COper volume unit present inside the WG-
Papers materials was measured thanks to an aadttestion method (Table 2.7). It is
important to note that the amount of £@easured here did not contain any residual “free”
CO, molecules as the last step of material treatmelied desorption under He flux.
Therefore all the C®molecule that reacted with Ba(OHjuring the extraction phase of the
measurement were bound with the gluten matrix erpidwper. It appeared that, the longer the
CO, treatment, the higher the content of @@pped in the WG-Papers (and likely bonded as

all non-bonded C®was removed through He desorption at the end ©fGk} sorption
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treatment). While the COcontent in WG-Paper 0 was 40.6mmol{mNG-Paper 30
contained 60.7 mmol.cthof CO,. These results showed that WG-paper naturallyaioed
CO, molecules. In addition, no steady value was obthiafter 30 hours of treatment, which
led to assume that the maximal £f@tention capacity of the WG papers was not rehche

even after 30h treatment.

Table 2.7. Quantity of CQadsorbed in WG-Film and WG-Paper materials
after CQ sorption treatment

CO, treatment duration (h) 0 5 15 30
Quantity of CQ present in WG-Film

19.37 22.46 26.23 31.83
In 10° mol.cn?®
Quantity of CQ present in WG-Paper

40.57 47.57 53.29 60.71

In 10° mol.cn?®

For comparison, WG-films were subjected to same, G@atments (and He
desorption). Ideally, WG-films would have to exhitie same coating weight (and thickness)
than the WG layer coated onto paper (theoreticallyym for 14g.n¥, [Gastaldi et al. 2007]);
but due to the brittleness of such films, thickeatenials were produced (L7%). Such
difference in thickness considerably acted on thantity of bonded C@during treatments
since in none of the tested conditions (from 0 @oh8urs) the equilibrium was reached and
then the CQ gradient effect should be more pronounced in tmekerials than in thinner
ones. Then WG films exhibited nearly 2 fold less,@@n WG papers whatever the duration
of the treatment. To roughly estimate what the amafi CO, would have been in a 2m
WG film, values obtained were multiplied by 7.3timebetween the actual thickness of film,
175um, and its expected one, #): from 141.4mmol.ciiin WG-film 0 to 232.3mmol.c
in WG-film 30. This approximation showed that, evéénpaper may contribute to GO
fixation, it also seemed to restrict g@onding in WG proteins. Whatever, the amount of
bonded CQ@ to WG papers was correlated to the increase in, @€meability and

permselectivity.
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Structural modifications. Even if paper contributed to the g@tention of WG-Paper, its
impact on the transfer properties of the compdsitel so the impact of the modulation it may
underwent) was likely very limited due to its posatharacter. Therefore, explanation t@P
and S changes with G@eatment should be found in changes in the W&ecdayer.
Increased E», after CQ sorption treatment can be related to an increAseé®
sorption and/or C@diffusion coefficients of the WG layer (if the kis law is obeyed:
permeability (P) equals diffusion (D) multipliedrption (S), P=DxS). However it has been
proven that the diffusion coefficient of oxygen acatbon dioxide often witness changes of
the same order when submitted to the same treagnfemnt Ro, and ), were increased 1.5
and 1.9 time, respectively, for a plasticization8®#o to 93% RH increase) [Pochat-Bohatier
et al. 2006] and no evolution oHand so on B,) of WG-Paper was observed with the LO
treatment. So the focused was placed on possibipti@o carbon dioxide capacity

modification through the CQreatment.

0 WG coated layer plasticization
First the possible plasticization of the materigl the treatment was assessed as a WG
network presenting higher molecular mobility maggent more available sorption sites for
the CQ molecules. To do so, the glass transition (Tg)pemature of the different WG-Papers
at 92% RH was measured by modulated diffusion sogrsalorimetry (MDSC, Figure 2.18).
No clear trend appeared as the Tg varied aroungéanmalue of 20°C with relatively high
standard deviation.

Same observation was made on WG-films but thewag significantly lower (around
-10°C). This value was significantly lower than thees recorded previously by Gontard et al.
in 1996 [Gontard et al. 1996aq similar conditions of RH. However the WG selfpported
were not prepared the same way as the WG solused by the aforementioned authors
contained, glycerol and ethanol and was heatd@4 prior to castingChiou et al. in 2009
also studied the Tg of WG self-supported films &nehd a much higher value (circa 50°C)
[Chiou et al. 2009], but this could be attributesttbto the lower RH of the measurement
(50% instead of >90%) and to the fact that the filraparation implied prolonged stay in an
oven at a temperature up to 70°C which could hawkiged cross-linking of the gluten
network.

The fact that no significant difference was obsdrmeither on WG paper nor WG
films submitted to various COtreatments could indicate that either, no plastiton or

physical structure modification of the gluten netkwof WG-Papers was induced by the £O
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sorption treatment, or that the plasticization wWwas fine to be detected by this method. It is
possible that a slight Tg evolution was masked h®y high standard deviations observed.
These deviations could be attributed to undesirddcRanges of the WG-Paper samples due
to the fact that it was difficult to maintain thé&H at very high level during their preparation
for MDSC measurement. Indeed, properties of WG dbasaterial (including Tg) [Gontard et
al. 1996a] are known to be very RH sensitive arkeslly as high RH such as the one

considered.
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Figure 2.18. Evolution of the Tg of WG-Papers &@-films with the duration of the G@eatment

o WG proteins structure modifications
Carbon dioxide is known to be able to react anchdawith many chemical groups present in
the gluten network: covalent binding through carlmeation with lysine, electrostatic bindings
with ionized lateral groups, hydrogen binding wglutamine residue, hydrophobic lateral
groups or peptidic chain [Gontard 1998]. Creatiérswch new bindings or the alteration of
native ones by the CQreatment could modify the secondary structur¢hef WG proteins
and so their C@sorption capacity. To assess these possible gtalathanges of the protein
chain, WG-Paper 0 and WG-Paper 30 as well as Wsdiland WG-film 30 were analyzed
by FTIR spectroscopy.

After discriminating analysis, no significant difé@ces were observed between the
respective spectra of materials submitted to 0 @h@urs treatment, either for WG-Films
(Illustrated in Figure 2.19) or WG-Paper, even wkssusing at the amide band (1650hin
1600nm") where change in secondary structure might bectigteor amine band (3400fim
to 3000 nrit) where main interactions could take place. Thididated that either the GO
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treatment induced no changes in such structurésabrthese changes were too subtle to be

measured through standard FTIR spectroscopy.
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Figure 2.19. FTIR spectra of WG-Film 0 and WG-Fath

CONCLUSION

Through this study it appeared that O@atments at normal conditions of temperature and
pressure can modify the gas transfer propertiesprotein (WG) based material and
interestingly enhance their G, permselectivity. However further studies are sétjuired

to i) evaluate the full potential of this kind aeatment with determination of the maximum
CO; retention capacity of the materials and concortligghe maximal permselectivity value
reachable and ii) understand the underlying meshasithat induced these gas transfer
properties modifications. By applying longer treatrh(until reaching plateau values of £0
retention and then permselectivity), charactemmatitechniques used would more
discriminative. The real respective contributiorpaper and WG should be evaluated by also
submitting uncoated paper to the same, @@®@atments than the WG-Papers. Then, more
precise and powerful techniques to characterizethanization and the chemistry of the WG
network submitted to the G@reatment can be considered. For instance, qigatitin of the
gluten fractions before and after €@eatment by SE-HPLC could be envisaged to assess

creation or destruction of new bonds within the W&bwork.
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Requirement Driven Approach and use of Wheat Gluten A
for Passive and Active MAP design
[Chapter 3]
Validation on active MAP for strawberries y

For this last chapter, the efficiency of the congbiruse of the requirement driven approach
(applied to all the produce requirements) and wigdaten based materials for passive put
also active MAP design through a case study onbeay will be demonstrated. This work
will lead to the conception of a prototype actiedidr-made packaging for strawberry to
enhance produce preservation. Then this prototyfdevscaled-up from laboratory-scale|to
industrial-scale and the efficiency of the indwdtacale packaging will be assessed on|the

berries.
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Publication 5

Fresh food packaging:
A requirement driven approach

(case study on strawberries packed with agropolymsi

Thibaut Cagnon, Aurore Méry, Pascale Chalier, Ga@lillaume and Nathalie Gontard

Innovative Food Science and Emerging TechnologieSubmitted

ABSTRACT: To overcome the limitations of current trial andoerapproaches used to
design food packaging, a requirement driven approgas adapted from the software and
service industries to the field of fresh fruits avehetable packaging. Based on 5 steps, it
relies on the knowledge of produce needs and tkeeofisnodeling tools to turn produce
requirements into packaging properties before a@siyy the packaging. It was then
successfully applied to dimension and design aiveagtackaging, tailor made for optimal
preservation of strawberries at 20°C. The soluomsisted in a PET punnet providing
protection against physical damage and a lid enmguboth gas transfer for optimal
atmosphere and release of an active agent actiagsignold growth. This active lid was
made of wheat gluten proteins containing 2-nonartbaewas quickly released only in high
RH conditions in an amount equal to the minimalbition dose for Botrytis cinerea.
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KEYWORDS: Requirement driven approach; Active packaginga®lrerry; Modify atmosphere
packaging; Antimicrobial aroma compound
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INTRODUCTION

Up to now, most of food products are packed intotemia selected for economic or
marketing reasons, or for interesting transfer progs (e.g. water vapor and gas barrier) and
technical features (e.g. UV barriefjo choose an appropriate material, the costly and t
consuming “trial and error” method is still commgnised taking into account the knowledge
and experience of food industries. But, in someegand mainly for respiring foods (e.qg.
fruits and vegetable), it may lead to detrimentarges in quality, inducing a depression of
the commercial value and affecting the brand re¢mrtaThis appears when focusing on one
property of the material (e.g. oxygen barrier progewhile neglecting the others (e.g. carbon
dioxide barrier property), and because materia¢és cammonly produced to cover a broad
range of food products that exhibit different regmients and face different conditions
through their supply chains. In the current conteixtompetitiveness, market globalization
and sustainability, optimal packaging solutionsigiesd for a given product — so-called tailor-
made packaging — should be urged and could be basea requirement driven approach
(RDA) taking into account product needs since tég/ beginning of its conception.

RDA has been used for almost 20 years in fieldsiliformation technology, software
design [Castro et al. 2008} product design and innovation in the industryugkak 2009}to
reduce the risk of inadequacies between the fumalittes of a product, software or service
and the specific needs of potential users. The RDAften based on a 4 steps method as
described by Castro et al. [Castro et al. 20@2lich was first centered on products
requirement and was then optimized to take intosictamation both expectations from
consumers [Stein 1994; Castro et al. 20@24 innovations from research and development
departments [Kusiak 2009]. Focusing on fresh predyality, the RDA could be transposed
to the design of tailor-made packaging, and enldniog implementation of reverse
engineering on specific points such as optimal aphere for Modified Atmosphere
Packaging (MAP) preservation.

Among fresh fruits and vegetable, strawberries emgecially interesting because of
their fragility and mold sensitivity that cause idepreciation in sales at retailing point. This
makes the development of an optimal packaging isolub maintain the quality of these
produce during storage of economic interest. Varioesearches have been conducted to
improve the storage of these berries such as neddétmosphere packaging [Nielsen et al.
2008] or edible coatings [Tanada-Palmu et al. 20B&rnandez-Munoz et al. 2008]

sometimes combined to essential oils [Bhaskara Reddal. 1998] or aroma compounds
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[AlImenar et al. 2009] to produce active materialghvantimicrobial property. Albeit some
solutions appeared to extend the shelf-life ofvekries at temperature lower than 10°C,
none of them gave satisfactory results or have bestad at 20°C, which is the most common
temperature at European retailing points. Theretiesstill a need to design packaging fully
adapted to the storage of strawberries at amieempérature.

This study aims to adapt the RDA to fresh produaekpging and apply it to the
development of an optimal active packaging for veb@ries with agro-polymer based
materials. The RDA relies on one hand on bibliobregd data collection on the needs of
strawberries and current knowledge on its presemvatand on the other hand on
experimental data acquisition for material develepmand validation of the designed
packaging in conditions of use.

MATERIALS AND METHODS

Materials.

Commercial kraft paper (Teranna 36g/m2) was pravitly Gascogne Paper (Mimizan,
France) in sheet form to serve as support for ogatyral (Marckolsheim, France) supplied
vital wheat gluten (WG) powder (AG110), containin@ wt. % of moisture and 76.5 wt. %
of proteins. All chemical products as acetic acid aodium sulphite used to prepare the WG
coating solution and sodium sulphate, dichloromsthand tween 80 were purchased from
Aldrich (St Quentin, France), and Potato dextrogmara(PDA) medium from Biokar
Diagnostics (Allone, France). Trans-2-hexenal ifpuB8%; density: 0.846; saturated vapor
pressure: 879.8 Pa; LogP: 1.7; all at 25°C) andrzanone (purity 99%; density: 0.830;
saturated vapor pressure: 75 Pa; LogP: 2.9; &bdT) used as antimicrobial compounds and
2-nonanol (purity 97%) used as internal standarcevpeirchased from Aldrich (St Quentin,
France).Botrytis cinerea(MUCL30158) was kindly provided by the Catholic igrsity of
Leuven (Leuven, Belgium) andRhyzopus Stolonifer(harvesting from contaminated
strawberries) was provided by the Centre Technigteeprofessionnel des Fruits et Légumes
(CTIFL, Lanxade, France). Strawberriesar, Charlott¢ were harvested by CTIFL
(Prigonrieux, France) for testing the impact ofimntrobial compounds on the fruits or
purchased from a local farmer for testing packagffgciency in conditions of use. PET

punnets were purchased from a local retailer (Méirance).
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Minimal inhibition concentration (MIC) determinaho

To prepare inoculums @. cinerea and R. stolonifespores of 7 day-old-cultures grown of
PDA were harvested in saline distilled water witi% (v/v) tween 80. Concentration of
spores was determined using a haemocytometer (Mala=ll) with an optical microscope at
400x maghnification and adjusted to*Epores/mL.

Petri dishes containing 10mL of PDA medium werentheculated by 100pL of £0
spores solution (total of #@pores) and placed in sterilized 1L jars contajrmL of water
to adjust Relative Humidity (RH) to 100% RH. Filtpapers impregnated with a known
amount of active volatile compound (from 0, for ttentrol, to 40uL) were stuck on the lids
of jars. Jars were closed and incubated at 22°Q.@adays. Three jars were daily opened to
measure the mycelia diameter as well as 3 cordrsltp check the viability of molds. The
MIC was then determined as the minimal amount tiv@csolatile compound for which no
mold growth was observed during 10 days at 22°C1@%RH and expressed in pL.lof

air.

Impact of MICs on the quality of strawberries.

The effect of MICs on the quality of strawberrieasrassessed. Twenty strawberries were put
inside a 1L punnet, whose lid was perforated (toichanoxia) and fitted with a filter paper
impregnated with the tested active compound atlitSs, and stored at 20°C during 5 days.
Visual aspect of the berries was assessed andnpeese absence of the characteristic odor of

the tested active volatile compound was noted.

MAP simulation.

The evolution with time of oxygen and carbon diexigartial pressures in packaging
headspace was simulated using the web MAP modelitgpl Tailorpack
(www.tailorpack.com, UMR IATE, France) to evaluat@bility of the selected packaging.
This modeling tool is built on a mathematical modatsed on the mass balance between the
oxygen and carbon dioxide flux through the packggmaterial on one hand and the &nhd
CO, consumption/ production of the produce respiratonthe other hand. This model, as
most of those previously established [Kok 1985; Watal. 1987; Kader et al. 1989; Edmond
et al. 1991; Talasila et al. 1994; Fishman et @05} Peppelenbos et al. 1996lvhs based on
Michaelis-Menten equations for produce respirateomd Fick’s laws for gas transfers as
detailed in Cagnon et al. 2012 [Cagnon et al. 2012]
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It can be run in two modes available on the Tadokpwebsite: optimization and
simulation. In both cases, produce characterisfiush as maximum respiratory rate
(RRo2may, respiratory quotient (RQ), apparent Michaelisistant (Kngd.app and inhibition
constant (Kiéoo) as well as packaging dimensions such as surfateme, thickness and the
mass of produce to be packed are required. In Hse ©f optimization, the optimal
atmosphere is previously required (%o@nd %CQ) and the optimal permeabilities (i.e.
permeation value multiplied by thickness) of thekaming material could be then identified
using an optimization procedure (e.g., LevenbergeMard algorithm) to fit predicted partial
pressures to optimal ones. In the case of simula@p and CQ packaging permeabilities are

required and the evolution with time of %@énd %CQ headspace composition is predicted.

Preparation of the coating solution

WG coating solution (21.23% dry w/v) was preparédoam temperature according to a 3
steps procedure [Guillaume et al. 2010a]. Firsg 80 WG powder were dispersed under
shacking in 50mL of a sodium sulphite solution @®0mL), which worked as a reducing
agent of the disulfide bonds. Then, after 30misetdtling, the pH of the solution was set to 4
by adding a 50% v/v solution of acetic acid. Fipdhle solution was adjusted to 130mL by
adding deionized water and the whole mix was stiened left to rest for a day.

The desired active compound was then added (18n8@5% w/dry-w) to prepare the
active WG coating solution used to create the aotobial materials. The whole mix was
stirred again for 5min at 8000rpm with a LART hgeed mixer from Silverson (Chesham,
England). This active solution was used immediafelycoating or analyses (microscopy

observations or viscosity measurements).

Optical microscopy on WG solutians

Each solution was deposited onto a glass microsslghe and observed at 20x magnification,
under a DM2000 optical microscope from Leica Miggiems (Nanterre, France) equipped
with a JVC color digital camera (Tokyo, Japan)rerording.

Viscosity and consistency of WG solutions.
The viscosity measurements were carried out onysi€d Rheolab MC1 viscometer from
Anton Paar (Stuttgart, Germany) equipped with a X 2neasurement module and a TEZ

peltier. Samples were equilibrated at 25°C befoiaysis, and then measured. The shear rate
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of the moduley in s*) increased from 1 to 1256sind the shear stress of the sample Pa)
was measured for every shear rate value. The d¢ensis(k in Pa.s) and the flow behavior
index (n) were calculated thanks to the followingation:

T=kxy" eg. 3.1

Preparation of passive or active materials
Prior to coating, all support papers were stored iRH controlled chamber set at 30% RH
using CaCl. The coating was performed on the raw side ofstieets immediately after the
preparation of the coating solution using an E40&dé coater from Erichsen (France)
equipped with the blade n°8 featuring a spire widthlmm. Coating speed was set at
10mm.§". To be spread all over the sheet surface, an 8Xe@nL) of coating solution was
deposited to produce coated papers. After coatirajerials were left to dry at 20°C for 2
hours and the relative humidity was kept below 40Aaterial made from the WG coating
solution were referred as Passive WG-Papers (cintd Kraft WG-Paper [Cagnon et al.
2012]) and materials made from the active WG cgagimiution were referred as Active WG-
Papers.

Uncoated papers used for coating weight assessmer® subjected to the same

treatment except the coating solutions were dewbptoteins.

Coating weight measurement

Coating weight was calculated from 9 replicatesshptracting the dry basis weight of a

defined area (25cm?) of uncoated paper from thebdsys weight of the same area of coated
paper. Dry basis weights were measured on an (Qdraussion balance after 24 h of drying at

103°C.

Oxygen and carbon dioxide permeation measurements.

