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Introduction

I.1. Contexte socio-économique du projet

La transformation du lait en yaourt et autres pisdiermentés a utilisé environ 7% de la
collecte francaise de lait mais a généré 2.5 mildiad’euros de chiffre d’affaire en 2009, soit
pres de 13% du chiffre d'affaire des industriestideés nationales (Centre national
interprofessionnel de I'économie laitiere, 201(. decteur des yaourts et produits fermentés
est tres dynamique avec une évolution de +9% (dame produit) entre 2002 et 2008
(FranceAgriMer, 2010). Il bénéficie d’une forte sommation de la part des francais (0.7
yaourt/jour/habitant). Les 3 transformateurs leader le marché des yaourt et desserts lactés,
en France, sont Danone, Lactalis et Andros maissolst peu représentés dans la région

Bretagne qui comptabilise seulement 6% de la ptoaluoationale (FranceAgriMer, 2010).

Les yaourts sont des produits fragiles et évoluliés défauts de qualités majeures et
récurrents de ces produits sont I'exsudation deinséet des problemes de texture et de
consistance des gels. Pour limiter ces défautsinidgstriels ont recours a des traitements
thermiques énergivores et au poudrage du lait-a-€fre I'opération qui consiste a augmenter
I'extrait sec du lait par I'ajout de poudres laiéig. Les réductions energétiques et l'utilisation
de coproduits de lindustrie laitiere valorisés mgrédients fonctionnels, dans le but de
maitriser la qualité des produits et de dévelodjpenovation, constituent des enjeux pour
toute la filiére. En tant que grand producteur dedves laitieres avec 109 000 tonnes produites
en 2009 (France AgriMer, 2010), la région Bretagnestit dans ce sens dans la recherche
fondamentale avec pour objectif la compréhension mécanismes de formation des gels
acides. La région Bretagne a ainsi financé le pagaecherche présenté dans ce document par

une bourse d’allocation de recherche doctorale (BREImMéro 42 98.
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Introduction

1.2.  Questions de recherche

Il est maintenant admis que le traitement thermidudait a 85-95°C pendant plusieurs
minutes entraine I'apparition de complexes therntits protéiques résultant de la
dénaturation des protéines sériques. Il a étéechant établi que ces complexes sont impliqués
dans [l'amélioration des proprietés de gélificatiacide du lait: ils augmentent
significativement le pH de gélification, la rétemtid’eau, la fermeté et I'hnomogénéité des gels
acides de type yaourt. Depuis les années 80, dbnenises études ont permis d’avancer sur la
compréhension de la formation des complexes thénchaits et sur les interactions mises en
jeu entre ces complexes et avec la micelle demaséu cours du traitement thermique du lait
(Figure 1). D’aprés des études récentes, quelquesura (Alexander & Dalgleish, 2005;
Donato et al., 2007a; Guyomarc'h et al., 2009a}ismoent I'hypothése que les complexes
thermo-induits interagissent avec la surface duitzlle de caséine au cours de I'acidification
et la fonctionnaliseraient, en améliorant les péips de gélification acide. Cependant, on ne
sait encore que peu de choses sur les mécanisnfesrddion des gels acides laitiers (Figure

1).

[ o v,
3 = O@O = @ . B 1

. N . structures thermo- Sl .
lait systéme natif induites acidification gel acide

Figure 1 : Synthése de I'état des connaissancdesuonséquences du traitement thermique
sur le lait écréme et sur son aptitude a la gélibn acide

Dans le but de faire progresser la formulatioragtrescription des ingrédients fonctionnels
utilisés en gélification acide, la communauté difiggue se focalise maintenant sur les
questions suivantes :

- Quelle est la nature des interactions survenant erg les complexes thermo-induits et
les micelles de caséines lors de la formation deslgy?

- Comment ces interactions conduisent a la déstatsiation du lait et la construction du

réseau protéique ?
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II.L1. Les protéines du lait

Le lait contient deux catégories de protéines :dexéines sériques et les caséines. Les
protéines sériques sont définies comme étant liehke des protéines solubles a pH 4.6 par
opposition aux caséines qui précipitent a ce pHoroportion de ces protéines dans le lait ainsi

que quelque unes de leurs propriétés sont résuta@edelableau 1

Tableau 1 : Composition du lait en protéines (Caydtorient, 1998; Rasic & Kurmann,
1978; 2005) et quelques propriétés de ces prot€ilakstra et al., 2006).

Nombre de résidus

Composition  Masse cvstéines Point
dans le lait moléculaire y o isoélectrique
( L'l) (kDa) (dont sulfhydriles libres) (o))
g (par mol) P
Caséineas; 11.1 23.6 0 4.5
Caséinels CaseineB 10.4 24.0 0 4.8
~29¢gL .
299L)  Caséine 3.7 19.0 2 (0) 5.6
Caséineas; 2.9 25.2 2 (0) 5.0
B-lactoglobuline  2.5-4.5 18.3 5(1) 5.2
Protéines
Sériques a-lactalbumine  1.2-1.7 14.2 8 (0) ~4.3
G791 bumine d
pumine de 0.5 66.3 35 (1) 4.8
sérum bovin

[I.1.1. Les protéines sériques

De nature et de fonction diverses, les protéinegsgs sont aussi trés sensibles aux
traitements thermiques (voir 8l1.4). Les princigaf@otéines sériques sontfdactoglobuline
(B-lg) et 'a-lactalbumine @-1a).

La B-lg est la protéine la plus abondante du lactoséfub®%). Lap-lg est une protéine
globulaire et de masse moléculaire de 18.3 kDat torstructure est tres compacte par la
présence de nombreux feuillfisElle présente également 2 ponts disulfures, datrésidu

cystéine en position 66 (Cys et Cyseo et entre Cygs et Cysig, €t un groupement sulfhydrile
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libre (Cys21), ce dernier étant proche du coeur hydrophoberet don accessible sur la forme
native de la protéine.

L’ a-la est également une protéine globulaire et sssenamléculaire est de 14.2 kDa. Elle
contient 4 ponts disulfures : Gy€ysi20, Cy$sCysii1, Cys1-Cys:7 et CysszCySs.

D’autres protéines sériques mineures sont égalepréaéntes dans la phase soluble du lait,

notamment I'albumine de sérum bovin, les immunoglioies et la lactoferrine.

I1.1.2. Les caséines et la micelle de caséines

Les caséines représentent 80% (p/p) des protéindaitd Cayot & Lorient, 1998) et elles
sont insolubles a pH 4.6. Il existe plusieurs tygexaseéines : les caséingg-osy, p etk, dont
les concentrations dans le lait écrémé sont dond&es le Tableau 1. Les caséines sont des
chaines d’acides aminés a faible organisation skdmn Elles s’assemblent ensemble sous
forme de particules colloidales, ou micelles detitees, de diamétre compris entre 30 et 600
nm, avec une moyenne de 180 nm (Cayot & Lorieri819

Selon les différents modeles de la structure dmitelle de caséines décrits actuellement,
modéle « cceur enveloppe » (Waugh et al., 1970)staugture ouverte » (Holt et al., 1989;
Holt, 1992; Horne, 1998) ou encore a submicellesr(ML967; Ono & Obata, 1989; Schmidt,
1982), les caséinasseraient plutdt situées a la surface de la mick#les par leur partie N-
terminale aux parties hydrophobes des autres @sséh présentent une partie chargée,
hydrophile a la surface de la micelle formant aing couche ou des patches de « chevelure »
d’'une dizaine de nanomeétres d’épaisseur (Holt &g@@h, 1986; Walstra, 1990). Dans
I'édifice micellaire, les caséines sont maintenlessunes aux autres grace aux interactions
hydrophobes et a la présence de phosphate dematailoidal (PCC). En dépit de leur taille
et de l'instabilité naturelle des caséines indieitks en milieu aqueux et salin, les micelles de
caséines sont remarquablement résistantes a lamoaion, au séchage ou au traitement
thermique. Cette stabilité s’explique d’'une part paxclusion stérique engendrée par la
couche chevelue de caséiegui interdit le contact proche d’'une autre mieelD’autre part,
les micelles de caséines sont trés hydratées retmasse volumique de 1.06 g thb’excéde
celle du perméat de lait que de 4 mgh{Mahaut et al., 2000). En agitation Brownienne