The G and CQ permeation (R and Peoy) of coated materials were assessed in triplicate
thanks to an isostatic and dynamic method using piesse chromatography detailed in
Cagnon et al. 2012 [Cagnon et al. 2012]. The pdeotety (S) of the materials was also
calculated as the ratio of ¢ on Pey.
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Determination of the residual amount of aroma coomabin active materials

and losses during processing.

Extraction of aroma compounds was performed by ising square pieces of materials
(3x3cm) in a mixture consisting in 5mL of deionizedter and 5mL of dichloromethane.
100pL of a 3% 2-nonanol solution were added tontiddure as internal standard. After 16h
under magnetic stirring (500rpm), the organic phas#aining the aroma compound and the
internal standard was removed and dried over aolgdsodium sulphate to ensure complete
elimination of agueous phase. The analysis of drrgdnic phase was carried out on a Varian
3800 GC-FID equipped with a DB5 column (30mx0.25niitim thickness of 25um, T8W
Scientific) and a flame ionization detector (FID/dogen: 30mL.mit, air: 300 mL.mift,
nitrogen: 30mL.mift). Temperature of the detector was set at 300°C tha injector at
250°C. Hydrogen was used as the carrier gas witlova rate of 2mL/min. The column
temperature was programmed to first rise from 59Q%C at a rate of 4°C/min and then from
90 to 250°C at a rate of 15°C.rfirto be finally maintained at 250°C for 10min. The
injections were done in split mode with a ratio oP0. The residual amount of aroma
compound in the material was calculated by coraiabetween the aroma compound peak
and the internal standard peak, extrapolated toface unit and then expressed in g/buss

of aroma compound (in percentage) during matenatgssing (i.e. solution preparation,
coating and drying) was calculated by taking intccant the residual ()vand theoretical

(wy) amount of aroma compound as follows:

%Loss = w eq. 3.2
t

with w, = Cw X (% Aroma compound added) X (Ei)
ef

where Cw (g/m?) is the coating weight of the cogtagers previously evaluated ang tGe
extraction efficiency for each aroma compoundy)(lvas determined at about 0.917 and

0.937 for trans-2-hexenal and 2-nonanone respégtive
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Kinetics of active compound release from the coptguers.

Square pieces of materials (3x3cm) were put inaantder set at 20°C and desired RH (<50%
and 100%). The RH was adjusted by spreading huiediddir through the chamber (air flux:

25ml/min). Air flux was humidified by bubbling in@as washing bottle containing water and
placed in a cryothermostat regulated at a propehgsen temperature. The differential

temperature imposed between the chamber and tbéherynostat allowed the establishment
of the desired RH in the chamber. The RH was \etibly a probe placed inside the chamber.
Materials were taken out from the controlled chandigrescribed time intervals (between O
and 16 days) and aroma compound residual contentmraediately determined as described

above and expressed for a surface equal to ti{g3itm?2).

Packaging structures.

Three different packaging were used. The Controkisted in an open 1L PET punnet. The
Passive Tailor-Made Packaging was made of the sameet closed with a passive material
based lid (256cm?) and the Active Tailor-Made Pgakg of the same punnet closed with an
active material based lid (256cm?).

Tests of the packaging in operating conditions.

Strawberries were picked up and stored for onetragli0°C prior to experiment. 5009 of
strawberries (£5%) were placed in each of the &@giag structures described aboRacked
produce were stored during 5 days at 20°C and 1RBP4n a controlled chamber (Meditest
600/1300, Firlabo, France). Mold spot formationarges in the overall aspect of the berries,
and traces of exudates were daily assessed inc#étgl The amount of @ inside the
packaging was monitored daily via an online and-destructive method. An oxygen
sensitive optical sensor (Fibox/Oxy-view, Presgéasrmany) was placed inside each punnet
and the evolution of the amount of oxygen was medrin triplicate during the storage. The
amount of CQ inside the packaging was also measured on thelégsof storage using a
MGC analyzer (R3000, SRA Instruments, Agilent, EeAnequipped with a filled column
M5A and a TCD (Chrompack, France). Helium was usedaarrier gas and the temperature

was set at 80°C for 3min.
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RESULTS AND DISCUSSION

This section is presented according to the diffesteps of the requirement driven approach
(RDA) we proposed to design an optimal packagingfifiesh produce. This approach was
adapted from Castro’s methodology [Castro et ab22@nd is illustrated in Figure 3.1 for
optimal packaging of strawberries:

-Step 1. “Determination of produce need&Edrly requirements” in the Castro method):
evaluation of parameters (physical, chemical, pggical, microbiological, and
environmental) that could affect quality attributasd shelf life of the produce in conditions
of use, and could have an impact on its commeraéle (closely related to consumer’s

expectations);

-Step 2. “Foreseen solutions for packaging’ae requirements”in the Castro method):
transcription of the early requirements into poesjiackaging solutions, taking into account
experience and knowledge of all the stakeholdextsabntribute to the innovation;

-Step 3a. “Dimensioning of Tailor made packagint®r¢hitectural design” in the Castro
method): determination of the format of the packggdepending on the produce weight,
turning packaging solutions into packaging/matermbperties, and selection of the

packaging/material constituents to obtain thespgees;

-Step 3b. “Detailed design of materiatDitailed design”in the Castro method): if materials

do not already exist, conception of the materiat{sheet the desired properties

-Step 4. “Validation of tailor-made packaging innddion of use” (additional step to the
Castro method): validation of efficiency of theldaimade packaging in the conditions of use.

The two first steps rely on acquisition of data &mdwledge from a state of the art
combined to critical considerations from producergypliers, retailers, and consumers. The
third one is based on reverse engineering and maedsling tool(s) to determine format and
optimal properties of the packaging. The two lasps consist in experimental procedures for

conception of material(s), when necessary, andgzacl validation.
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1. Determination of Produce Needs

Protection against physical damage
Optimal atmosphere for conservation
Protection against mould growth

-

2. Foreseen Packaging Solutions

Solid package
Modified Atmosphere Packaging (MAP)
Antimicrobial compounds

-

3a. Dimensioning of Tailor-made Packaging

's N\ N\

Solid Package | |Modified Atmosphere Packaging Antimicrobial
L J{ N Compounds
Choice of container Ghoice of adequate lid materiam (Choice of antimicrobial
11 PETP ¢ for Pg, & Selectivity compound
unhne (Tailorpack MAP modelling tool) Trans-2-hexenal &
19x13.5cm lid
\_ Y, \_ 2-nonanone Y,
Optimal film materials - N
. J MIC determination
(In Vitro)
[ 3b. Detailed Design of (Active) Material
~
Incorporation & retention of aroma compound
Kinetic release in conditions of storage and use (goal: MIC) )

-

[ 4. Validation of Tailor-made Packaging in Conditions of Use

Control of strawberries quality for antimicrobial efficiency

Inner atmosphere monitoring for MAP (related to gas transfer properties)
S

Figure 3.1. Requirement Driven Approach adaptethéodevelopment of optimal MAP for

strawberries
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Determination of produce needs (Step 1 of the RDA).

As highly perishable commodities, strawberries bitha short shelf life during post-harvest.
They are characterized by delicate tissues easityaged by mechanical stress [Moras 2005],
fungal spoilage mainly caused by the grovBbtrytis cinerea(the most common) and
Rhyzopus stolonifgithe most resistant) [Maas 1981; Bhaskara Reda@}. e998], and high
respiration rates [Kader et al. 1989] inducingrtisenescence and consequently changes in
quality attributes such as texture, color, odaydir, acidity, and sweetness [Shamaila et al.
1992]. To extend their shelf life, main requirensehave been identified [UCDavis 2012] and
are presented in order of decreasing importancetegtion against physical damage,
inhibition/delay of fungal growth, and reduction tie respiration rate (while avoiding
anoxia) to delay senescence. It should be notediththe specific case of strawberries,
senescence is generally not observed due to the diegradation induced by mold
proliferation.

Foreseen solutions for packaging (Step 2 of the RDA

To conceptualize an efficient packaging solutiondtwawberries, it was necessary to prospect

the solutions already considered.

Protection against physical stressPhysical damages might occur during handling and
transportation all along the supply chain as wsllaa selling points since customers might
touch the product (which is also a source of mi@bolbontamination). For this reason,
strawberries require a physical protection that oaty be brought by a solid packaging
structure. The solution already widely applied @s use punnets either made of PET,
cardboard or light wood [Moras 2005] (sometimesvatbubble wrap layer on the bottom of

the punnet).

Protection against molds.Due to their sensitive and irregular surface, mkewashing is
poorly efficient toward microbial decontaminatid@oating strawberries with films based on
starch, chitosan or wheat gluten have also beearexmed [Vu et al. ; Tanada-Palmu et al.
2005; Vargas et al. 2006] but was not fully satisdey and some coatings even had
detrimental effects. High level of G@1L0% or higher) and/or use of volatile antifunggéents
as essential oil (red thyme, oregano, clove, cirorgntea tree) or aroma compounds (as 2-
nonanone) have been demonstrated efficient to delayinhibit mold growth from
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strawberries [Vu et al. ; EI-Goorani et al. 1978Klazzaz 1983; Bhaskara Reddy et al. 1998;
Fernandez-Trujillo et al. 1999; Hertog et al. 1988nenar et al. 2007; Rodriguez et al. 2007,
Almenar et al. 2009]. However, high amount of @igher than 15%) is questionable as
some author demonstrated that such treatment aodicte off-odor [El-Kazzaz 1983; Ke et
al. 1991; Shamaila et al. 1992]. When using esakoils or aroma compounds, part of them
can be absorbed by fresh tissues and thereforecenduganoleptic changes as the
modification of strawberries aromatic profile oogduce browning. Moreover, even if they are
chosen among generally recognized as safe (GRAS)paonds, they can exhibit
toxicological effect on consumers if present athhigvel in the produce. Then it is necessary
to verify if their minimal inhibition concentratioMIC) towards the molds considered is
below the oral toxicity value of L{3. Whether essential oils appeared interesting for
economical reason and large spectrum efficienapfRuti et al.], volatile aroma compounds
were retained in the present work for inhibitingéyeng fungal decay in strawberries because

their side-effects can be more easily controlledl @mderstood.

Delaying senescencéven if lowering of the fruit respiration raterist of major importance
for strawberries preservation, the inner atmosplwemposition need to be considered in
order to avoid anoxia (or fermentative catabolisB9.a minimum oxygen level should be
maintained inside the packaging, but the limit a& precisely set. Some authors witnessed
fermentation below 2.3% of {EI-Goorani et al. 1979] but other studies havendestrated
that short storage at 1%, @nd 5°C was harmless for the fruit and that taeateawberries
were not differentiable from untreated ones (st@edir composition) by an untrained panels
[Ke et al. 1989; Ke et al. 1991]. Too high amounfsCO, (>15%) and its subsequent
acidification of the fruit also needed to be avdid®e meet consumers’ expectations as
discussed previously. So it was decided that athmrgpcomposition featuring,&1% and
C0Ox<15% should be targeted.

As a consequence of this bibliographical work, paekaging solution proposed was
based on a two parts packaging (Figure 3.1): a ganinnet (part 1) for mechanical protection;
and a lid (part 2) for antimicrobial volatile compuls release for inhibition of mold growth
and gas transfer regulation for establishment ofoptimal atmosphere for preservation
(O2>1% and CQ<15% ).
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Dimensioning of tailor-made packaging (Step 3ahefRDA).

The format of the packaging was first selected iideo to remain close to commercial
strawberry packaging encountered for 500g of predwolume was fixed to 1 L and the
opening surface to 256cm2. A PET punnet has beesechas a solid punnet against physical
damage. Then the lid material constituents werectsd to ensure gas transfer regulation and
antifungal activity. A MAP modeling tool was useal determine the optimal range of O2
permeability (Pg;) and permselectivity (S), equal to €O, permeability ratio. This allowed
the identification of materials exhibiting thesesgeansfer duties as potential lid materials of
the packaging. At the same time, choice of thenaintobial compounds and evaluation of the
minimal inhibitory concentrations (MIC) towards Binerea and R. stolonifer (targeted

amount of active agent required in the further pgakg headspace) were performed.

Choice of Adequate Lid Material. The lid material must exhibit adequatepsf?and S to
reach an optimal atmosphere range for strawbegaiekeast 1% @and below 15% C®as
previously defined). The Tailorpack MAP modelingltavas used in optimization mode to
determine targeted Bgand S values, with input data from Table 3.1 ardlecting gas
exchanges through PET (e 0.02x10"mol.Pa’.m?.s?) all along the short time span of
strawberry. These values were then compared torles of several films including wheat
gluten based materials, selected due to the integestrinsic transfer properties of WG
based materials [Gontard et al. 1996b; Cagnon @04aR] (Table 3.2).

Low density polyethylene (LDPE), oriented polyprtame (OPP), Untreated Coated
Paper and Kraft WG-Paper were found to fit the ropti P@, and S requirements
(Pe2>1.43x10" mol.Pat.m?.s* and S>1.60). Oppositely, the micro-perforated ptasbuld
exhibit the required Rg but would never be selective enough. Only OPP \entional
plastic) and the Kraft WG-Paper (agro-material) eveetained as lid material since they
exhibited lower Pg than their counterparts (LDPE and Untreated CoBtguer respectively)

and so would likely fare better in the matter afueing strawberry respiration.
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Choice of antimicrobial compounds. To limit the growth of bothB. cinereaand R.
stolonifer two volatile natural antimicrobial agents, 2-nooa@ and trans-2-hexenal have
been identified. The former because it is an arao@apound of strawberry that has been
already tested in active packaging for strawbefddsienar et al. 2007; Almenar et al. 2009]
and the latter because it is produced by strandsein response to wounding as a protection
against fungal growth [Myung et al. 2006] and halso been found efficient in delaying
mold growth on other fruits such as apples [Cortoal.2000].

MIC determination. Various amounts of trans-2-hexenal and 2-nonaneee tested to
evaluate the MIC of both compounds towards eachdnibhe mold charge was set at® 10
spores per Petri dish, a slightly over evaluatddevaf the mold charge present in commercial
500g strawberries punnets (unpublished data frorICGTFrance, years 2008-2009). Figures
3.2a & 3.2b showed examples of the growth of m@Elscinerea on Petri dishes via the
diameter of the contaminated area on the agatlged, allowing the determination of a mold
growth delay or the MIC (no growth during 10 days)s important to mention that MIC is
very useful to compare compounds in their antinii@b efficiency but is determined in
conditions that may not match realistic storaggeemlly in terms of temperature, mold

charge and time.
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Figure 3.2. Growth of B. cinerea at 100% RH and@2%pressed in diameter for different

concentrations of (a) trans-2-hexenal and (b) 2amne
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The MIC for trans-2-hexenal towards both molds wsrestingly low: only 2.5pL.t
of air (i.e. 2.11mg.I*) were required foB. cinereainhibition and 5pL.I"of air (i.e. 4.23
mg.L™) for R. stoloniferinhibition (data not shown)). This compound wagenefficient than
carvacrol, which exhibit a MIC of 5pLof air towardsB. cinerea[Ben Arfa et al. 2007b].
Such efficiency was not previously suspected. Vaughal. [Vaughn et al. 1993] proved a
total inhibition ofB. cinereaby 20uL.L" of air of trans-2-hexenal but did not test anydow
concentration. In regard to 2-nonanone, its MIC wigsificantly higher as 20uLt of air
(i.e. 16.4mg.L%) were required to inhibiB. cinerea Vaughn et al. [Vaughn et al. 1993]
determined a MIC value of 40pL*Lfor 2-nonanone toward the same mold but the exact
conditions of the experiment (humber of spores uteted) were not given. F®&. stolonifer
more than 40pL.E of 2-nonanone prevented its growth (data not shoWvhatever the
aroma compound, MIC calculated here were far Iaan LDs, (3200mg/kg for 2-nonanone
and 850 mg.k{ for trans-2-hexenal) thus guaranteeing no riskezflth hazard even if other
input occur.

It has been proven that compounds with strong Ipliybic characteristics
(2<LogP<4) solubilize easily in cell walls and sod to reach the toxic concentration leading
to cell destruction [Sikkema et al. 1995; Webealetl996; Ben Arfa et al. 2006]. So, looking
at their respective log P (1.7 against 2.9 for g¥@rhexenal and 2-nonanone respectively),
2-nonanone should have been slightly more efficibah trans-2-hexenal. But the chemical
nature and the ability of the compound to act pso#on exchanger have also to be taken into
account [Ultee et al. 2002; Ben Arfa et al. 20(#ing an aldehyde, trans-2-hexenal with a
double bond in second position is more likely toleange a proton with the cell structure than
the 2-nonanone or be able to link DNA and protanotgh its aldehyde function. This would
make it more efficient in making the cell wall a@glse and thus damaging the mold.

Since reasons of their efficiency are also reasmigheir possible phytotoxicity,
strawberries were subjected to the determined M(&s well as 40uLt of air of
2-nonanone) and their quality was daily assessegpdeared that the highest doses of both
aroma compound (5 and 40pLkbof air for trans-2-hexenal and 2-nonanone, respelgi
caused external injuries (darkening of berries &enas) whereas their lower doses
(corresponding to MICs toward3. cinered maintained the fruits quality compared to the
control (Table 3.3). In addition, aroma smellingswgetected for the highest concentrations
only, whatever the compound studied. In such dandi only the lower doses (2.5 and

20uL.L? of air for trans-2-hexenal and 2-nonanone, respsy) were retained for the study

187



Chapter 3 - Requirement Drive Approach and Use of ProteirMéP Design B

even if they are not sufficient to inhibit the gibmof R. stolonifer They could at least delay

its growth for few days.

Table 3.3. Effect of the determined MICs on fguialities (visual aspect and presence of aroma odor
at punnet opening)

Dayl Day2 Day3 Day 4 Day 5

Control Aspect ++ + {decay) -(decay) - (decay)
(no aroma compound) Aroma Odor / / / / /
trans-2-hexenal 2.5uL Aspect ++ ++ + + +
(MIC towardsB. cinerea Aroma Odor No No No No No
trans-2-hexenal 5uL Aspect ++ + {burn) - (burn) - (burn)
(MIC towardsR. stolonife} Aroma Odor  Slight Strong Strong  Strong  Strong
2-nonanone 20pL Aspect ++ ++ + + +
(MIC towardsB. cinerea Aroma Odor No No No No No
2-nonanone 40uL Aspect ++ + {burn) - (burn) - (burn)

(Delay ofR. stolonifergrowth) ~ Aroma Odor ~ Slight Strong  Strong  Strong  Strong

Detailed design of (active) material (Step 3b & RDA).

The aim of this step was to design the lid matem#h the ability to retain aroma compound
at its above-mentioned MIC towardd cinereawhen stored and to release it quickly in
condition of use (when put in presence of the $juiThe triggering effect identified here is
the increase in RH that quickly reaches around@B4linside the package.

Among the selected candidate, synthetic polyolaBnOPP have been found to well
retain and absorb volatile aroma compound but ésgnt limited release capacity [Pezo et al.
2008]; moreover no possibilities of RH controlledeased have ever been reportedan be
noted that it is possible to enhance the retenttedse capacities of materials by in bulk
incorporation [Kollengode et al. 1997; Almenar et2907; Tonelli 2008; Astray et al. 2009]
or surface application [Del Valle 2004] of cyclodéxs that get this ability. However this
complex and costly process was not envisaged & ghidysince multiple studies already
proved the interesting RH dependent retention/seled protein based materials [Chalier et
al. 2006; Chalier et al. 2007b; Mascheroni et 813 such as wheat gluten. Consequently
incorporation of 2-nonanone and trans-2-hexenal ovdyg tested on Kraft WG-Paper. Kraft

WG-Paper containing aroma compound will be refernedeinafter as Active WG-Paper
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whereas the original Kraft WG-Paper (devoid of amacompound) will be referred as Passive

WG-Paper and used as a standard.