permanente, les micelles restent ainsi facilemerguspension. Enfin, les micelles de caséines
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possédent une charge résiduelle nette de I'ordré@a -20 mV (Horne, 2006; Walstra, 1990),
et exercent une répulsion électrostatique les soedes autres. Ces répulsions stériques et
électrostatiques sont compensées par des forcast@is de longue portée, dites de Van der
Waals. La résultante de ces forces produit le systeolloidal équilibré qu’est le lait. Dans
certains procédés comme la coagulation fromageta gélification acide, la déstabilisation du
lait est recherchée et sera obtenue par des mayera$fectent cet équilibre. L'acidification du

lait est notre procédé d’intérét.

I1.2. La gélification acide du lait

Les mécanismes physico-chimiques impliqués danferlaation des gels acides ont été

présentés dans une récente revue de Lee & Lucé@)20

-depH 6.7a6.0

Les charges négatives de la micelle de caséinesumt, ce qui entraine une diminution
des répulsions électrostatiques. Une petite qéadtit PCC est solubilisée a pH> 6.0 mais la

taille des micelles de caséines est inchangée.

-depH6.0a5.0

Les charges négatives de la micelle de caséinegubmt fortement et la couche de
« chevelure » de la caséires’effondre et s’amincit, par un phénomeéene de psha Il en
résulte une diminution des répulsions électrostatg de la stabilisation stérique, et de la
couche d’hydratation qui sont toutes les trois oespbles de la stabilité de la micelle de
caséine dans le lait. A 'approche de pH 5.0, Ixtde solubilisation du PCC augmente, tandis
qgue le calcium lié directement aux phosphoserir¢s@ubilisé, ce qui affaiblit la structure
interne des micelles de caséines. On observe atmgissociation partielle des caséines. La

micelle se contracte.

-de pH<5.0
Lorsque le pH devient proche du point isoélectrigada micelle de caséines (pH 4.6), les

répulsions électrostatiques entre les moléculescagine diminuent. D'autre part, des
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attractions hydrophobes et électrostatiques (¥tallissent entre les particules de caséine. Le
processus d'acidification résulte en la formatidmndréseau tridimensionnel constitué de

clusters et de chaines de caséines.

Dans les gels acides alimentaires, I'acidificatish classiquement réalisée par des bactéries
lactiques actobacillus bulgaricugt Streptococcus thermophilugui métabolisent le lactose
et sécrétent de I'acide lactique. Pour obtenir aaification correcte par les ferments, la
température d’'incubation du lait doit étre d’enwird0-45°C. Dans les études modeles, la
gluconos-lactone (GDL) est communément utilisée pour <haféhir des variabilités
biologiques des ferments. La GDL s’hydrolyse e¢dédde I'acide gluconique. Les cinétiques
d’acidification d’'un lait acidifié avec de la GDLuoavec des ferments cependant sont tres
différentes (Figure 2) (Lucey et al., 1998a). LalG®hydrolyse rapidement tandis que les
ferments acidifient plus lentement le lait. La qiténde GDL détermine le pH final tandis que
les ferments ne peuvent acidifier en deca de plg,-6d leur croissance est inhibée. Lucey et
al. (1998a) ont observeé des différences de prapdétgélification d’un lait acidifié avec de la
GDL ou avec des ferments a la méme valeur de pal. fires auteurs ont observé un module
élastique et une expulsion du sérum plus importpots les gels acidifiés par GDL que pour

ceux produits avec ferments.