Incorporation & retention of aroma compounds (on Id size material). Solutions of WG
containing 3 different concentrations of aroma coomm (15%w/dry-w, 30%w/dry-w and
45%w/dry-w) were tested. Residual amount of aromapound in the Active WG-Paper
after coating and drying was assessed, along Wwéhrétention percentage compared to the
initial quantity of the compound (Table 3.4). Itsh&een previously demonstrated that
increasing the concentration of volatile aroma coumal in a protein based casting solution
can improve its retention during the fabricationgass [Chalier et al. 2007a].

Extremely poor retention of trans-2-hexenal by\#W& material during the processing
of the material was observed, as indicated bydkevalues of residual amount whatever the
initial concentration. Moreover, increasing the drporated dose brought no significant
improvement of the quantity retained and as a auresgce, the percentage retained decreased
significantly. Optical microscopy observations atusions (not showed) ruled out exclusion
of trans-2-hexenal from the matrix as the mix wieosenogeneous whatever its concentration.
This apparent low retention could be linked to thgh volatility of trans-2-hexenal or a
crosslinking of the matrix by the trans-2-hexendhich would consume a large part of the
aldehyde. The first point, expected because ofhigé saturation vapor pressure of the
compound879.8Pa) could explain the overall low retention ot the non-augmentation of
retention along with the introduced quantity. Tleead one seemed in accordance with
previous results on cinnamaldehyde incorporateal ansoy protein matrix [Ben Arfa et al.
2007b] and the fact that aldehydes are known feir tsirong ability to cross-link proteins
[Kupec et al. 2003; Balaguer et al. 2011]. In thd,evhatever the concentration introduced,
the MIC for trans-2-hexenal previously determineakswever reached.

On the contrary, for the 2-nonanone, the MIC (1@Anhwas reached in Active WG-
Paper made from WG solutions containing 30 and 488ry-w of aroma compound
(retention percentage of 27.6% and 30.1% respdg)ividowever, the retention percentage
remained lower than 50% whatever the initial comegion tested whereas past studies
reported up to 76.4% of retention for carvacrohivita WG layer [Mascheroni et al. 2010]. It
could be explained by a better compatibility of W& matrix with carvacrol than with
2-nonanone. Indeed, the difference in compatibilith a matrix between two compounds
can be assessed by looking at the evolution ofctmsistency between the matrix solution

alone and the matrix solution with addition of caupd [Mascheroni et al. 2010] . In the
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case of a 15% w/dry-w addition of aroma compoumdsyacrol increased the consistency
index by almost 7Pd's [Mascheroni et al. 2010] whereas 2-nonanone dmbught an
increase of 0.0275P8,svhich showed a far better compatibility betweanvacrol and WG
than between 2-nonanone and WG. The evolutiontehten ratios with the increase of 2-
nonanone introduced were in accordance with previeaults obtained on carvacrol and soy
protein coated papers by Ben Arfa et al. in 200&n[Brfa et al. 2007b], even if the overall
retention values were far lower with the Active WWR@per containing 2-nonanone (27.8%
against 82.4% retained for 30% w/dry-w introducdtdiyan also be noted that 2-nonanone is
more volatile than carvacrol which can also expldie higher losses during processing
(saturated vapor pressure: 75Pa for 2nonanonesaga#iPa for carvacrol). But the goal of
this part was not to achieve the highest retentisrde the matrix but to reach the expected
dose (MIC) with a minimal amount of aroma introddi@e solution.

In conclusion, the best coating solution in terrhguantity of product introduced and
amount of agent trapped was the one containing @08ty-w of 2-nonaone and, only the
materials coated with this solution were to bea@dor the controlled release.

Table 3.4. Aroma compound retention capacity divAdNG-Papers as function of the type and
amount of aroma compound added (and informatioruatieeir coating weights and thicknesses)

Initial Amount in Coatin Resillel
Aroma ) . 9 Thickness  Amount on Retention
Solution Weight . .
c : lid material .
ompon (%w/dry weight)  (g.m?) (km) (%)
(mg)
None 0 13.44+41.03 69.55+1.33 NA NA
Trans-2-hexenal 15 13.44+1.20 69.43+0.79 0.282+0.08 0.53+0.17
30 14.01+0.89 70.02+1.06 0.31+0.01 0.4+0.01
45 14.25+1.17 70.89+0.96 0.30+0.03 0.2+0.02
2-nonanone 15 14.02+0.93 69.50+1.47 14.2+1.04 20.2+2.02
30 14.78+0.27 69.62+1.12 21.5+4.65 27.8+3.33
45 14.75+0.42 68.98+0.93 46.2+6.65 30.1+4.32
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Kinetic release of aroma compound in conditions o$torage and uselt is necessary to
ensure that the release of the trapped 2-nonaregeehs only in conditions of use and not in
storage conditions. In addition, quick and complBtiC release is expected as slow or
incomplete release might allow mold growth. Forstheeasons, storage conditions and
conditions of use were simulated as 50% RH and 2lithg 14 days and 100% RH and
20°C for 48 hours, respectively, and results apgzkar Figure 3.3.

The release of 2-nonanone was inferior to 1mg whenRH was kept below 50%
even after 14 days of storage. But when the RHraiged to 100%, the release was triggered
and all the 2-nonanone was quickly released fraamthterial (less than 48 hours); MIC was
reached in less than 24 hours. This triggeringcefté RH was attributed to wheat gluten
proteins physicochemical properties change at Rgh[Mujica Paz et al. 1997]ndeed, at
high RH wheat gluten films undergo plasticizatiordahe chain mobility inside the matrix
increases, which should increase the diffusivityraflecules such as the aroma compounds
through the matrixIn previous studies, a multiplication by 2 or 20 tbe diffusivity of
2-nonanone in gliadin [Balaguer et al. 2012] andvaerol in WG [Mascheroni et al. 2011],
respectively, were reported for an augmentatiorelative humidity. These results confirmed
that the Active WG-Paper should be able to endtomge without active compound losses
(even if it still needs to be confirmed on a largere span and more drastic conditions) and
will quickly release the entire amount of activdatile compound available (and so the MIC)

in conditions of use.

~ Storage Conditions Conditions of Lise
By Al e PO e 2
L s e e b s A S e
SOERH
s . + - —$ : - . ] | S— —
0 2 1 3 8 10 12 4]0 10 20 30 40 50
Time (days) Time (hours)

Figure 3.3. Kinetic release of 2-nonanone from vetVG-Paper (lid size: 256cm?) in conditions of
storage (50% RH) and usage (100% RH) at 20°C
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Validation of tailor-made packaging in conditionuge (Step 4 of the RDA).

In order to complete the packaging development, Tthgor-Made Active Packaging was
tested and compared to a Tailor-Made Passive Packagd the Control in terms of quality
of the fruits (35 berries, i.e. around 500g) aneemoxygen content. RH was set at 100% for
maximum efficiency of the packaging (antimicrobaglent release and gas transfer properties)

and the temperature was set at 20°C to simulatagaaconditions at retailing points.

Inner atmosphere composition.The inner oxygen content was monitored, as it wastiaal
point to avoid anoxia. Passive (not showed) andvActailor-Made Packaging (Figure 3.4),
both presented the same behavior. The oxygen dorgerained low (below 2.5%) but well
above the 1% minimal limit, thus likely reducingeteenescence of the fruit while avoiding
risk of any detrimental effects due to low oxygesntent. The similar evolution in both
packaging was expected since i&rmeation and permselectivity values of the AcWG-
Paper (Pg: 3.42x10"mol™.Pa.n?.s* and S: 4.9) were not significantly different fraive
ones of the Passive WG-Paper materialo4P8.33x10""mol*.Pa.n2.s* and S: 5.1) and
remained in the optimal ranges previously deterdhitowever, experimental values did not
exactly fit the one predicted thanks to the Taidmipweb application, which may be due to
the variability of fresh produce and the fact th@nsfer properties of PET punnet were
neglected. Guillard & al. [Guillard et al. 2011]cently found a way to deal with such
variability problems (from the produce or the pagikg materials) by implementing
parameters uncertainties and error propagation M#d modeling tools. Finally, in both
Passive and Active Tailor-Made Packaging, the adrCQ contents were well below the

15% limit at the end of the experiment.

25 4

O, (simulation range; low & high respiration)
+ 0, (experimental)
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e i EEE——— %0, min
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Figure 3.4. Evolution of the atmosphere composiinmide the Active Tailor-Made Packaging for
strawberries stored at 100%HR and 20°C
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Quiality of the strawberries. The number of contaminated strawberries visibbenfloutside
the packaging was assessed each day along witsfieet of the berries and the presence of
exudate.

The Active Tailor-Made Packaging delayed contaniimastart (considered as more
than 5 contaminated strawberries per package) foiays, and the Tailor-Made Passive
packaging delayed it for 1 day compared to thercbifdr which contamination was detected
at day one (Figure 3.5). GQvas suspected to act as an antimicrobial agebotin Passive
and Active Tailor-Made Packaging (present at arol@® inside both packaging). Increased
shelf- with the active packaging life (2 more daysnpared to the passive packaging) was
thus attributed to the release of the antimicroligént (2-nonanone). The delay in mold
growth observed in the Active Tailor-Made Packagimgjead of the expected total inhibition
(due to the MIC) could be explained by both thalibéctional release of the volatile agent
(towards the berries and towards the outside) dsdration into the PET punnet. Apparition
of exudate inside the Tailor-Made Packaging waays by 2 days compared to the control
and passive packaging and the visual quality oftieies was better in this packaging at
every step of the experiment (Figure 3.5). Thisficored both the antimicrobial efficiency
and the positive effect on berries quality of 2-moone already observed by Almenar et al. in
2009 [Almenar et al. 2009].

M Tailor-made active packaging
Tailor-made passive packaging
304 O Control

254
204 %
154

104

Number of strawberries contaminated

54

il

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5

0

Exudate o & b sbé bbb sbbbd
Control
Aspect - +HH + + - -
. Exudate o [ 4 [ 1) 11 [X11)
TM Passive
Aspect +HH+ +HH +H + - -
. Exudate o o o [} [} (YY)
TM Ative
Aspect HH HH HHH +HHH + +

Figure 3.5. Test of packaging antimicrobial effrotg (100%RH and 20°C): Strawberries

contamination and quality (overall aspect and exajla
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CONCLUSION

The requirement driven approach was successfulgpted to the field of fresh food
packaging. A new active modified atmosphere pacigtgilored to the needs of strawberry
(protection against physical stress and microliaiwth, and reduction of the respiration rate)
was designed using this approach. It was basedRifTapunnet (for mechanical protection)
closed with a WG coated kraft paper lid which washarge of both the establishment of the
optimal atmosphere composition for preservation #wedRH triggered release of a sufficient
dose of an antimicrobial agent (2-nonanone). Thidive Tailor-Made Packaging was
successfully tested in high RH conditions (100% Riich could be easily obtained with
water vaporization systems for example, and alloteegktend the shelf life of the strawberry
by 3 days.
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Additional Results

Up-scaling of Active WG-Paper production

Partners: UMR IATE, Centre Technique du Papier (Bbte, France), Gascogne Paper

(Mimizan, France), Adivec (Germany)

ABSTRACT: The production of active and passive wheat gluteater papers (Active WGP
and Passive WGP) was up-scaled from laboratorg $oahdustrial scale (with an intermediate
pilot scale production). The materials producedeagraracterized in terms of coating weight,
gas transfer properties and antimicrobial compo(2wionanone) retention. The industrial
materials were found to exhibit lower coating weight higher gas transfer properties than
their laboratory counterparts which was due to dtiterent kraft paper used as support for
coating and the industrial coating technique. Baterials produced at industrial scale were
found to retain slightly higher contents of 2-nooaa thanks to a very quick drying (less than
30 seconds instead of 2h at laboratory scale). fEsiglt indicated successful up-scaling in term
of potential antimicrobial efficiency of the matri

Antimicrobial
Oy Compound

Industnal Tailor-Made Active
Packaging

Laboratory Pilot Industrial o2 _{PET Punnat)
Grale Scale Seale {Perforated PET bd +WGE coated papsr)

KEYWORDS: Up-scaling, Industrial production, Wheat gluteap®r, Active MAP, Strawberries
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OBJECTIVES

Given the positive impact of the Active Tailor-maBackaging (with WG coated paper lid
loaded with 2-nonanone) built at laboratory scalestrawberry, it was interesting to assess
the feasibility of an industrial scale productidnAative WGP.

Consequently production of WG coated paper was fired at pilot scaled. Then, the
Industrial Active and Passive WGP were produced #mar gas transfer and aroma

compound retention properties evaluated.

MATERIALS AND METHODS

Materials.

Commercial kraft papers (Teranna 36g/mz for lalmwgatind pilot production and Kalysack

70g/m2 for industrial production) were provided ®gscogne Paper (Mimizan, France) in roll
or sheet form to serve as support for coating. elanyg (Hamm, Germany) supplied vital

wheat gluten (WG) powder, containing approxima@Bwt. % of moisture and 76.5wt. % of

proteins. All chemical products as acetic acid aadium sulphite used to prepare the WG
coating solution were purchased from Aldrich (Se@tin, France). 2-nonanone (purity 99%;
density: 0.830; saturated vapor pressure: 75PaP1a@; all at 25°C) used as antimicrobial
compounds and 2-nonanol (purity 97%) used as iatestandard were purchased from
Aldrich (St Quentin, France) as well as sodium katp for the extraction procedure.

Strawberries ar. Charlottg and PET punnets were provided by a local farrmerntdsting

packaging efficiency in conditions of use.

Material production at laboratory scale.

Preparation of the Passive WG coating solutioriThe Passive WG coating solution (21.23%
dry w/v) was prepared at room temperature accoraireg3 steps procedure [Guillaume et al.
2010a]. First, 30g of WG powder were dispersed uwrghacking in 50mL of a sodium
sulphite solution (0.06 g/50mL), which worked aseducing agent of the disulfide bonds.
Then, after 30min of settling, the pH of the sauatiwas set to 4 by adding a 50% v/v solution
of acetic acid. Finally the solution was adjusted 80mL by adding deionized water and the

whole mix was stirred and left to rest for a day.
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Preparation of the Active WG coating solution.The desired active compound was added
(15, 30 and 45% w/dry-w) to the Passive WG coasialyition to prepare the Active WG

coating solution used to create the antimicrobiatenals. The whole mix was stirred again
for 5min at 8000rpm with a LART high speed mixenfrSilverson (Chesham, England). This
active solution was used immediately for coatingaomlyses (microscopy observations or

viscosity measurements).

Laboratory scale paper coating.The coating was performed on the raw side of Treaan
369.m? sheets (A4 format) immediately after the preparaof the coating solution using an
E409 blade coater from Erichsen (France) equipp#dthe blade n°8 featuring a spire width
of 1mm (Figure 3.6). Coating speed was set at 1@thnT.o be spread all over the sheet
surface, an excess (>3 mL) of coating solution degsosited to produce coated papers. After
coating, materials were dried under 2 differentdibons:

- Room: 20°C for 2 hours with relative humidity kdyelow 40% and

- Tunnel: 110°C under pulsated air for less thas&tbnds (in a tunnel drier)

Figure 3.6. Laboratory coating machine Erichsen €48) and view of the coating tool (b)

Material production at pilot scale.

Preparation of the Passive WG coating solutionThe Passive WG coating solution (21.23
wt.%) for pilot production was prepared at room penmature according to a 3 steps procedure
[Guillaume et al. 2010a], adapted to match therddsjuantities. First, 2.3kg of WG powder
was poured into the bowl of a Hobart planetary mi8e85L of a sodium sulphite / deionized

water solution (4.60g / 3.85L) were added and thg was stirred until formation of

198



Chapter 3 - Requirement Drive Approach and Use of ProteiiM@P Design B

homogenous dough. The sodium sulphite solution a&s a reducing agent of the disulfide
bonds. Then, after 30min of settling, the pH of sb&ution was set to 4 by adding a 50/50 vol.
solution of acetic acid and deionized water. Finalie solution was adjusted to 10L by
adding deionized water and the whole mix was stiened left to rest for a day. The procedure
was repeated ten times to produce a 100L batchthtendolution exhibited similar viscosity

than its laboratory equivalent.

Pilot scale paper coating A roll of Teranna 36g.fa kraft support paper was placed in the
“Pilot-coating” machine of the Centre Technique Rapier (CTP, Grenoble, France). The
coating tank was filled with the Passive WG solut{igure 3.7). Given preliminary results,
a “soft blade” was used as coating tool, the speas set at 70m.mthand the drying was
chosen as 108kWXinfra-red lamps) and 200°C (hot air) combined.

Material production at industrial scale.

Preparation of the Passive WG coating solutionThe Passive WG coating solution (21.23
wt.%) for industrial production was prepared by veti (Hamm, Germany) at room
temperature according to the same 3 steps procedapged to match the desired quantities.
A 1000L batch was prepared in a Z-mixer. The sofutvas used 4 days after preparation and

exhibited similar viscosity than its laboratory agulent.
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Preparation of the Active WG coating solution.The Active WG coating solution (21.23 wit.
%) for industrial production was initially prepardatie same way by Adivec (Hamm,
Germany). The only difference was the addition @fodanone (30% w/dryw) at the end of
the preparation. A 1000 L batch was prepared inmixer. The solution was used 4 days

after preparation and exhibited similar viscoditart its laboratory equivalent.

Industrial scale paper coating.A roll of Kalysack 70g.m kraft support paper was placed in
the industrial paper coating machine of GascogmeiP@imizan, France). The coating tank
was filled with the Passive WG solution (Figure)3@iven preliminary results, an engraved
cylinder was used as coating tool (pressure 200)mihe speed was set at 200m.1&nd the

drying temperature at 125°C (pulsated hot air).