74—
A

6.5 1

6.0

2.0 4

3.0

Figure 2 : Evolution du pH au cours de
| I'acidification d’'un lait avec 1.3% (p/p) de la
gluconos-lactone (GDL) M) ou 2% (p/p)
a0 , _ _ , , d’'une culture bactériennee) (Lucey et al.,
b 10 EG N 4 50 o0 1998a).
Time (ks)

Quel que soit le mode d’acidification, 'augmentatides températures d’incubation des laits
(>40°C vs <40°C) conduit a une accélération deitiezsge d’acidification, une diminution du

module élastique a pH 4.6 et une augmentationadsuidation de sérum des gels acides (Lee
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& Lucey, 2010). Les gels formés a hautes températ(¥40°C) sont plus faibles et présentent
de plus larges pores que ceux formés a faiblesémtyes (<40°C). En modulant ce facteur, il
est possible d'infléchir la cinétique d’acidificati de la GDL de facon a ce qu’elle soit
comparable a la phase exponentielle de I'acidificalactique (Renan et al., 2008). Malgré ces
limites, la GDL reste donc un moyen scientifiqueiassant pour acidifier de facon standard
des laits plus ou moins modifiés, ce que ne peupastfaire des bactéries dont la croissance

dépendra de la composition de leur substrat.

11.3. Effets du chauffage du lait sur les gels acides

En industrie, pour des raisons sanitaires et tdogigues, le lait destiné a la fabrication de
gels acides est chauffé a 85-95°C pendant unengizéé minutes dans le but d’éliminer les
bactéries et les enzymes contaminantes et indé&srakn effet, cela éliminera la flore
endogéne du lait, les ferments lactiques ensemesgcdsévelopperont plus facilement et le gel
acide présentera des propriétés améliorées. Typigpie un lait cru ou pasteurisé gélifie a
I'approche du point isoélectrique des micelles (pH9) et le gel obtenu a pH 4.5 atteint un
module élastique G’ de I'ordre de la dizaine de Balait chauffé 90°C/10 min gélifie a une
valeur de pH plus élevée, généralement entre H16etson module élastique a pH 4.5 atteint
plusieurs centaines de Pa et sa capacité de metidau est ameéliorée par rapport a un lait

cru (Figure 3).

§1000

= A

S 800

e Lait chauffé

Y 600- (90°C/10 min

o —_—

3 400-

@

Q

3 200

S .

= Lait cru
0

5.4 5.2 5.0 4.8 4.6
pH au cours de I'acidification

Figure 3 : Evolution du module élastique (G') aursade I'acidification d'un lait cru et d'un
lait chauffé (a gauche). Photographies d’'un galexde lait cru (en bas) et d’un lait chauffé (en
haut) d’aprés Jemin et al. (2008).
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I1.4. Effets du chauffage du lait sur les protéines

du lait

Les micelles sont peu sensibles a la dénaturatiemmique, mais une partie des caséines, en
particulier la caséine; peut se dissocier de la micelle et se retrouagsda phase soluble
d’un lait chauffé entre 70 et 100°C (Walstra et 2006).

Les protéines sériques sont quant a elles dénatarées températures supérieures a 60°C.
Des madifications conformationnelles des protés@sques provoquent I'exposition de leurs
groupements hydrophobes et/ou thiols. Les proté&gegues peuvent s’agréger entre elles et
avec les caséines, essentiellement avec la cas@has, par des échanges thiol/disulfides
(SH/SS) et par des liaisons non covalentes de ityeeactions hydrophobes, ioniques ou de
Van der walls, (Guyomarc'h et al., 2003b; Jang &Sgood, 1990; Noh et al., 1989; Singh &
Creamer, 1991; Smits & van Brouwershaven, 1980} adkas proportions tres variables selon
les conditions expérimentales (pH, concentrationsels, température) (Galani & Apenten,
1999). Les entités produites sont appelées compldrermo-induits. Le terme « agrégats » est
également courant dans la littérature, mais peutepaonfusion avec le produit de la
déstabilisation acide du lait. Les complexes peuvdre formés a la surface des micelles
(complexes micellaires) ou étre formés en phasabbol(complexes solubles) selon leur
localisation dans le lait (Figure 5). Badg a beaucoup été étudiée comme modele des pestéin
sériques, afin de comprendre les mécanismes ddudétian/agrégation dans le lait et les
systemes laitiers. Plusieurs scénarios sont ergégsdgns la littérature. Ils ont été regroupés
dans la revue de Donato et Guyomarc’h (2009) daetadaptation est présentée en Figure 5.
La premiére alternative relevée par les auteursseegur la nécessité de formation ou non de
complexes primaires dp-lg ou de B-lg/a-la dénaturées pour la formation de complexes
solubles et micellaires avec la caséind-a deuxieme question alternative porte sur le cfd
la micelle de caséines sur la distribution des dergs entre la phase micellaire et soluble du
lait : la dissociation de la caséirea-t-elle lieu avant ou aprés son interaction akesc
protéines sériques (ou avec les complexes primair&onato & Guyomarc’h (2009)
soulignent que la dominance d’un mécanisme suitréaypar des variations du milieu par