Figure 3.8. Gascogne Paper industrial paper coatimgchine (a) and close up on the coating tool (b)

Laboratory and up-scaled WG coated papers charaagon.
Thickness. The average thickness of each produced material dedsrmined at room
temperature and 30% RH with a hand-held digitalrometer (Mitutoyo instruments) from

10 measurements randomly taken over the papercsurfa
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Coating weight. To assess the coating weight, 9 square piece<xifhxbf both Support-

Paper (uncoated) and WG-Paper were cut and laftyaluring 24h in a ventilated oven at
103°C. They were then placed to cool into a desicazontaining silica-gel. After one hour
they were taken out and weighted with a precis@larce. The coating weight (Cw) in grams

per meter square was calculated as follows:

Cw = w eq. 3.3
where Wycr (9) is the weight of a WG coated paper piecep ) is the average weight of
Support-Paper pieces and A (m?) is the area oéeepi

Gas transfer properties.The G and CQ permeation (Re & Pezoy) of WG coated papers
were assessed in triplicate with an isostatic angachic method using gas phase
chromatography. The materials were placed in a gabilty cell. The inferior and superior
chambers were each spread by a 30mLrfiix of permeant gas (@r COy) and vector gas
(He) respectively. The RH of the gas flux was s#hg a bubbling flask containing water and
placed in a cryothermostat regulated at a propehgsen temperature. The differential
temperature imposed between the cell and the @ywibstat permitted the establishment of
the desired RH in the chamber. The self-supportattnals were measured at lower RH due
to their critical mechanical weakness at very HRjth. The permeation cell was coupled to a
gas chromatograph GC3800 from Varian (Les UlisnEea equipped with an automatic valve
to online analyze the evolution with time of permiegas concentration in the superior
chamber of the cell (analysis of 1mL of sampleraspribed times). The gas chromatograph
was equipped with a filled column Porapak-Q fromrd@hpack (Les Ulis, France) of 2m
length and 0.32mm diameter for separating @d CQ, with a thermal conductibility
detector (TCD). The gas {@r CQy) permeation of the material was determined asvidlin
the international system unit:

AQ

Pe, = ————
AtXAXAP

eq. 3.4

where subscript x referred to,@r CO, AQ was the number of moles of gas that passed
through the filmAt was the time for which permeation occurred, A wWesexposed film area
and AP is the difference in pressure exerted by the gasach side of the film. Gas
permeation was expressed in mot.gt.Pa’ unit. For total @ and CQ desorption and RH
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stabilization, materials were placed prior to measents in the permeation cell using helium

to spread both chambers.
Material permselectivity (S) was calculated asrdi® of Peo, on P,

Determination of the residual amount of aroma compond in active materials and losses
during processing. Extraction of aroma compounds from Industrial AetiWGP was
performed by immersing square pieces of mater@&8dm) in a mixture consisting in 5mL
of deionized water and 5 mL of dichloromethane. l0@f a 3% 2-nonanol solution were
added to the mixture as internal standard. Aftdr ader magnetic stirring (500rpm), the
organic phase containing the aroma compound andntbenal standard was removed and
dried over anhydrous sodium sulphate to ensure lenplimination of aqueous phase. The
analysis of dried organic phase was carried ou& dfarian 3800 GC-FID equipped with a
DB5 column (30mx0.25mm, film thickness of 25um, T@&ientific) and a flame ionization
detector (FID, hydrogen: 30mL.mtnair: 300mL.mift, nitrogen: 30mL.mitf). Temperature
of the detector was set at 300°C and the injedt@58°C. Hydrogen was used as the carrier
gas with a flow rate of 2mL.mih The column temperature was programmed to fisst fiom
50 to 90°C at a rate of 4°C.miirand then from 90 to 250°C at a rate of 15°C-him be
finally maintained at 250°C for 10min. The injectsowere done in split mode with a ratio of
1:20. The residual amount of aroma compound in the natems calculated by correlation
between the aroma compound peak and the intermnadlatd peak, extrapolated to a surface
unit and then expressed in ¢gnLoss of aroma compound (in percentage) during nadter
processing (i.e. solution preparation, coating anging) was calculated by taking into
account the residual (vand theoretical (yamount of aroma compound as follows:

We—wy)

%Loss = —= eq. 3.5

Wt

1
with wy = Cw X (% Aroma compound added) X (E_f)
e

where Cw (g/m?) is the coating weight of the cogtagers previously evaluated ang e
extraction efficiency for each aroma compounds)(®as determined at about 0.917 and

0.937 for trans-2-hexenal and 2-nonanone respégtive
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RESULTS AND DISCUSSION

Production of WG coated paper at laboratory scale.

The details regarding the coated paper producethlatratory scale dried under Room
conditions and their gas transfer properties cafobed in the publication 5 in the Chapter 3.
Their equivalents dried under Tunnel conditionstuesd the same surface aspect (under
naked eye or SEM) and the same gas transfer preserfhis indicated the possibility to dry
WG coated paper quickly and at high temperature dlkiring a pilot or industrial coating

process without damaging the final material or detating its transfer properties.

Production of WG coated paper at pilot scale.

With the settings selected, it was possible to pcedVG coated papers at pilot scale without
any tacking between the layers of the roll. The W@Bduced at pilot scale exhibited a

sufficient coating weight (>10g/m2) (Table 3.5) aadgjood and glossy surface aspect (no
visible defects) similar to the one of WGP produaethboratory scale.

Compared to the Passive WGP produced at laborataig, the one produced at pilot
scale featured higher oxygen permeationofPand lower permselectivity (S) (Table 3.5).
This loss of gas barrier properties and permseiécitould be explained by the combination
of drastic drying conditions at the pilot scale @hed lower coating weight deposited. In fact,
infra-red lamp drying is known to damage the WGteddayer, even if the material is shortly
exposed.

However, as the lowering of &xontent in the packaging to reduce fruits resjinat
was only the third requirement for strawberrie® (tilvo first being protection against physical
stress and protection against mold growth) andhasdrying condition on the industrial
coating machine would be less drastic (no infradireclved) these results at pilot scale

seemed promising enough to pursue the scaling-ageps.
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Production and properties of WG coated paper atstdal scale.
As for the production at pilot scale, the settisgiected allowed clean production of rolls of
Industrial Passive and Active WGP without any tagkibetween the roll layers. Both kind of
paper produced at industrial scale exhibited aigafft coating weight (Table 3.5) but their
surface aspect was very different from the onéhefgaper produced at smaller scales. They
did not exhibit the usual glossy aspect of the Wiated paper and the Support-Paper fibers
were apparent. Such observation indicated a nomgenous and non-continuous WG layer.

Consequently, the gas barrier properties and pdéeoctsaty of the materials built at
industrial scale were particularly poor for WG @mhtpapers. The Passive and Active
Industrial material exhibited Bgof 217.05 x10* and224.13x10"'mol.Pa".m2.s%) and S of
1.48and1.56respectively So the Industrial Passive WGP was not of inter@sstrawberries
(or any other fresh food) and highlighted the neédurther adjustments of the coating
process at industrial scale to obtain interestiagsve materials for MAP applications.
However, the Industrial Active WGP could still ba&ta@resting due its antimicrobial activity
(main requirement for strawberry packaging).

Regarding the active compound (2-nonanone) retergroperties of the Industrial
Active WGP, the material was able to retain slightigher quantities than the Laboratory
WGP despite a lower coating weight and a coatingtism used 4 days after its preparation
(instead of right away in laboratory conditionshi§ interestingly good result is probably due
to the fast drying performed in the industrial sogtmachine (<30s) compared to the lengthy
one performed at laboratory scale (2h). Finallygsth good retention results proved the
interest of the Industrial Active WGP for strawhepackaging and raised high hopes to

obtain a good antimicrobial effect with the actiaterials built at industrial scale.
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CONCLUSION

It was possible to coat kraft paper with WG-baseldteoon at both pilot and industrial scale
despite huge process differences. The papers peddafter production up-scaling exhibited
inadequately high gas transfer properties for pas8lAP applications but presented an
interestingly high retention capacity for volatdatimicrobial compounds such as 2-nonanone
(slightly higher than the paper produced at lalmrgatscale). Hence, given the fact that
2-nonanone release was found to be the major faotorstrawberry’s preservation
enhancement through active MAP, production at itrcaisscale of Active Tailor-Made

Packaging appears possible and should be considered
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DISCUSSION GENERALE

Malgré Il'ampleur que prend la technologie sous afhere modifiee pour le
conditionnement des fruits et légumes frais, I'aggipn des matériaux d’emballage avec les
besoins des produits est insuffisante. D’'une partg que la conception de ces emballages
repose encore sur des approches empiriques desgpeerreur, ne laissant pas de place a des
outils d’optimisation ; et d’autre part parce gaeplupart des matériaux disponibles sur le
marché présentent des propriétés de transfert amxtrgp restreintes compte tenu de la
gamme de propriétés nécessaire pour couvrir legiriesde 'ensemble de ces aliments. Les
travaux que j'ai réalisé ces trois dernieres anmégs2té centrés sur la mise en place et la
validation d’'une approche basée sur l'ingénierierse visant a identifier les propriétés de
transfert requises ou cibles pour un végétal doRaér concevoir des matériaux a facgon,
c'est a dire répondant a ces propriétés, jai égatg exploré différents moyens de
modulation de ces propriétés a travers des proasel&sructuration a différentes échelles de
papiers enduits de protéines de blé, issus deuessorenouvelables et mieux adaptés aux

végétaux que les matériaux synthétiques car pluagables aux gaz (et aux vapeurs).

Approche basée sur l'ingénierie reverse pour laasgtion d’'EAM et outils de
simulation.

Les précédents travaux portant sur la modélisadies échanges de gaz dans les systémes
emballage/aliment a donné lieu a I'élaboration tlsude simulation et de prédiction pour
'emballage sous atmosphéere modifiee des fruitéegtimes, tels que les outils en ligne
Tailorpack (application gratuite) ou PackinMap (iggdion payante). Méme si dans leur état
actuel, ils ne peuvent pas étre considérés commeuwtds d'aide a la décision complets, ils
permettent de traduire des besoins d’'un végétgrepriétés de transfert de 'emballage, en
prenant en compte la physiologie du végétal conSig# son atmosphére optimale de
conservation et les dimensions de I'emballage.téfiét de tels outils de simulation dans une
démarche d’ingénierie reverse a été démontré adergsalVexemple de Tailorpack, en
déterminant les propriétés de transfert d’'une gamapeésentative de fruits et Iégumes. En se
basant sur les approches déja mises en place eldosnaine des services et de I'industrie de
pointe, cette démarche d’ingénierie reverse poucdaception d’EAM a été élaborée et
comporte 2 étapes cruciales que sont lidentificatdes besoins des produits et leur

transcription en propriété de transfert. Elle repasir 5 étapes et a été validée pour

209



Discussion Générale et Perspectivesa

I'élaboration I’EAM actif adapté a la conservatidas fraises : définition des besoins du
produit, solutions d’emballage envisageables, dsimemement de I'emballage, conception
détaillée (ex : fonction antimicrobienne) de I'eriége, et enfin validation de I'emballage.
Les besoin de la fraise ont d’abord été définisi@tarchisés avant d’identifier et sélectionner
les solutions d’emballage. Les propriétés attended®mballage ont été déterminées a l'aide
de I'outil de modélisation, pour les propriétéstidmsfert aux gaz, et a I'aide de tests in vitro
pour qualifier et quantifier la dose d'agent actécessaire a l'inhibition de croissance de
contaminants fongiques. Le matériau actif présemas propriétés a été concu : papier enduit
d’'une couche de gluten de blé contenant de la 2morea Combiné (dans un réle de
couvercle) a une barquette en PET (pour la pratectontre le stress physique), il a permis
de rallonger la durée de conservation des fraisebom état de 3 jours par rapport a une
barquette ouverte classique, prouvant ainsi I'affitd de I'approche par ingénierie reverse.

Il est important de noter que cette approche st entendu pas limitée au type
d’emballage ou aux produits considérés et peut étemdue a tout produit dont les
caractéristiques physiologiques et les besoins@mmus. La généralisation de son utilisation

devrait permettre de mieux dimensionner les empadlaet faciliter leur conception.

Modulation des propriétés de transfert de papierduits de gluten de blé.

Il est apparu que malgré des propriétés de tramsheteressantes, a forte humidité, pour
'EAM des fruits et légumes, les matériaux prot@sugluten de blé, protéines de soja,
caséines, gélatine, etc...) étaient surtout étudidssahumidités moyennes voire basses et
principalement pour leurs propriétés de transféat \@apeur d’eau ou barriere aux graisses. Il
résulte donc un manque de données et de connaissauc les liens entre la structure des
matériaux et leurs propriétés de transfert aux gdmute humidité et de ce fait, sur les
mécanismes de structuration permettant de modeepipriétes.

Mes travaux ont permis de mettre en évidence qadirpd’'une méme matrice
protéique, le gluten de blé, il était possible dawir des gammes de permseélectivités allant
de 5 & 18 et de perméance a 'oxygéne allant d&0@° & 2x10° mol.Pa".m?.s?, ce qui
répondait parfaitement aux besoins d’'une sélegipnésentative de produits frais respirant.
Parmi ces matériaux, les papiers enduits de glotégnparticulierement été étudiés pour
comprendre quels étaient les mécanismes sous$agemnettant de moduler leurs propriétés

de transferts aux gaz dans différents cas de stain.
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Tout d’abord, il a été mis en évidence que la stinecinterne des papiers supports
impactait considérablement les propriétés de tesihdes papiers enduits de protéines de blé.
Les papiers hautement raffinés présentent une tsteudibreuse dense qui limite la
pénétration des protéines dans le support. Dagas;da structure des papiers enduits résulte
ainsi en une couche protéique plus importante @itee apparente) et une couche composite
(zone de pénétration) plus fine que lorsque lesepagont faiblement raffinés (et donc avec
un réseau fibreux plus lache). Le rapport entreZesuches affecte considérablement les
propriétés de transfert aux gaz des papiers endpiis la zone apparente est importante et la
zone de pénétration étroite, plus le papier erhéisente un caractére gluten important avec
une haute sélectivité et des perméabilités awngaderées. Par conséquent, en plus du poids
de couche, de la composition de la pulpe, deeimahts de surface des papiers, le degré de
raffinage des fibres est un facteur a prendre empt® dans la modulation des propriétés de
transfert des papiers enduits.

Les papiers enduits ainsi obtenus ont ensuite réigéd avec du COa pression
atmosphérique a l'aide d’'un balayage gazeux plumoins long. Alors que la perméation a
'oxygeéne n’est pas affectée par ce traitementpdaméation au dioxyde de carbone est
considérablement augmentée et par conséquentriss@lectivité des matériaux. De plus, il a
été mis en évidence que cet effet était irréversibh effet ces propriétés sont conservées
méme apres une étape de désorption sous flux didéli semble que des interactions entre
le CO, et les acides aminés des protéines de glutenésmtcdurant le traitement au O
compte tenu que la quantité résiduelle de, @@ns les papiers enduits sorbés ay Gds
désorbés a I'He augmente en fonction du tempsaikerirent appliqué, tout comme dans les
films de gluten, sans pour autant atteindre un mawm de sorption. Cependant le type
d’interaction n’a pas pu étre mis en évidence ealyae FTIR. De méme, les analyses de
température de transition vitreuse n’ont pas peueisiémontrer un effet plastifiant de ces
interactions. La sensibilité des outils analytiquétisés semble insuffisante pour mettre en
évidence ces interactions. Il serait judicieux diaenter les temps de traitement au, @Our
avoir des différences plus marquées et d'utilises théthodes plus sensibles comme par
exemple la chromatographie d’exclusion qui pourpgtmettre de mettre en évidence des
réarrangements protéigues.

La structuration de papiers enduits a égalementrégtiisée grace a la méthode de
construction couche par couche en combinant deshesude protéines de gluten de blé avec

des couches de nanoparticules comme les feuilletgyile. L'association de polymere
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synthétique avec ce type de nanoparticule a manqtrié était possible de moduler les
propriétés de transfert aux gaz (oxygene) en fonatiu nombre de paires de couches. La
principale difficulté ici était d’adapter cette hedque a un support irrégulier (soit sur le
support papier soit sur le support papier préatabld enduit de gluten) et de pouvoir évaluer
I'épaisseur des couches. De ce fait, la constmalies matériaux a été réalisée pas a pas au
moyen de support et de molécules modeles dontisgépar a été évaluée, entre autre, par
microscopie par fluorescence (avec FITC comme neanqudluorescent des protéines).
L’étude des propriétés des matériaux papiers-presemontmorillonites ainsi obtenus a
permis de montrer que la dépose de couches peitmettadiminuer la perméabilité a
I'oxygéne du support papier grace a un effet baargpporté par les montmorillonites en
fonction du nombre de couches déposées. Cepenéantouches (jusqu'a 40 paires de
couches) ne permettaient pas de couvrir de facatinee la surface des papiers (due a leur
hétérogénéité de surface) et seule la constructoiche par couche sur les papiers enduits
permet d’atteindre des perméabilités al@mpatible avec les applications visées. Dans tous
les cas cette technique permet de moduler de fpgérise les propriétés de transfert des

matériaux, méme sur des supports papiers.

PERSPECTIVES
Outil de simulation EAM.

Bien qu’il ait été prouvé que les outils de simigafprédiction EAM actuellement
disponibles permettaient de conduire avec succés procédure de développement par
ingénierie reverse d’emballages, il apparait ctaget que ces outils peuvent encore
grandement étre améliorés sur le plan scientifiduesi, il serait utile de leur permettre de
prendre en compte des phénomenes aujourd’hui @églals que la transpiration du produit,
la production d’éthylene, I'impact de 'humiditélagve ou le transfert de molécules plus
complexes que l'oxygene et le dioxyde de carbome demposés antimicrobiens volatiles),
ce afin d’améliorer la précision globale. Sur uarpplus général, il apparait que pour avoir
un impact significatif sur les pertes en fruitsi@umes frais constatées tout au long de la
chaine de distribution, I'emploi de la méthodepgieoche par ingénierie reverse doit étre
généralisée le plus rapidement possible. Or ure ¢gnéralisation nécessite des outils de
simulation et des bases de données non seulemeaigsapt et complets mais également

accessibles a tous types d'utilisateurs (le plusreat novice sur le sujet). Ainsi, l'utilisation
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massive des outils de simulation en ligne disgesilest aujourd’hui limitée par 'absence ou
le caractére incomplet des bases de données assotiéest en effet inenvisageable de
demander a un cultivateur ou a un grossiste etsfatilégumes d’effectuer lui-méme des
recherches bibliographiques sur les besoins duugra@d emballer ou sur notamment sa
physiologie. De méme, si I'approche scientifiqueseesoucie que du produit emballé, de sa
qualité et de sa conservation, il apparait évidgiat des critéres annexes, notamment de co(ts
vont entrer en ligne de compte pour les membretaddiére fruits et légumes et de tels
criteres ne sont pour linstant pas intégré auxioute simulations actuel. Ainsi, il serait
souhaitable d’envisager la construction d’outilaidé a la décision complets, intégrant non
seulement I'aspect prédiction MAP des outils exittanais aussi des critéres de colts ou de
cycle de vie des matériaux d’emballage. De teldlsodevant évidemment comporter des

bases de données produits et matériaux compléteswes a jour.

Matériaux protéiques étudiés.

Pour compléter les 3 cas étudiés lors de ce traigtiide des matériaux protéiques pourrait
étre étendue a d’autres types de structuration fj@ro-composites dans la masse) ou d’autres
protéines que le gluten (ex : protéines de sojmezeetc...). Sachant que la construction
couche par couche est possible sur des suppoéobeénes, il serait intéressant de poursuivre
I'étude des propriétés de transfert (C@apeur d’eau) et notamment développer des modéles
prédictifs des transferts en fonction du nombrecaleche. Il serait également intéressant de
rechercher des substances issues des ressourcegei@bles pouvant jouer le réle de couche
préliminaire pour la dépose couche par couche ¢Hetunent PEI) et compatible avec les
protéines et/ou les feuillets d’argile. Concerrlastmatériaux traités au GQles essais plus
discriminants pourraient étre conduits pour miearmprendre les modifications engendrées
et leur impact sur les propriétés de transfert gax. Enfin, des tests de vieillissement
pourraient étre conduits sur tous les matériauxidaBs, a la fois dans des conditions de
stockage (basse humidité) et d'utilisation (hauteidité), afin de s’assurer de leur viabilité
sur le moyen ou long terme que ce soit en termepet®rmances (tenue meécanique et
transferts de masse) ou de sécurité alimenta iantgmination par croissance de micro-
organismes). De tels tests ont déja été conduitdisers types de matériaux protéiques
(produits par casting, thermomoulage ou déposttitrafine) [Orliac et al. 2003; Pompa et

al. 2005; Oses et al. 2009b] et il devrait étresgas de s’en inspirer pour test les matériaux
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produits au cours de la thése. Enfin, il seraéregsant de se pencher plus précisément sur la
scellabilité des matériaux congus (sur la base wzépentes études conduites sur la
scellabilité des matériaux a bases de protéinpslgsaccharides [Cho et al. 2010; Abdorreza
et al. 2011; Nur Hanani et al. 2013]) afin de pduvmieux envisager la production
industrielle de I'emballage sous atmosphéere maaliBétif concu pour les fraises dans le
chapitre 3.

Il faut également noter que sur un plan industtesd,agro-matériaux et en particulier
les matériaux protéiques présentent actuellemetdices limitations. En effet les matériaux
protéiques, répondant aux besoins des fruits eiriég, construits et utilisés dans cette étude
n'ont pour le moment pas atteint le stade de prboluéndustriel (excepté un test concluant
pour le papier enduit d'une solution de gluten timaicrobienne » destiné a I'emballage des
fraises) et ne sont donc pas encore préts a reamples plastiques conventionnels sur le
marché de I'emballage. De plus, il est probable lguehangement d’échelle implique des
changements de propriétés pour ces matériauxrdesgs de fabrications étant tres différents,
comme en témoigne la perte de propriétés barrignmatériau actif concu pour 'emballage
des fraises alors que ses propriétés antimicrobgenont-elles pu étre conservées. Des études
completes sur les matériaux produits a cette échsdront donc nécessaires avant une

possible mise sur le marché.

Avenir des matériaux protéiques pour 'emballage.

Au-dela des considérations portant nos matériaudtude, il existe de plus amples
problématiques liées a [l'utilisation a grande é&ehealles matériaux protéiques dans
I'emballage des fruits et Iéegumes frais.

La premiere réside dans la possible compétitiotreeliutilisation de ressources
agronomiques pour la nutrition humaine et leurisation pour la fabrication de matériaux a
une époque ou plus de 850.000 de personnes sdutfeemal nutrition dans le monde
(chiffres OMS, 2007). Si cette question demeurengdrtance il faut savoir que la part de
I'agriculture dédiée aux usages non alimentairésres limitée en comparaison par exemple
de l'alimentation animale et que la majorité destgines utilisées pour la fabrication de
matériaux sont aujourd’hui des coproduits ou dehels de I'industrie agro-alimentaires et
donc ne concurrence pas directement I'alimentatimmaine. Il est également intéressant de

noter que les protéines présentent un coup équivalex matiéres plastiques conventionnels
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(PE, PP, PS,...) et peuvent étre fagonnées avec rEdges industriels (ex: injection
moulage, coating) sans engendrer de sur-coltsattugtion. Il faut toutefois rester attentif a
la fluctuation des prix des céréales et autres aresti premieres qui sont actuellement en
constante augmentation.

La seconde problématique est liée a la sécuritéealiaire des matériaux protéiques au
contact. Il n'existe actuellement pas de tests dgation spécifiguement adaptés au cas des
protéines et la réglementation elle-méme ne mem¢iagqu’une limite globale (et non des
limites spécifiques) de migration. Ces aspects atldgvdonc étre complétés dans I'avenir.
Cependant, compte tenu des temps de contact egalianents trés courts (généralement
de l'ordre de la semaine) et de la taille des mo&s protéiques, la migration devrait étre
limitée. Et il pourrait étre possible de s'affrairctotalement du probleme en placant le
matériau protéique au cceur d’'un composite multicescen choisissant des couches
additionnelles trés perméables aux gaz (ex : stiffipoeux - protéine — support fibreux). De
plus comparé aux plastiques synthétiques et a ladditifs, les matériaux protéiques
présentent uniquement un risque du point de veegadis/intolérance tout comme la plupart
des aliments. Un étiquetage spécifique et clairalepermettre de limiter les risques, comme
déja existant pour les aliments allergenes.

Le comportement des matériaux protéiques vis-a-ges différents facteurs
environnementaux et industriels doit également gti® en considération et leurs domaines
d’utilisations précisément définis en conséqueAaasi, I'hnumidité relative, la température et
les conditions de pH (induites par I'aliment) daivétre anticipées tout comme la réaction du
matériau a des environnements de stockage plus ansntontaminés (un filmage des
matériaux pourrait cependant solutionner ce probléreécis). Et selon que le matériau
protéique sera utilisé au contact direct de I'ahin@u comme membrane servant a réguler les
échanges gazeux (sur la base d’'un emballage cooneal de type barquette par exemgle,
emballage sous atmosphere modifiée actif pour faisefs, chapitre B les contraintes en
termes de propriétés mécaniques seront de touderime différentes.

Enfin, une fois toutes ces problématiques prisesoempte, il ne faut pas oublier que
c’est I'acceptation de ces nouveaux emballageslgpaonsommateur qui déterminera leur
succes. Cela implique, en plus des traditionnetéres de codt et d'impact sur les qualités
organoleptiques des produits, de nombreux factawpplémentaires tels que I'aspect visuel
de 'emballage, son c6té pratique ou encore somadin@cologique (plutbt positif dans le cas

présent grace a la biodégradabilité des protéines).
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Annexe 1

Thesis Defense

Thibaut Cagnon

November 13th — Montpellier Supagro, Montpellierr&nce

CONTENT: This section contains the slides used as suppothé defense of this thesis that
was publicly held at Montpellier Sup’Agro on Decesnld3th in the presence of the members
of the jury.
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MASS TRANSFERS
IN FOOD/PACKAGING SYSTEMS:

STRUCTURING TAILOR-MADE MULTILAYER MATERIALS
FOR MODIFIED ATMOSPHERE PACKAGING
OF RESPIRING PRODUCE

Thibaut Cagnon
UMR IATE — Agropolymer Engineering and Emerging Technologies

Thesis Director: Nathalie Gontard November 13th
Thesis Co-Director: Carole Guillaume Montpellier Sup’Agro

Montpellier, |_| ,1 A AL A IO
b!!!gAg rc_)' e N '

INTRODUCTION

Contexts
The Tailorpack project
Objectives of the Thesis
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Introduction
Contexts

Socio-economical context

+* Major role in transformation/conditioning processes due to increasing consumers’
demand for products:
-long shelf life
-high nutritional and organoleptic qualities
-user friendly

*» From a simple physical barrier to food packaging interactions

Modified Atmosphere Active Intelligent
Packaging Packaging Packaging

O e
©

|

w

Introduction

Contexts

+» Half of the freshfruit and vegetable production is lost before consumption

+» Most of the losses during distribution/consumption, when packaging is involved

[@ Distribution & consumption
Bl Postharvest

@ Processing
B Agriculture

Repartition of the losses through the supply chain for fruits and vegetables in 2007
(adapted from Gustavsson etal. 2011)

» Real efficiency of the current packaging for fresh and respiring produce ?
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Introduction

Contexts

Technological and scientific context

- Optimal preservation of fresh respiring produce:

Cold storage
Recommended atmosphere: low O, + low CO, (Kader et al. 1989)

- Modified atmosphere packaging (MAP):
Natural interplay between produce physiology and transfers through the packaging

- Optimal MAP:
Tailor the transfer properties to reach the recommended atmosphere for preservation

Active/Antimicrobial

0, f
compounds
]
®

CZHQ COZ

CH,

Passive I Active

Introduction
Contexts

+» 2 major hindrances for fresh and respiring produce optimal MAP:

Current conception approach

(3 & €Oy concentration (%)
5

= Produce needs not taken into account - No optimization of the packaging

» Lack of approach and decision tools allowing optimal packaging design
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Contexts

Conventional Plastics

v PA, PE, PET, OPP....

- Too strong a barrier: risks of anoxia
= Limited permselectivity (S: Pey,/Peco,)
(Exama et al. 1993)

Macro-perforated
plastics

= No MAP

Micro-perforated
plastics

i

- No Permselectivity

‘ Inadequation of conventional
plastics to the produce needs

Current packaging materials

Agro-based Materials

Can be used as packaging materials:
-Film forming properties
-Conventional shaping processes

-Proteins are especially interesting
for their high functionalities
(Cug et al. 1998, Krochta 2002, etc...)

-> Transfer properties better adapted for
respiring produce

-Moderate to high Py,

-High Permselectivity (S)

= Global lack of data (especially at high RH)

Materials not tailored to the
produce needs

Introduction
Contexts

»s . Transfer properties: Proteins vs Plastics
(data from the literature)

& PET-50%RH
20 © | LDPE-50%RH
A HDPE-50%RH
@ PAG(Nylon)-50%RH

Q@ WG casted —60%RH
15 @ WG molded— 95%RH

< Corn zein—0%RH

[l Myofibrillar—93%RH

A Na Caseinate — 77%RH

Permselectivity(S)

Most
Proteins

Most
Plastics

600 800 1000 1200
Po2 (10'% mol.Pa-l.m.s)
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Introduction
Tailorpack project

Tailorpack project (2008-2011)

Conception of active and biodegradable packaging adapted to
the preservation of fresh and respiring produce

- Develop a user friendly decision tool to help design of tailored packaging materials by
predicting targeted transfer propertiestaking into account the needs of the produce.

- Design agro-based packaging materials (protein/fibrous material composites) able to
overcome the limitations of plastics

UNR € opaes ¥ Goszome
SADRON, \ g
sapoy | FADROY N%rwer | [ADIVEC

9

Introduction
Objectives

Objectives of the Thesis

I. New approach for optimal MAP conception

- Establish a new approach based on reverse engineering: consider the
produce needs and transcript them into required/targeted gas transfer
properties

- Adapt existing methods from other fields (IT, services,...)

Il. Tailored packaging materials

- Develop packaging materials exhibiting adequate gas transfer properties w
for optimal preservation of respiring produce /

- Broaden the database on gas transfer properties of protein based w
materials and generate knowledge on structuration/gas transfer

propertiesrelationship in protein based materials

lil. Tailored packaging conception for optimal MAP

- Validate the new approach proposed and the knowledge acquired on
structuration/ transfer properties relationship in protein based materials
by developing an optimal MAP for a specific produce
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Part | '
New approach and fools

for oplimal MAP design

~

-

-

&

Part Il |9

Structurafion/gas fransfer
properiies relafionship in
protein based materials

vy

S

Part Il
Opfimal MAP design
using the new approach and protein based materials

‘

W7

PART | = NJEW APPROACH AND TOOLS
FOR OPTIMAL MAP DESIGN

Towards a requirements driven approach

From the produce needs to the targeted
optimal transfer properties of the packaging
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New conception approach

Towards a Requirement Driven Approach

Towards a requirement driven approach (RDA)

Trial and error approach

Packaging Choice of a Test of the
; g packaging packaging on
dimensioning ::> material the produce
AN

’ ==

- Time and cost consuming
- Only based on practical experience
- No assurance of optimal results

New conception approach
Towards a Requirement Driven Approach
Towards a requirement driven approach (RDA)

Requirement driven approach

v .
% Modeling Tools m==—==m
) a AV -
Packaging . Optimal Conception of
Pl:lc;c;g;e T solution [y di':nf:::ig'n”iﬁ transfer ) the optimal [} Validation
foreseen g properties material
v .
= In vitro
@ @ E tests @

®

-Adapt existing development approaches used in:
- IT (Castro et al. 2002)
- Services (Stein 1994)
- High Tech Industries (Kusiak 2009)

-Needs of the produce (or consumer) taken into account since the very beginning ”
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New conception approach

Towards a Requirement Driven Approach

Towards a requirement driven approach (RDA)

Requirementdriven approach

o .
% Modeling Tools s iy
£ Ve .
Packaging . Optimal Conception of
P':I‘;C:;;e ™ solution 'Ji’diif:::igzﬁ transfer | theoptimal [ Validation
foreseen g properties material

® 0o | ®
®

- Produce needs considered from the beginning
- Modeling tools
- Optimal packaging

New conception approach

From the needs of the produce to the propertiesof the packaging

From the produce needs to the targeted optimal
transfer properties of the packaging

Passive MAP phenomena to model

Permeationthrough packaging

First Fick’s law .
dense polymer \ Peoz Peco, Permselectivity (S: Pe,y/Peo,)

Produce physiology
Mickaelis-Menten
(4 types of inhibition)
enzymatic reactions

Passive MAP for fresh and respiring produce

16
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New conception approach

From the needs of the produce to the properties of the packaging

1

Permeation through packaging

Produce respiration

First Fick’s law ( Mickaelifs-l\telr]lten )
4 types of inhibition
Dense polymer a4 w
Mass balance type model Enzymatic reactions
(e.g. for O, & CO, in passive MAP)
Pe0, X §
(Eq1-02) = [027 x (pO,ext — pOzpkg)] [1‘?}?02 X m]
First Fick's Law Michaelis-Menten
Gas transfer through packaging roduce respiration
Anc 0 Pe0, xS
(Eq2-C02) T —[ X (pCOzext—pCOzpkg)]+ [RRM Xm xRQ]
First Fick's Law Michaelis-Menten
Gas transfer through packaging Produce respiration
. RRoamax<p0;0kg
th: RRy, =
" o ("'"‘o 2app *PO; pkﬂ)x(l +%]
Michaelis-Menten
(non-competitive inhibition)
(Adapted from Charles et al. 2003) v

New conception approach

From the needs of the produce to the properties of the packaging

Prediction tool for food/packaging systems

In case of cptimization, please Slorage conditions In case of simple simulation,
Inaicate required optimal Duration 120 & Temperature 20 c | | please incicate the gas
atmosphete for your product permeabilities of your material
== T
Atmozohese ) Packaging characteristics
n and properties
02 7 % |
= p % Optimization mode Packaging Material
‘ (produce needs to packaging properties) Thickness 25e6 =
f > Surface 00242 =2
Input Data &i" e
F Volume 0001056 =
Food charscteristics and ‘E’
properties | S
~
£ Input Data
Mass 026 & §
]
By 1 | © 0, P02 21He-15 miPums
RROZmar 464  meiign g . pCO2 752815 mifuss
Km 100 A |
at A
P
i | ! { €0: | Results
| -
Input Data o 5 i i S 5 4
| Time (h) |

Hlustrated interface of the Tailorpack modeling taol
www.tailorpack.com
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New conception approach

From the needs of the produce to the properties of the packaging

Case study on a representative selection of fresh produce
Produce Produce characteristics and properties Packaging Dimensions
. RRo2max Kmgpe:  Kico: surface  Volume Mass
v 7D X
Type auely, omotkgthy B2 Topy by Type (@) W) k)
Apricot Bergeron 1.000 0.78  4.50 ! Light Wood Punnet+Wrap  0.0756  0.00100 500
Chicory ; 1.400 074 026 1515 Sachet 02140 000200 500
Mushroom Agaricus bisporus 5.270 0.78 0.10 ! Light Wood Punnet+Wrap 0.0960 0.00184 500
Onion Allium Cepa 0.077 091 630 ! PET Punnet=Lid 0.0256  0.00100 500
Pear (fresh cut) Rocha 0.900 100 259 / PET Punnet+Lid 0.0245  0.00184 400
Strawberry Charlotte 0.800 0.91 8.10 ! PET Punnet+Lid 0.0256 0.00100 500
2t
10 L T S e -
1.6 T Strawherry 1
= 1
8 I | 1
# o 1
g, ! ; 1
= [ 1
E
E F— T i i S e i
Chicory | Mushroom |
a = —I— - - 1
| - - 1
— -r
3 = qucm 5 T
L eresn ]
jew | 1
. e 1
o 2 4 6 B8 10 12
Optimal 0; %
Optimal atmosphere for preservation for the selected produce

New conception approach

From the needs of the produce to the properties of the packaging

Case study on a representative selection of fresh produce
20
18 Fresh cut Pear
16
a
o 14
e e
=212
E 10 Apricot
2
g 8 D—— Proteins
E Onion I_I
1
2 Conventional plastics
0 II (’ .
0 0.2 04 0.6 0.8 1 4 4.5 5 5.5 6
Peg, (101 mol.Pat.s1.m?)
Optimal/targeted gas transfer properties to obtain optimal MAP preservation
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PART Il - STRUCTURATION/GAS

TRANSFER PROPERTIES RELATIONSHIP
IN PROTEIN BASED MATERIALS

Impact of protein based materials multi-scale
structuration on gas transfer properties

Impact of the in bulk structure of a
fibrous coating support

Impact of the LbL structuration

Protein based materials

Impact of protein based material multi-scale
structuration on gas transfer properties

The problem of mechanical properties o

= Poor properties for packaging applications at high RH ﬁ%

(Cuq et al. 1997, Gontard et al. 1992, Gontard et al. 1996)
At RH>85%

- Multiple reinforcement strategies
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Protein based materials
WG structuration

Different ways of reinforcing mechanical properties of protein based materials

Main Proteins
Component
Additional .
Nano-fillers Plasticizer Biomolecule .
Component material

Fillers/Protein

Neat Chemically Bio
Modified Composite

Solutionto
be processed

Processing Casting or Thermomoulding Coating
mode
Post Surface, Temperature, Irradiation
Treatment

Mono-layer | Multi-layer Mono-layer Multi-layer

Nano-structuration Micro-structuration

23

Protein based materials
WG structuration

Impact WG based Multi-scale Structuration on gas
transfer properties

= Multiple reinforcement strategies

\

Impact on gas transfer properties? Peoz Pecoz S [Peco/Pec)
= Not often assessed in general I I I
- Even more rarely for MAP applications (Pe, + Pecy, + § at high RH) At RH>85%

-Evaluate the impact of the structurations on gas transfer properties
-Use these different structurations to tailor the transfer properties of the

material
24
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Protein based materials

WG structuration : 3 3 S :
Different ways of structuring protein based materials
Main Wheat Gluten
Component
Additional i e
Component 2 . Supto28 H
é 30000 i
Processad ;5 <o ;: Evolution oj‘;?'o2 .cmd Proa
solution 3 13080 g ofa WGﬁhfn with ffm'rease of
e £ relative humidity
£ 10000 3 (Gontard & al. 1996)
. £ 200 i
Processing 5
mode i 20 ) s0 10 2
relative (%)
Post
Treatment
Multi-layer Mono-layer Multi-layer
Nano-structuration Micro-structuration
Wheat Gluten: - Transfer properties adapted to the produce needs
- Agricultural by product, biodegradable, cheap
- Model protein in the lab e

Protein based materials
WG structuration

Different ways of structuring protein based materials

Main Wheat Gluten
Component
Additional | Fibrous Nanoclays Fibrous Glycerol
Component | Support Support
Processed ; : \ | Chemically
solution Filler/Protein |Ee|£| Viodified
— —— C
Processing | LbL | : | Castingl Thermo- :l Coating |
mode ! molding | |
1 1
Post ! ! CO, sorption
Treatment \ ! treatment
Multi-layer Mono-layer | Multi-layer
Nano-structuration Micro-structuration

Paper coating: - Most efficient way to enhance mechanical properties
- Paper confers mechanical resistance, WG confers barrier properties

[
)]
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A

WG structuration

Main

Component

Additional
Component

Processed
solution

Processing

mode

Post

Treatment

Protein based materials

Different ways of structuring protein based materials

Nanoclays

Wheat Gluten

| Neat |

Fibrous

Support

L

Multi-layer

Nano-structuration

Multi-layer

Micro-structuration

27

Protein based materials

impact of the structure of a coating support

impact of the in-bulk structure of the fibrous coating
support

20

18

16

1

12

Permselectivity (5)

[[] WG Coated Paper 28
B WG Coated Paper 36
Il WG Coated Paper 60
Il WG Coated Paper 80

0.2

0.4 06

Peg, (10 mol.Pa’.m2.5)

0.8 1

WG-coated Papers

Micro-scale / Multilayered

Importance of the in-bulk structure
of the coating support

276



A

Annexes

Protein based materials
Impact of the structure of a coating support

Impact of the in-bulk structure of the fibrous coating
support

Many coating support related variables have already been studied:
surface roughness, surface treatment, chemical composition, etc...
(Gallstedt et al. 2005, Guillaume et al. 2010, Trezza et al. 1994)

No study on the in-bulk structure of the support

Penetration of the coatingsolution
- Impregnation (%)

4 kraft support papers:
» -ldentical chemical composition and surface properties

»

-Different in-bulk structure

Impact on coated papers:
-Structure
-Transfer properties

]
o

Protein based materials

Impact of the structure of a coating support

Characteristic of the different supports for coating

Kraft Paper Kraft Paper Kraft Paper Kraft Paper
28g/m? 36g/m?> 60g/m? 80g/m?

(ol [ 2 ) )

eesssss———— M Refining degree of the fibers

(High refining degree is mandatory for mechanical reinforcement of light and thin papersheets)

s Sparser and looser fibers network é 30
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Protein based materials
Impact of the structure of a coating support

Structure of the different coated papers (WG-Papers)
WG-Paper 28 WG-Paper 36 WG-Paper 60 WG-Paper 80

Identical coating weight (15g/m?)

meesssesssssss M Thickness of apparent WG layer é
e /) Impregnation of WG into paper é

——————>

High fibers refining degree g Ao o WG layer Bl Composite zone (fibersWG) [ Paper Low fibers refining degree 3%

Protein based materials
Impact of the structure of a coating support

0, and CO, permeation of the different WG coated papers
25°C; 100%RH

— 2 - 9
= I
o 18 - o I -8
£
= 167 | N
a I a
. 14 -

1.2 - 5
g ; s 3
& 1 | 3
i - 4 (L]
= o3 | | £
5 ' 3 3
o 0.6 - | 3
-
S 04- | 2
8 |
o 0.2 - I F 1
o

(] | 0
WGP 28 WGP36 | WGP60 WGP 80
Strong I Weak
WG-like behavior I _ WG-like behavior
Moderate Peq, | HighPeg,
High Permselectivity | Limited Permselectivity
High fibers refining degree Low fibers refining degree 32
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Protein based materials

Impact of the LbL structuration

Impact of the I.ayer by l.ayer (LbL) structuration
(Support, number and type of layers)

O (LbL) Paper + PEI[MMT/WG]10
© (LbL) Paper + PEI[MMT/WG]40
@ (LbL) WGr Paper + PEI[MMT/WG]10
@(LbL) WGr Paper + PEI[MMT/WG]40

® @ @ O

0 02 04 06 08 1 100 1000
Peg, (10%° mol.Pat.m?.5?)

Paper-WG-Nanoclays LbL composite
Nano-scale / Multilayered
Influence of the number and type of layers

Protein based materials

Impact of the LbL structuration

Impact of the I.ayer by l.ayer (LbL) structuration
(Support, number and type of layers)

Layer by layer assembly technique used:

-Alternative deposition of polyelectrolytes layers of opposite charges onto a support
-Used with montmorillonites nanoclays (MMT) to increase the O, barrier properties of
syntheticfilms (Priolo et al. 2010)

-Used with proteins for drug delivery applications but not with gluten (Arigo et al. 2006)
-Never performed on rough and irregular support

Objectives of our study on LbL
-Perform LbL deposition onto irregular and rough support like paper with WG(+)/MMT(-)

MMT
WG

MMT
PEI Aqueous dispersions

Paper
Adapted from Decher & al. 1995
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Protein based materials
Impact of the LbL structuration

Impact of the Layer by Layer (LbL) structuration
(Support, number and type of layers)

Layer by layer assembly technigue used:

-Alternative deposition of polyelectrolytes layers of opposite charges onto a support
-Used with montmorillonites nanoclays (MMT) to increase the O, barrier properties of
synthetic films (Prioio et al. 2010)

-Used with proteins for drug delivery applications but not with gluten (Ariga et al. 2006)
-Never performed on rough and irregular support

Objectives of our study on LbL
-Perform LbL deposition onto irregular and rough support like paper with WG(+)/MMT{-)
-How the oxygen barrier properties are impacted by:

-the support: paper and reticulated WG coated paper (WGr Paper)

-the type of layers deposited: WG vs PEI

-the number of layers deposited: 10 vs 40 pairs

Protein based materials

Impact of the LbL structuration

LbL assembly with WG and onto paper

Assembly with Gluten onto Si wafer Assembly with Gluten onto Paper
80
8 PEPSSWG]n PEI[PSSWG]
e B ;
£ = '
=" =
Q s =
g =113 Paper
A W0 S
o - '] L i
= -
= e 3
E =2 e a
= - =)
* 0 ™" = L
= i ¢ .
e A P meR - Paper Paper
12 3 4 5 6 7 8 9 101121341516 719 Number of layer pairs PEI+[PSSIWG], PEI+[PSSWG],,

Number of layers

» Same experiments were performed with MMT nanoclays (/PDDA)

Appears possible to perform LbL deposition with WG and MMT onto
rough support like paper

(o]
&
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Peo; /13  Peo
25°C; 100%RH

Same layer pairs on PET
At 0% RH - Peg, /16
(Priolo et al. 2010)

WGrPaper+PEI[MMT/PEI]10
WGrPaper+PEI[MMT/ WG]4D_
WGrPaper+PEI[MMT/WG]10
WGrPapeH-PEI_
WGrPaper_
Paper+PEI[MMT/ WG]4D_

Paper+PEI[MMT/ /G110

Paper+PEl

Resp. Prod. Needs ﬁ-/ =
0.5 1 2000 4000

Peg, (10 mol.Pal.m2.s?)

-A the number of layer pairs deposited M the Pe,,
-Synthetic LbL exhibit lower Pey, than WG LbL 37

Protein based materials

Impact of the LbL structuration

Paper based LbL remained very permeable:
Deposition not sufficient to block paper pores

WGr coated Paper + PEI-[MMT/WG],,

SEM observations (x250) of LbL based on Paper and WGr coated paper

(o]
o
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Protein based materials

Impact of the LbL structuration

WGrPaper+PEImore permeable than WGrPaper:
Degradation of the WGr layer by PEI

=

WGr coated Paper WGr coated Paper + PEI

120u

SEM observations (x250) of the WGr layer before and after deposition of the PE!l initial layer

38

Protein based materials

Conclusions
Layer by Layer assembly

Both ample and precise modulation of the Pe, of the final material

10 40
Peg, /4 >
AWG/MMT thickness: +0.1pm !

Ample: Through the selection of the support
Precise: Through the number and type of layers deposited

WG coating on paper

Adjustment of the gluten like behavior of the final material (Peg,, S)

Pe,, /6 Sx6
AWG weight: +0g

>

INEREN

The tighter the in-bulk network of the support,

the stronger the gluten like behavior 40
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Protein based materials

Transfer properties of WG based materials built

25°C & >90%RH # Self-Supported Casted
# WG Coated Paper (+Nanoclays)
20 X WG Coated Paper (+Glycerol)
@ WG Coated Paper "28"
ke ’ W WG Coated Paper "36"
B WG Coated Paper "60"
16
Process B WG Coated Paper "80"
a1 X A WGP + CO2 Treatment Sh
z 12 ¢ A WGP + CO2 Treatment 30h
>
5] Formulation
2 0 © (LbL) WGrPaper+PE[MMT/WG]10
[
E A ® (LbL) WGrPaper+PEI[MMT/WG]40
E 8 T Post treatment
6 A A
1
|
4 IS
2 I A
1 LbL (n® of layers)
® b
0

Conclusion

# Self-Supported Thermomoulded

02 0.4 0.6
Peg, (10° mol.Pat.m?.s%)

Protein based materials

Transfer properties of WG based materials built
25°C & >90%RH

20

18

16

14

12

10

Permselectivity (5)

Onion

Fresh Cut Pear

Apricot

Strawberry

=

O

Conclusion

# Self-Supported Thermomoulded
@ Self-Supported Casted

# WG Coated Paper (+Nanoclays)
X WG Coated Paper (+Glycerol)

@ WG Coated Paper "28"
B WG Coated Paper "36"
W WG Coated Paper "60"
B WG Coated Paper "80"

A WGP + CO2 Treatment 5h
A WGP + CO2 Treatment 30h

© (LbL) WGrPaper+PEI[MMT/WG]10
@ (LbL) WGrPaper+PEI[MMT/WG]40

0.2 04 06
Peg, (10° mol.Pat.m2.5)
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PART Ill - OPTIMAL MAP DESIGN

USING THE NEW APPROACH AND
PROTEIN BASED MATERIALS

Optimal (active) MAP for strawberry

Up-scaling of packaging material production

Opti mal MAP design

RDA applied to the case of strawberry fruit

RDA applied to the case of strawberry frunt

(‘
v ;
2 Modeling Tools B —
i — Fi= i e
- 'U Vs ¥
Packaging s Optimal Conception of
Floduce BN solution Py ocrading transfer the optimal [ Validation
foreseen 9 properties material

© O ffa= ®
tests

Active

\.

1- Identification of the produce needs

2- Selection of possible packagingsolutions

3- Packaging dimensioningand design

4- Validation of the final packagingon the produce

Note: MIC = Minimal inhibitory Concentration a4
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Optimal MAP design

RDA applied to the case of strawberry fruit

Strawberry needs | Packaging solution foreseen : Pack dimensioning
= ] =
Protection against Rigid punnet I Rigid PET punnet

1 (1L— 18cmx18cmx12cm)

physical stress (PET or light wood)

Lt

2-nonanone

(MIC: 16.4mg/L of air)
(1000 spores,22°C,100%RH)

[
Ul
co, Pe0,
|
0= | = —H— D) -
=0,
| PeCO,
. o= WG coated paper lid
Optimal atmosphere for 1 M ial with ad d I (256em?)
. aterial with adapte
preservation I transf ?t I (Peg, > 1.43x10M mol.Pat.mzst)
(0,>1 & CO,<15) I gas transier properties I (s>1.6) a5

Antimicrobial volatile agent

-

v

I
Protection against molds |
(Botrytis & Rhyzopus) |
|
|

Optimal MAP design

RDA applied to the case of strawberry fruit

Strawberry needs : Packaging solution foreseen : Pack dimensioning

& = '

Protection against
physical stress

= ==

\J

I Rigid PET punnet
1 (1L- 18cmx18cmx12cm)
|

|
| . . |
Protection against molds | :;f'd |
i ive
rBDtT’s & Rhyzopus) : Modified At h : Active lid material
H | odine nlwsp ere I (gas transfers)
Packaging

i_

| (compound release)
‘ <o, Tailorpack
>0,
| | 1)
Optimal atmosphere for 1 1
preservation I |
| |

(0,>1 & CO,<15)
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Optimal MAP design

RDA applied to the case of strawberry fruit

(3 Detailed design

Incorporation and retention of the minimal dose of anti-microbial compound
required (MIC)

Aroma Initial Amount Residual MIC
Compound Introduced in WG Amount on Lid Reached?
Solution Material (>16.4mg/L)
(%wt/dry wt protein) (mg)
2-nonanone 15% 14.2mg b 4
30% 21.5mg v

45% 46.2mg v

Optimal MAP design

RDA applied to the case of strawberry fruit

() Detailed design

Retention and release of antimicrobial compound during storage/use

= Storage Use
g ‘QB 204 Quantity Avai After Processing g
E ‘g' oy Minimal Inhibitorv Concentration j
¥ O 16
-8
e 2 14 4 <24h
0T 124
s o
g2
=] 100%RH
c 2 s
™ =
5 E ° 50%RH
g8
E 2,
2 . Z v §
d: 0 2 4 ] 8 10 12 490 10 20 30 40 50
Time (days) Time (h)

In storage conditions: No active compound loss
In conditions of use: Quick (<24h) and complete (>MIC) release of active compound
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A

Optimal MAP design

RDA applied to the case of strawberry fruit

@ Tailor-made active packaging validation

head-space composition.

Peg,t 0.34x10°9 mol.Pat.m.s? /
5:4.9 v

Gas transfer properties of the active material

25 -
4 02 experimental
4 CO2 experimental

[
(-]
L

Gas transfer properties of the active material and monitoring of the packaging

Monitoring of O, and CO, content of the headspace of the packaging

g 4
b LI e et CO, max
[
E +
o 10
wi
2]
. %
g pommmm=s o SRS TR $ S 2. __._____! ________ * 0, min
0 20 40 60 80 100 120
Time (h)

49

Optimal MAP design

RDA applied to the case of strawberry fruit

(® Tailor-made active packaging validation
Antimicrobial activity and monitoring of produce quality

3514
M Tailor-made active packaging
I Tailor-made passive packaging
304 O Control

25 1
204
151

10+

Number of strawberries contaminated

Day 4

Day 5

Day 0 Day 1 Day 2 Day 3
Control

(Open Punnet) Aspect / . x x

Tailor Made
Passive Packaging Aspect / / » x

Tailor Made /
Active Packaging Aspect / / /

50
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Optimal MAP design

Up-scaling of packaging material production

Up-scaling of the active WG-Paper production

Given the interesting results obtained at laboratory scale
—> Possibility to produce passive and active WG-Paper at larger scale ?

Antimicrobial
0: A Compound
L ! l
. Industrial Tailor-Made Active
Packaging
Laboratory Pilot Industrial (PET Punnet)
Scale Scale Scale (Perforated PET Iid +WG coated paper)

51

Optimal MAP design

Up-scaling of packaging material production

Laboratory Pilot Industrial a
Scale Scale Scale
0,1L 100L 1000L
Kraft Paper Kraft Paper Kraft Paper
36g/m? 36g/m? 70g/m
Room Hot air p—
ot air
temperature @

Transfer properties: Up-scalingincreased Peg,
Two bottlenecks: - Drying mode (especially R)
- Structure of the support (same mechanism as at lab scale)

‘ Antimicrobial properties: Quantity of 2-nonanone retained was maintained /
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CONCLUSIONS
& FUTURE OUTLOOKS

c3
Conclusion
New conception approach

9 ?

New approach for optimal MAP conception

+ Requirementdriven approach adapted to the field of respiring produce
+ 4 steps procedure proven efficient to design optimal passive and active MAP for
fresh produce

* The 2 crucial steps of the RDA (identification of the produce needs and their
transcription in packaging properties) were successfully covered:
-Vast bibliographical data available
-Tailorpack MAP modeling tool that allowed to predict optimal transfer
properties for a given product packed in a packaging of known dimensions

- The modeling tool used in the RDA can still be greatly improved by taking into
account:

-Whole produce physiology
-Material structuration/formulation possibilities
-Other considerations about costs, life-cycle, consumers’ demands, ...

-2 Powerful decision tool
54

289



Annexes

Conclusion
; Tailored packaging materials

Tailored packaging materials

+ Different WG structuration options allowed to built packaging materials
adapted to create optimal passive and active MAP for fresh and respiring produce

S:5to 18; Pey,: 0.02to 2 x10° mol.Palm?.s?

+ Possible to both amply and precisely modulate the gas transfer properties of
WG based material to meet the targeted transfer properties:

-Paper Coating: Different in-bulk structures
The tighter/denser the in-bulk network, the stronger the WG-iike behavior

-LbL assembly: Different support, type and number of layers deposited
Support = Ample modulation, Layers = Precise modulation

Tailored packaging materials

¢ Different WG structuration options allowed to built packaging materials
adapted to create optimal passive and active MAP for fresh and respiring produce

+ Possible to both amply and precisely modulate the gas transfer properties of
WG based material to meet the targeted transfer properties:

To deepen the understanding of the modulation of transfer properties of WG LbL
material:

- Evaluate the CO, permeability of LbL materials
- Replace the PEI preliminary layer by other (agro-based) substances
- Build simulation models to predict the transfer properties of the material
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Conclusion

Generalization and up-scaling

Generalization of the RDA and Up-scaling of new
materials production

+ Principles of the RDA appear easy to adapt at an industrial level

+ Lack of powerful and user-friendly “MAP design - decision tool” to help select the
best material / structuration given not only scientific but also industrial and cost
considerations

* Up-scaling of the WG based material (WG-Papers) was proven possible
+ Necessity to take into account the different processingconditions at industrial scale
from the beginning of the packaging conception

57
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1 Fresh food packaging design: a requirement driven
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» approach applied to strawberries and agro-based materials
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Nanostructuring and Microstructuring of Materials from a Single
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-Review: Multi-scale structuration of protein based materialsfor MAP of fresh
produce
T. Cagnon, C. Guillaume, N. Gontard.

-Of the importance of the structure of support paper in gas transfer properties of
protein-coated paper.
T. Cagnon, C. Guillaume, E. Gastaldi, N. Gontard.

-Control of 02 barrier properties of papers coated with wheat gluten / nanoclays
multilayers.
T. Cagnon, R. Szamocki, C. Guillaume, O. Felix, G. Decher. ,
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Annexe 2
Valorisation des compétences des docteurs :
Développement d’agro-matériaux adaptés a la

conservation optimale des fruits et Iégumes frais

Thibaut Cagnon, Nathalie Camus

Recueil : Valorisation des compétences «NCT», ME®Montpellier, 2012

QU'EST-CE QUE LE NCT : Afin d’aider les doctorants a mieux valoriser ¢esnpétences
scientifiques et transversales acquises durahisetainsi que la portée socio-économique de
leur travaux, la Maison des Ecoles Doctorales detpklier (MED) et I'’Association Bernard
Gregory (ABG) proposent une formation individuedlecadrée par un mentor: Le Nouveau
Chapitre de la Thése.

Cette formation aboutit a un rapport qui est présdans les pages suivantes.
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Valorisation des compétences des docteurs, NCT

Thibaut Cagnon

DEVELORPPEMENT MAGRO)-MATERIAUXX
ADAPTES A LA CONSERVATIONN
OPTIMALEDHS AFRUITSSBEITUEGUMESS
FRAIS

Mentor : Nathalie Camus

Ecole Doctorale : Science des Procédés, Science Allaments
Unité de Recherche : UMR IATE
Montpellier Supagro / Université Montpellier Il

Sujet académique de la thése : Caractérisation etadélisation des transferts de matiére
dans des systémes emballage/aliments - Structuratid fagcon de matériaux
multicouches pour la conservation des fruits et lagnes

Directrice de Thése : Nathalie Gontard
Encadrante Principale : Carole Guillaume

Date de soutenance prévue : Novembre 2012

Montpellier ume‘
> HA roj i % | inksiagence
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LA THESE

Présentation

Contexte Sociétal et Environnemental Encore aujourd’hui une part trop importante des
fruits et légumes récoltés ne sont jamais consonuuéwit de leur détérioration entre leur
récolte et le moment de leur consommation. Qu'slieoroduise lors de leur transport, sur le
point de vente ou chez le consommateur. Ces pemnte€videmment un impact économique
important mais générent aussi une image de gaehisaihs en moins acceptable.

A c6té de ce probléme, se trouve celui des engeslet leur mauvaise ou sur-
utilisation. Malgré leur caractere trés majoritenent recyclable, les plastiques utilisés pour
'emballage des fruits et léegumes (barquettes, sfilmachets) sont source de pollution et
surtout, sont issus de ressources fossiles nomvetables.

La combinaison de ces 2 problemes crée un fadréh pour des matériaux
d’emballage non polluants et issus de ressourcesuvelables capables de prolonger la

conservation des fruits et léegumes.

Contexte Scientifique.Les différents fruits et légumes frais présentdrdacan des besoins
spécifiqgues pour une conservation optimale (réguiade leur respiration, protection contre
les chocs et les micro-organismes par exemple). Epondre a ces besoins il est nécessaire
de conditionner ces produits dans des emballagém@sphére modifiee créant les conditions
de conservation optimale.

Cependant, peu de matériaux d’emballage sont categike départ dans cette optique.
Et les matériaux plastiques utilisés habituellenrmensont en général pas adaptés, ce qui peut
contribuer aux pertes de marchandises évoquéesdanément.

Tout ceci plaide pour la création de matériauxcosndes le départ dans le but de
répondre aux besoins des produits frais au tragdkerpropriétés mécaniques et de transfert
bien spécifiques.

Les agro-matériaux et en particulier les matérialpase de protéines comme le gluten
de blé s’averent étre particulierement adaptés tee dache de par la vaste gamme de
perméabilités a I'oxygene et au dioxyde de carbgués couvrent. Ces propriétés leur
permettant de créer des atmosphéres a teneug aro@érée et pauvre en g@daptées aux
fruits et léegumes. Leurs faibles propriétés meaaesgpouvant elle étre compensées par

divers types de renforts et notamment I'utilisatitnsupports naturels tels que le papier.
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Résumeé de la Thése, Objectifs et Enjeuia these est donc axée sur le développement de
matériaux d’emballage a base de gluten de blé padier pouvant améliorer la conservation
de fruits et légumes frais tels que les champigmonies fraises.

Elle comporte deux objectifs principaux. D’abordtrusturer (fabriquer) par
différentes techniques des bio-composites papigeiglcapables de répondre aux besoins des
fruits et légumes sélectionnés. Et ensuite, analgseomprendre les facteurs permettant de
moduler les propriétés de ces matériaux afin deméye aux besoins d’'une plus large gamme
de produits.

L’enjeu principal de cette thése réside dans tedipartir des besoins du produit pour
entierement concevoir et fabriquer I'emballage ade d’outils de simulation (principe de
I'ingénierie reverse) plutdt que simplement tester & un les emballages plastiques
disponibles sur le marché. En résumé, de passae dipproche essai erreur a une approche
de type ingénierie reverse (trés peu utilisée #etnent dans le domaine) pour le
développement d’emballages pour fruits et |égunfiesdéengendrer un gain de temps et de
créer des matériaux réellement optimaux

Elle présente également des enjeux annexes immp&rize premier économique du a
la réduction des pertes de marchandise et au codiémd des matieres premieres utilisées. Et
le second écologique a court et long terme du @igation de matériaux non polluants et

issus de sources renouvelables.

La These et son Contexte de Travail

Intégration dans le Programme Tailorpack. Ma these faisait partie du programme
Tailorpack (ANR-07-PNRA-029) qui s’est terminé eréde@mbre 201let avait pour but
d’étudier tous les aspects de I'ingénierie revaggaiquée a 'emballage des fruits et léegumes.
Depuis la détermination de leurs paramétres vit@egpiration, murissement, etc...) et de
leur atmosphere optimal de conservation, jusquest des matériaux d’emballage congus en
passant par la mise au point d’'un outil de simafati aide a la création d’emballage a
atmosphére modifiée. Le programme avait égalementr fput d’explorer des moyens
novateurs de structuration (mise en forme) des-pglyméres (plastiques provenant de
ressources agronomigues comme le blé ou le seja)qtie I'introduction de nano-argiles ou

la dépose dite couche par couche.
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Au travers de la these j'ai pris part a presquee® les étapes du procédé d’ingénierie
reverse qui constituait la colonne vertébrale cagpamme Tailorpack, depuis l'utilisation de
I'outil de simulation jusqu’au test des emballagesconditions réelles. Mais le coeur de mon
travail a consisté en la conception et la carasa@dn des matériaux a base de gluten.

En dehors du cadre de la thése, jai égalemeriicipdr aux étapes de production
pilote des matériaux et également réalisé des seslgur les solutions d’enduction pour une

future production a échelle industrielle.

Ctifl

N UMR
¥ SQPOV “

Besoins des x
fruits/légumes

sAte T &g [dAte T >

Dimensionnement Propriétés cibles Conceptiondes
de I'emballage des matériaux matériaux

Caractérisation des
matériaux congus

ADIVEC
& ‘[)Ln-:‘.‘u_v,w e

(roscton

Test de
I'emballage en
conditionréelles

Innocuité des

SADROMN ADIVEC » constituants pour gl:“\le 5
Outil de = g les fruits/légumes ) SHCKEANG
simulation EAM “
K T }
date T
@ Conforme aux besoins définis #¢ Non conforme aux besains définis T Theése

Figure 1. Principe de I'ingénierie reverse appligu& I'emballage des fruits et légume — Implication
des partenaires de la thése et du programme Tailkp

L'UMR IATE. Ma these, tout comme le programme Tailorpack, stinpleinement dans le
théme de prédilection de l'unité de recherche gia accueilli (UMR Ingénierie des Agro-
polyméres et Technologies Emergentes, axe 3) ud&tdes transferts (gaz, graisses,
composes volatiles, ...) aux travers d’agro-matéridestinés a I'emballage. Elle présentait
de plus l'intérét de solliciter tous les pbéles dempétence du laboratoire : modélisation
d’'emballage a atmosphére modifiée, structuration rdatériaux a base de gluten,

incorporation d’agents antimicrobiens, caractéiosaties matériaux réalises...
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Le Sujet. Le theme de la these et du programme européenrjadlo a été le facteur

Implication et Motivation Personnelles

déterminant dans ma décision de me lancer dansrajet.pEn effet, c’était pour moi
I'occasion de mettre en pratique les connaissatitaxiques et pratiques acquises lors de
mon cursus d’ingénieur matériaux (spécialité polgskéramiques). Mais également, de me
former a ce nouveau type de matériau, dans un heaveonnement de travail. La présence
de partenaires industriels, tout comme son coétégérnierie » bien développé furent
également des facteurs déterminant dans mon claiyec’envisageais pas de me couper
totalement du monde de lindustrie/ingénierie pane consacrer uniguement a de la

recherche que I'on pourrait qualifier de fondamknta

Le Doctorat. Le doctorat était surtout pour moi l'occasion derfgaionner mes

connaissances scientifiques chose qu’il auraipkig difficile de faire « sur le tas » au sein
d’'une entreprise. Acquérir toute la rigueur et larté nécessaires a la communication
scientifique (orale ou écrite) me semblait égaleinteds intéressant pour la suite de ma
carriere. Et enfin il s’agissait d’'une opportunité pouvoir directement gérer un projet, mon

projet, et prouver mes capacité d’organisationegbldnification.

Insertion dans le Programme Tailorpack.Mon implication dans le programme au travers
de la these a commencé un an apres le début deccélemplacement d’'un départ). Je n'ai
donc participé ni a son montage, ni a la définitts objectifs et le travail des différents
partenaires était déja bien avancé a mon arrivéevais également partir des bases posées
par mon prédécesseur. Mais j'ai toute de méme ir@ussnstruire mon projet de these et ses
objectifs de facon bien plus personnelle en acesst mes encadrants. Mon souhait était de
trouver une balance favorisant autant que poss$idpect développement (conception de
matériaux pleinement fonctionnels) sans négligen bsur I'aspect science fondamentale

obligatoire dans tout travail de these.
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GESTION DU PROJET DE THESE

Préparation du Projet de These

Montage du Projet de ThéselUn poste de these était prévu et financé sur 3 des le
montage du programme Tailorpack en 2007. Cetteettiégait se dérouler au sein de I'équipe
IATE et eétait intitulée « Conception a facon de matériaux antimicrobiensawni a
I'amélioration de la durée de conservation desti@t Iégumes via modélisation et approche
intégrée » Elle visait donc au développement de l'outil deddlisation précédemment
évoqué, a son utilisation (a I'aide des donnéessfat IéEgumes collectées par des partenaires,
Voir ci-aprés) et enfin a la réalisation et I'étudks matériaux répondant aux propriétés cibles
déterminées par la simulation.

Ce poste a été occupé pendant un an par un pramgi&nieur doctorant qui s’est
occupé de toute la partie modélisation avant deegue projet. La thése a donc été reprise en
recentrant le sujet sur I'utilisation de 'outil damulation et la réalisation/étude des matériaux
d’emballage. Le tout avec pour premier objectifoaurt termes la fabrication de matériaux

fonctionnels

Partenaires Impliqués.Les partenaires impliqués dans le projet de Theseles mémes
gue ceux impliqués dans le programme Tailorpack.

Du coté scientifique, 'TUMR Sécurité et Qualitésderoduits d’Origine Végétale et le
Centre Technique des Fruits et Legumes d’Avignawditlent principalement sur les fruits et
légumes, la détermination de leur paramétres vieugur sensibilité aux micro-organismes.
L’Institut Charles Sadron Strasbourg est égalenmaptiqué au niveau du développement de
matériaux novateurs crée par dépose couche paheouc

Du coté industriel, Arjowiggins puis Gascogne Rap# assuré I'approvisionnement
en support papier et apportent, avec Adivec tdet@s connaissances relatives a ce matériau.
Les entreprises Amylum puis Jackering ont quant lkeseété sollicitées pour
I'approvisionnement en gluten de blé en vue degmapces de laboratoire, comme des essais
pilote.
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Facteurs de Succés/Risques

Table 1. Facteurs de succeés et de risques du paej¢hése

® Facteurs de Succes

*Une grande majorité des compétences/expertisesesjau sujet du développement de matériaux biozésu
est disponible directement au sein de la struaiaecueil (IATE)

*Les partenaires du programme Tailorpack appotentmaitrise des autres domaines

*Accés a de nombreux moyens d'analyse dans le dbioe d’'accueil et sur les sites universitaires de
Montpellier

*Financement assuré

® Facteurs de risques

*Interdépendance des partenaires pour I'avancedentecherches

*Décalage temporel sur les objectifs initiaux TH&sdorpack

*Absence de technicien (expérimentations) danaberatoire

*Intégration dans un programme déja lancé, pas emeps$ d'adaptation au sujet, nécessité de résultats
expérimentaux immédiats

Afin de contenir les facteurs de risques et d&vigu'ils ne perturbent le bon
déroulement de ma these, jai mis en place deségtes de réponse. Pour éviter que
l'interdépendance entre les partenaires ne pertlaidancement de mes travaux ou de ceux
des dits partenaires, j'ai maintenu un contact Irégtout au long du projet et I'ai renforcé
lors des périodes d’objectifs communs. Afin de grafi 'absence de temps d’adaptation au
sujet de these, jai commencé par un survol desidgm notions nécessaires a sa
compréhension globale puis réparti I'étude biblagrique approfondie tout au long des 3ans
en me concentrant a chaque fois sur le domainespsac lequel je travaillais (structuration
des matériaux ou emballage a atmosphére modifiexyample). J'ai également pris le parti
de me former sur les techniques d’analyses et térimhexpérimental utilisé sur le tas et en
prenant des informations auprés des utilisatewgalig¥s plutbét qu’'en passant par la voie
écrite afin de gagner un maximum de temps et dagfie. Cela m’a également permis de
mieux connaitre les systémes expérimentaux et drim@eet donc de palier a I'absence de
technicien spécialiste au sein du laboratoire. rEnfai maitrisé le facteur de risque le plus
important, le décalage temporel entre les objedtf$a thése et du programme Tailorpack en
essayant au maximum de les regrouper et d’obtessrrédsultats pertinents et valorisables
dans le cadre des 2 projets. Quand ce n’était pasilge, je me suis appuyé sur une

organisation précise et bien planifiée pour redsars les temps.
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Suivi du Projet de These

Une fois la thése lancée, j'ai activement particgpéon suivi au moyen de 3 leviers. Tout
d’abord je participais aux réunions du programmaéofzack qui se déroulaient tous les 6
mois et permettaient de faire le point aussi bignnses travaux de these que sur les résultats
des autres partenaires. Lors de ses reunions,bjestifs du programme pour les 6 mois
suivants étaient également définis. Ensuite jdivament participé a I'organisation de mes
comités de thése qui ont eu lieu a la fin de lanpeee et de la seconde année et qui furent
I'occasion de faire un point plus approfondi suthase, ses orientations et ses résultats. Lors
de ces comités, les publications servant a la isaltbon de mes travaux ont été décidées et
discutées. Enfin jai organisé tout au long de hesé des réunions thésard/encadrants afin de
régler au plus vite tout probleme interne au dénmgnt de ma these ou de finaliser les
publications.

De plus, tout au long de la these et du programailerpack, j’ai maintenu un contact
avec les partenaires du programme via e-mail, hélép ou visite sur site afin de maintenir
une bonne synergie entre toutes les équipes, dercen les liens entre les personnes et
d’éviter des blocages. Dans cette optique, uneevéil’'usine papetiere de Gascogne Paper,
des échanges de « services techniques » (telsaqoardctérisation de solutions de gluten
industrielles) ou encore des campagnes d’expérismaltanées avec 'UMR SQPOV ont
également été mises en place.

Il est également important de noter que le faitvdila eu pour encadrante la
coordinatrice du programme Tailorpack, Carole @uithe, aura grandement facilité les
choses afin de faire coincider les objectifs dthése et du programme. En effet, selon moi,
rien ne remplace des réunion/conversation en dpear mettre a plat les probléemes ou

organiser le travail

Co(t Financier, Humain et Matériel

Codt du Projet de These Le colt total de cette thése a été évalué a 2a3€ressources

humaines auront constitué le principal poste decxdggp avec plus de 70% du budget alloué
suivi de tres loin par le matériel (13%) et legastructures (7%). Concernant les sources de
financement, il était équitablement réparti entgénce Nationale pour la Recherche et les

structures locales (UM2 et Sup’Agr@Yy.oir Annexe page 313 pour le calcul détaillé).
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On peut également remarquer que le programme Jpait@&rdont faisait partie ma
thése affichait un budget total de plus de 1 500kE.

Principaux Postes de Dépenses (%)

727 a2 =R

m Ressources Humaines ® infrastructures m Matériel m Déplacements ® Formation ® Rewnions ® Consommables w Documentation et communication

Principales Sources de Financements (%)

496 DR

®ANR  ® Autre (UM2/SupagrofED) ® UMRIATE ®Apport Persennel

Figure 2. Principaux postes de dépenses et pritefpsources de financement exprimées en
pourcentages du budget total de la these

Moyens Humains.En plus de mon investissement a temps completesprdgramme et la
thése, il faut ajouter le suivi au quotidien asspatk mon encadrante principale, Carole
Guillaume et le suivi/contréle au moment des étapgmrtantes par ma directrice de these,
Nathalie Gontard. Il faut aussi ajouter I'investisgent conséquent des autres professeurs et
maitres de conférences du laboratoire quand lgperéige était requise, en particulier Pascale
Chalier et Emmanuelle Gastaldi, ainsi que l'aidécppuse de M. Muller et M. Macouire
quand des interventions/réparations sur certainsaraplages du laboratoire s’avéraient
nécessaires. Enfin, le temps passé par les pagerdu programme Tailorpack a obtenir les
résultats dont je me suis servi par la suite seidieénment a prendre en compte.

Il est a noter que le laboratoire de I'axe 3 deM® IATE dans lequel j'ai conduit ma
thése ne possédait pas de technicien chargé dioptrde suivre les différents montages
expérimentaux ou appareillages. Ma formation a dét& assurée par les membres du
laboratoire ou les thésards déja en place et j@imeme transmis ces connaissances par la

suite aux nouveaux arrivants.
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Matériel Mobilisé. Enfin, sur le plan matériel, cette these aura nsmites installations
internes a 'UMR IATE, universitaires et industtés. Pour la conception et la caractérisation
des matériaux a I'échelle laboratoire, presque teaséquipements de 'Axe 3 de 'UMR
IATE auront été sollicités (outils d’enduction, ohratographie a phase gazeuse, systeme de
mesure de perméabilité, digidrop pour mesure d&andé contact...) ainsi que les
microscopes électroniques de l'Institut europées dembranes (IEM) et du CRIC a
Montpellier. Pour les essais pilotes de productianpcation pour 2 jours d’une coucheuse a
papier pilote du Centre technique du papier (CT®)Gtenoble aura été nécessaire, tout
comme le recours a la halle de technologie de I'igTMontpellier pour la préparation des

solutions de gluten en grande quantité (100L).

COMPETENCES MISES EN (EUVRE

Connaissances et Compétences Scientifiques etifjaekn

J'ai, au cours de ma thése, pu développer de naxtz@voirs et savoir-faire scientifiques
venant compléter ceux que je possedais déja aersrale mes précédentes expériences
professionnelles. Certaines de ces compétencesgéafiques au domaine étudié lors de la
these, mais une majorité est facilement adaptdhiemsférable a toute mission a caracteres
scientifique/ingénierie.
« Capacité a assurer une vieille scientifique etrietdgique au travers des études
bibliographiques et de la rédaction d’'une revieut &u long de la thése
» Intégration et mise en pratique du concept d’ingéeireverse aboutissant au
développement d’emballages optimaux pour fruitégames
* Maitrise des procédés de mise en forme des matéplastiques (synthétiques et
bio-sourcés) au travers de la fabrication de mat&rviables et fonctionnels.
* Maitrise des techniques de mesure de la permiallks matériaux et des
nombreuses normes d’'unités existantes
» Connaissance et expérience des contraintes d’'wsagasi’une échelle laboratoire
a une échelle de production pilote grace a la gétidin d’'une fabrication de

matériaux d’emballage pilotes (100L de solution ndection, 4 bobines de

papier).
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* Apprentissage et maitrise des bases de la prograonmmen langage scientifique
(Matlab®) via I'optimisation et I'utilisation sous sa fornieitiale (hors-ligne) du
logiciel Tailorpack

* Acquisition de nombreux savoirs sur les emballagesr produits frais, les
emballages actifs/intelligents et les agro-matérigui viennent compléter mon

bagage général sur les polymeéres et leur miserarefo

Compétences Transversales

Au-dela des compétences et savoirs purement daeles, jai également développé de
nombreuses compétences transversales qui me gatite® quel que soit le poste que
joccuperai dans le futur.

» Aptitude a la gestion de projet démontrée au jegolir durant les 3ans de thése et
par 'accomplissement, dans le temps et malgréfdeseurs de risques, des
objectifs fixés aussi bien pour la thése que pewprbgramme Tailorpack (Outils :
Définition d’objectifs, GANT, Réunions de suivi/mentation, Contact permanent
entre les membres du projet)

* Forte aptitude au travail en équipe grace a deditémal’écoute, de synthése et
d’organisation qui furent nécessaire pour gérdv@me intelligence le partage des
eéquipements (mise en place d'un planning de résernya et organiser
collégialement les réunions d’équipe a I'échelldahoratoire ou des doctorants de
celui-ci (sondageoodle etc...)

» Capacité a gérer les contraintes et optimiser ¢déstp forts d’un travail coopératif
inter-équipes mise en évidence tout au long dgrmarame Tailorpack et qui aura
abouti a 3 valorisations scientifiques communear{izles, 1 poster)

« Capacité a transmettre les savoirs et savoir-fagequis, au travers
d’enseignements (Cours et TD) et de la formation rdeiveaux arrivants
(stagiaires/doctorants) sur les montages expéram&rdu laboratoire.

* Aisance dans la communication grace aux nombrepsésentations de mes
résultats que ce soit a mes encadrants, aux paegm programme Tailorpack
ou a un public expert lors d'un congreés.

» Maitrise de la langue Anglaise a I'écrit comme @&dl via la rédaction d’articles
scientifiques et la participation a des congreslamue anglaise (auditeur et

conférencier)
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* Compétences Organisationnelles de par les nomisreliésearches administratives
nécessaires a l'inscription en thése, a des comgrésla mise en place de missions
en dehors du laboratoire (en France ou a I'étrgnger

» Compétences de gestion/achat via la demande, lpatamon et le choix de devis
pour des réparations ou achats de matériels auntanande de produits.

» Capacité de management démontrée au travers deadlmment technique de
deux stagiaires (délégation de mon encadrante),ftemation sur les appareils
expérimentaux et un suivi de leurs résultats. dgalement su gérer de facon
efficace une situation de conflit avec 'une deggitire, en posant le diagnostic du
probleme (manque d’organisation, non suivi de aegta regles de sécurité),
organisant un entretient de recadrage et finalereanprenant la décision qui
s’'imposait suite a 'absence d’améliorations.

» Constitution d’'un réseau composé des collaboratdurprogramme Tailorpack,
des fournisseurs et prestataires de services aéntpour la thése et également
d’autres chercheurs sans lien avec le projet (pation a l'impulsion d’un
nouveau projet entre 'UMR IATE et TUMR IES). Egélement entretient du
réseau existant, composé de contacts (professeansjens collégues,
fournisseurs/clients, ...) rencontrés lors de morswsiret de mes précéedentes

expériences professionnelles.

Qualités Personnelles

Les savoir faires et connaissances acquis et dgw&oau cours des 3 ans de thése vont de
pair avec des qualités personnelles qui auronhdigpensable a la réussite de ce projet.

* Tenace, motivé et efficace pour mener a bien ufepae 3ans, surmonter les
difficultés et tenir les délais.

* Autonome afin de dépendre le moins possible desesautians mon travail
personnel et d’étre capable de progresser aveaidaaeninimale si besoin.

» Proactif, force de proposition sur la théese (somridntation, sur les publications, le
choix des congres et formations) et capable d'gaicdes besoins dans le cadre
du programme Tailorpack.

» Adaptable et ingénieux pour m’habituer au plus @iten nouvel environnement de
travail et pour m’accommoder au mieux de changesnéatplanning intempestifs

ou répondre rapidement a des problemes techniques.
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* Rigoureux, organisé et appliqué dans la collectaetlyse des résultats.

* Responsable, du suivi des appareils que jutilipgisdant ma thése et d'une des
salles de laboratoire (approvisionnement, état géreecurite,...)

* Logique, critique et objectif pour toujours veérifiet assurer la qualité de mon
travail et peser mes décisions.

* OQuvert et Altruiste afin d’échanger avec et aidemaeux les autres membres de
I’équipe et de créer une bonne dynamique de grddpés aussi de maintenir une
bonne synergie dans la coopération inter-équipseaudu programme Tailorpack.

» Synthétique et Clair dans la valorisation écritmote orale de mes résultats.

» Pédagogue et Capable de vulgariser dans la trasismide mes connaissances aux

éléves auxqguels j'ai enseigné et de mes savor-faik stagiaires que j'ai formés.

RESULTATS ET IMPACT

Impact Scientifique et Technique

Impact Scientifique. Sur le plan scientifique, cette these a permis alesger plus loin la
compréhension des différentes structurations plessitour un agro-polymere (seul, enduit,
déposé couche par couche...). Leurs impacts respettifles propriétés mécaniques et de
transfert des matériaux crées ont également étéxndigfinis et compris.

L’étude des différents matériaux créés a prouvédl gait possible de renforcer
efficacement les matériaux a base de gluten towbaservant les propriétés de transfert qui
les rendent si particuliers et intéressants. Bhdaftotale adaptation des matériaux a base de
gluten a une utilisation en tant qu’emballage dauits et Iégumes frais a pu étre constatée au
travers de tests en conditions réelles.

On peut également noter que cette thése a mis mierkl un nouveau champ
d’application pour les matériaux couche par coughieétaient jusqu’a présent cantonnés a
des domaines ultra pointus tels que les bio-matéré application médicale ou les semi-
conducteurs

Enfin, ces résultats ont été valorisés par 5 patitios (£" auteur) dans des journaux
scientifiques internationaux et la participationud congres international sur I'emballage
(IAPRI 2012).
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Impact Technique. Sur le plan technique, la principale réussite istea®n la validation de la
démarche de l'ingénierie reverse sur le cas prdessfraises. Une bonne connaissance du
produit combiné a [lutilisation du logiciel de sifation d’emballage Tailorpack

(www.tailorpack.corp crée dans le cadre du programme du méme nornenapermis de

définir les propriétés nécessaires des matériauandfert de gaz, vecteur d'agent
antimicrobien, solidité suffisante pour utilisatienremballage »). Ceux-ci ont été congus a
partir des connaissances evoquées dans les padragnagecedents, puis ils ont été testés avec
succes en conditions réelles (résultat : 2 joursoteservation en plus).

A coté de cela, une production a échelle pilotéleaaissi été testée et a abouti a la
fabrication de bobines de papier enduit viablessnmésentant des performances moins
intéressantes que celles des matériaux a échdileralmire. Cependant les conditions
drastiques imposées par l'essai pilote par rapport conditions industrielles réelles
permettent d’envisager avec une certaine confiamee production industrielle test. Il est
important de noter que les partenaires Gascogner RapAdivec, étaient tres intéresses par
'aspect barriere aux graisses des matériaux dppéb (étudieés pour le programme
Tailorpack seulement) et que des développemenissfdans cette direction son sérieusement
envisagés par ces 2 entreprises pour remplacerésses d’enduction actuelles dans les
boites a hamburger notamment. Il est a noter ques @& cas (emballage de produits
alimentaires contenant du gluten), l'usage de neatéra base de gluten ne pose pas de
problemes. Cependant dans le cas d'une indusdtialisde ces matériaux pour I'emballage
fruit et Iégumes, se poserait la question desgadierau gluten. Le probleme pourrait toutefois
étre contourné en ayant recours a d’autres pratgioar concevoir les matériaux, moyennant
bien sur des mises au point et ajustements.

Au final, il est maintenant du ressort des produrstade fruits et léegumes et/ou des
autres acteurs de ce secteur (des fabricants dilgba la grande distribution) d’utiliser la
démarche de lingénierie reverse. Soit « seule ur pdéterminer le meilleur matériau
disponible sur le marché pour le produit choisiiasi gagner en temps et en co(t par rapport
a la démarche essail/erreur. Soit combinée a lecédlon de matériaux réalisés sur-mesure (si
possible bio-sourcés pour des raisons écologigai@s)d’obtenir des matériaux réellement
optimaux. Dans les 2 cas un allongement substatgiéd durée de vie du produit pourra étre
obtenu par rapport a la situation actuelle, lintitdes pertes entre la récolte et la

consommation du fruit ou du légume considéré.
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Impact Personnel

De facon plus personnelle cette thése a été l'amtapour moi d’approfondir ma
connaissance des matériaux et d’'ajouter les agyprgoes a mes domaines de compétence.
Elle m'aura aussi permis de maitriser de nouveketniques d’analyses scientifiques telles
que les mesures de perméabilité aux gaz ou le sdé/i composés volatils par
chromatographie. Cette thése m’a aussi permis dedgment améliorer mes capacités de

rédaction et de communication de mes résultatst@éndéion de tous types de publics.

Sur un plan non scientifique, j'ai pu mettre entige mes capacités d’organisation et
de gestion du travail et du temps avec succesoelpr ainsi ma capacité a gérer un projet a
I'organisation et au timing souvent complexe. &galement pu développer mes compétences
de formation et de transmission des savoirs auetsawd’'une cinquantaine d’heures
d’enseignements, de la formation technique dedaitas et des échanges quotidiens avec les
autres membres du laboratoires (thésards, stagjiamigenieurs recherche...).

Enfin, cette expérience m’'a permis de confirmer degntations que je souhaitais
donner a ma carriére. Je me suis rendu compte'@aésjtres attaché au développement et a
la conception ce qui m’incite & me tourner vers caeiére a dominante « développement »
plutbt que « recherche pure ». Et je suis au fooafiant quant a l'utilité des acquis de ma
thése pour les postes que jenvisage a l'avenirefiet ils me permettent de compléter un
profil ingénieur « développement/utilisation madéri » construit lors de mon cursus et de
mes stages par la connaissance de matériaux insownencore trop peu utilisés
industriellement (agro-matériaux), la maitrise dduapproche importante dans beaucoup
d’'industries et novatrice dans la conception debatiages (ingénierie reverse) et par une
plus grande expérience de toutes les composantagyéstion de projet.
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POURSUITE DE CARRIERE

Pour la suite de ma carriére j'envisage principa&ieim2 types de postes :

- Chef de projet R&D en plasturgie. Pour monteréregdes projets basés sur des
plastiques novateurs, bio-sourcés et/ou actifs

- Ingénieur conseil matieres plastiques. Soit au dkine entreprise de plasturgie
pour faire le lien entre les fournisseurs et |dfdints services internes. Soit au

sein d'un groupe fournisseur de matieres premigoes conseiller les clients.

Ces postes se basent sur des connaissances ta&sheigeientifiques similaires de par
leur domaine mais demandent des compétences traaget proposent des missions assez
différentes. Dans le tableau page 16, sont ptésdes missions, les compétences requises et

mes atouts pour chacun de ces 2 postes.

Entre ces 2 meétiers, jai une préférence pour Isteoal’ingénieur conseil, en
particulier si il prend place au sein d’'une entiepde plasturgie et a pour objectif de faire le
lien entre fournisseurs, service R&D, service puatidun et finalement, service relation
clients. J'ai déja eu l'occasion d'occuper ces fmms durant 6 mois lors de mon stage
d’'ingénieur et je m’y étais senti particulieremedtl'aise sur les plans techniques et
organisationnels. La variété du travail et desrioteiteurs rencontrés m’avait également

beaucoup plus.

J'aimerai également, a plus ou moins long termeirdccasion de transmettre mes
acquis et mon savoir. Soit dans le cadre de masefsifonctions, soit au travers de vacations

dans le cadre d’'une université ou d’'une école @meur.

Quoi qu’il en soit, mon expérience de these me pdrend’apporter une vraie valeur
ajoutée par rapport a un profil ingénieur classigige méme expérience sur le plan de
I'autonomie, des connaissances et savoir-fairegfigpies et surtout du réseau scientifique et
technique (expertise, analyse d’échantillons, etdl.me restera cependant a développer plus
amplement mon réseau dans le secteur de la plesiadystrielle, au travers de rencontres
lors de congres et salons, via les réseaux sogiafgssionnels (ex : linkedin, viadeo) ou au
cours de mes futures activités. Je pense égalequentles formations sur les logiciels de
conception/production assistées par ordinateur peudomaine de la plasturgie seraient

bénéfiques pour compléter mon profil.
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Table 2. Détail des postes envisagé pour la potegsie carriéere.

Poste

Missions

Compétences Requises Atouts

Chef de Projet
R&D

Ingénieur
Conseil

-Proposer des innovations ou
répondre a des demandes
d’optimisation

-Définir et planifier

(risques, ressources, chiffrage)

-Connaissances des technologiegConnaissances techniques et

impliquées dans le projet scientifiques
-Compréhension des besoins desAu fait des besoins et
clients ou du marché impératifs du domaine

-Maitrise des principes et outils -Bon sens du relationnel et de la

-Suivre et encadrer (coordonner lesde gestion de projet communication
services, synthétiser et analyser lesGestion/Coordination d’équipes-Bonne capacité a transmettre

résultats, animer les réunions,
recadrer le projet...)
-Finaliser et communiquer

(reporting final, communication des
informations techniques aux autres

services,...)

-Veille technologique constante

-Capacité de synthése l'information
-Capacité d’adaptation
-Capacité de Management
-Autonomie, esprit d'initiative
-Rigueur

-Connaissance trés pointue du -Connaissances techniques et

-Diagnostiquer et/ou répondre aux domaine scientifiques

problémes techniques soulevés par-Bonne connaissance des -Au fait des besoins et

les clients ou les autres services dedifférents services de impératifs du domaine
I'entreprise I'entreprise ou des clients -Sens de I'écoute

-Suivre I'évolution des solutions  -Capacité a recueillir et -Aisance dans la

appliquées avec le client synthétiser I'information communication

-Etre force de proposition pour -Réactivité/Efficacité -Capacité a vite cerner et
d’éventuelles innovations sur les -Sens de I'écoute comprendre les problemes pour

gammes de produits des clients ou

de I'entreprise

émettre un diagnostic
-Capacités d'adaptation et de
réaction

-Force de proposition
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ANNEXE — CALCUL DU COUT DE LA THESE

Colts totaux (euros TTC)

Origine des financements (euros TTC)

. - Cout uote-
Nature de la dépense Détails Nlom.b_re unitaire Qpart Total ANR UMRIATE Autre Apport
d'unités Lo (UM2/supagro/ED) | Personnel
moyen | utilisation
1 |Ressources Humaines
1.1 |Doctorant 36 (m) 2416 100% 87000 87000
1.2 |Encadrant 1 (tutrice principale) 720(h) 52 100% 37440 37440
1.3 |Encadrant 2 (directrice) 360(h) 70 100% 25200 25200
1.4 |Encadrant 3 360(h) 52 100% 18720 18720
1.5 |Encadrant 4 360(h) 52 100% 18720 18720
1.6 |Autre personnel (hors sous-fraitance) Stages 2400 2400
1.7 | Sous-traitance (Microscopie) 2000 2000
Sous-total Ressources Humaines 191480 91400 100080
2 |Consommables
2.1 |Fournitures expénmentales 6000 6000
2.2 |Fournitures de bureau 250 250
2.3 |Autres achats 0
Sous-total Consommables 6250 5000 250
3 |Infrastructures
3.1 |Secrétanat 3(a) 11400 4% 1400 1400
3.2 |Loyers des locaux 3(a) 116000 4% 14000 14000
3.3 |Elecincité, eau, chauffage, .. Inclus dans loyer o
3.4 |Autres 0
Sous-total Infrastructures 15400 15400
4 |Matériel (amortissements)
Matériel d'expérimentation § Entrefient
41 (dont les ordinateurs et logiciels spécialisés) Achat: Aw-meire Chambre 27400 24000 3400
climatique
4.2 |Ordinateur de bureau PC portable et 2500 1250 1250
Ecran fixe
4.3 |Logiciels de bureau Ifss#cgflidﬁls; 1000 1000
4.4 |Autre (Location machine pilote) 4000 4000
Sous-total Matériel 34900 29250 5650
5 |Déplacements Trajet Hébergement
5.1 |Missions en France 600 800 1400 1000 400
5.2 |Missions & I'étranger 0 0 0
5.3 | Congrés en France (Matbim 2012 Dijon) 200 800 1000 350 650
5.4 |Congrés a l'étranger (lapn 2012 USA) 3000 2200 5200 5200
Sous-total Déplacements 7600 1000 750 5850
6 |Formation
6.1 |Formations 130h (MED) 40h (Labo) 170 (h) 2500 2500
6.2 ggrtgeaslefrzijd(‘lgitt:g’péitigé I'Université, Sécurité 1170 1170
Sous-total Formation 3670 2500 1170
7 |Documentation et communication
7.1 |Affranchissements, Internet, téléphone 500 599
7.2 |Publicité, communication, impressions 50 50
73 Docurnentat\on ([{ériod\ques, livres, bases de 500 500
données, bibliothéque, etc)
7.4 |Autres 0
Sous-total Documentation et communication 1150 1249
8|Reunions (These, Programme, etc.) 3000
Sous-total Réunions 3000 3000
9|Charges financieres 0
Sous-total Charges financiéres 0
10|Charges exceptionnelles 0
Sous-total Charges exceptionnelles 0
TOTAL 263450 130650 7899 123830 1170
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TRANSFERTS DANS LES SYSTEMES EMBALLAGE/ALIMENTS:
STRUCTURATION A FACON DE MATERIAUX MULTICOUCHES
POUR L'EMBALLAGE SOUS ATMOSPHERE MODIFIEE DES PRODUITS FRAIS

RESUME: Malgré I'ampleur que prend la technologie sousosphére modifiée pour le conditionnement des freits
Iégumes frais, I'adéquation des matériaux d’emballavec les besoins des produits est insuffis@itme part parce que
la conception de ces emballages repose encoreeswapproches empiriques de type essai-erreuraetrd’part parce que
la plupart des matériaux disponibles sur le mamtésentent des propriétés de transfert aux gazrésipeintes compte
tenu de la gamme de propriétés nécessaire pourictessbesoins de ces produits. En vue d'appatésr solutions a ces
deux verrous, les travaux de thése ont porté sur :
- la mise en place et la validation d'une approcheébasur l'ingénierie reverse visant a identifier peopriétés de
transfert requises ou cibles pour un végétal donné
- I'étude des procédés de structuration a différeétbelles pour moduler les propriétés de transtirtpapiers enduits
de protéines de blé, issus de ressources renoleglab
Une démarche d’'ingénierie reverse organisée eapesétdont l'identification des besoins des prodetite prédiction des
propriétés de transferts requises a été proposéaiéée a travers la conception d’'un papier endciif pour 'emballage
sous atmospheéere modifiée adapté a la conservatidraides. Les différents procédés de structuratiodiés ont permis de
produire des matériaux couvrant des gammes de pkyctisité allant de 5 & 18 et de perméance a féxg allant de
0,02x10™ & 2x10" mol.P&.m?s? ce qui répond parfaitement aux besoins d’unectiéte représentative de produits
frais respirant. Que ce soit des papiers enduitsigs procédés conventionnels (couche épaissegprdcédés innovants
(nano-structuration couche par couche en préseadeuilets d'argile, montmorillonites), il est silsle de moduler les
propriétés de transferts aux gaz des papiers enshiit en jouant sur le raffinage des papiers supple nombre de paires
de couche (gluten/montmorillonite), ou encore amsettant les matériaux ainsi obtenus a un balagageux de C®
Cette nouvelle approche et I'efficacité des matériprotéiques a couvrir les besoins des fruit@gtiines ouvrent la voie a
la conception de nouveaux emballages mieux adaptéproduits respirant.

MOTS CLES: EAM, Transferts de gaz, Approche intégrée, Glutemlé, Relation structure/propriétés

MASS TRANSFERS IN FOOD/PACKAGING SYSTEMS: STRUCTURING TAILOR-MADE
MULTILAYER MATERIALS FOR MODIFIED ATMOSPHERE PACKAGING OF RESPIRING PRODUCE

ABSTRACT: Despite the growing importance of the modified aphere packaging (MAP) technology for fresh fruits
and vegetable preservation, the adequacy of thkagawy materials with the produce needs remainsohlgm. On one
hand because the packaging development approashesibbased on empirical trial and error methaaisd on the other
hand, because of the non-adequate gas transferfiegp(too restricted to cover the large gameasf tyansfer properties
required) of the vast majority of conventional $tic plastics currently used for fresh food padkgglin order to
overcome these hindrances, the thesis work watsmsptivo parts:
- the establishment and the validation of a new aggrdased on reverse engineering aiming to idetttégyoptimal
(targeted) properties for optimal preservation eékected produce;
- the study of the various structuration processedgifdrent scales to modulated the gas transfepgnt@s of bio-
sourced wheat gluten coated papers.
The new reverse engineering approach for MAP cdimeronsisted in 5 steps including the definitiminthe produce
needs and the prediction of the optimal gas trarsfeperties of the packaging, and was validateduijh the conception
of an active optimal packaging for strawberry preaton. The different structuration processes istdallowed
production of a gluten based materials able to comeges of permselectivity and oxygen permeatgwoisag from 5 to 18
and 0.02x18° & 2x10" mol.Pa".m2.s? which perfectly matched the needs of a repretieataelection of fresh produce.
Be it for conventional coating techniques (thickyde or innovative processes (layer-by-layer natmoesuring of
gluten/montmorillionite layers), it was possible taodulate the transfer properties of coated papgrehanging the
refining degree of the support paper, the numbédaysr pairs (gluten/montmorillionite) deposited,even by submitting
such materials to a G@reatment.
This new approach and the efficiency of the preteised materials for covering the fresh fruits aegetable needs open
the way for conception of new optimal packagingrispiring produces.

KEY WORDS: MAP, Mass transfer, Integrated approach, Wheaeglustructure/properties relationship
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