exemple, peut éventuellement influencer les intevas mises en jeu dans les complexes lors
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de leur formation, et influencer la spécificité da®priétés fonctionnelles des complexes

solubles ou micellaires.

Jean et al. (2006) ont isolé et caractérisé legptmras solubles d’'un lait chauffé a 90°C/10
min. Ces complexes solubles, illustrés sur la Fgdy sont constitués majoritairement de
protéines sériques et de caséini@es principalement par des ponts disulfures.r ldtameétre
hydrodynamique est d’environ 70 nm, leur point isoique (pl ou pH de charge nulle) est

d’environ 4.5 et leur surface est plus hydrophobe celle de la micelle.

Figure 4 : Image en microscopie €électronique astrassion de complexes solubles thermo-
induits d’un lait chauffé a 90°C/10 min (Jean et 2006)
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II.5. ROle des complexes thermo-induits dans la

gélification acide du lait chauffé

La formation d’'un gel acide précoce et ferme saitehauffage du lait est bien corrélée avec
la dénaturation des protéines sériques (Dannerféfgssler, 1988a; Dannenberg & Kessler,
1988b; Lucey et al., 1997a; Parnell-Clunies etl#l86a) et la formation de complexes thermo-
induits (Kalab et al., 1976; Lucey et al., 1998lgsWinder et al., 2003a). Quel que soit leur
localisation (complexes solubles ou micellairegs complexes participent a la formation du
réseau protéique de gels acides de lait, micetlemplexes étant co-localisés dans le gel
(Guyomarc'h et al., 2009a; Vasbinder et al., 200Ba)plus, quelle que soit la localisation des
complexes thermo-induits, plus il y a de complegeglus les gels acides sont fermes et
précoces (Donato et al., 2007a; Guyomarc'h e@D7b). Des complexes solubles, obtenus
par le chauffage de protéines sériques en solwgtonjoutés a un lait cru sans protéines
sériques, permettent également la formation d'unfepene et précoce (Guyomarc'h, 2002;
O'Kennedy & Kelly, 2000; Schorsch et al., 2001)n#\j de nombreux auteurs soutiennent
I'hypothese que les complexes solubles interagissesc la micelle au point de gel et méme
avant la gélification (Alexander & Dalgleish, 200Bpnato et al., 2007a; Guyomarc'h et al.,
2009a). La micelle serait le matériel de constarctiu gel acide et les complexes, attachés a
leur surface apporteraient de nouvelles fonctiatégla la micelle, et plus précisément,
augmenteraient leur aptitude a intéragir. Il aia@té proposé que la fonctionnalisation de la
surface des micelles de caséines par les complleeerao-induits permettrait aux micelles :

- d'augmenter les attractions entre les particules, augmentant leur hydrophobie
(Guyomarc'h et al., 2007hb),

- d’augmenter la rigidité des connexions, en intirsdnt des ponts disulfures dans le réseau
protéique et éventuellement en en créant de noxv@endant la gélification (Vasbinder et al.,
2003a),

- d’augmenter le nombre d’interactions entre lesatheés, pontées par les complexes

(Guyomarc'h et al., 2003a; Lakemond & Van VlietD80Lucey et al., 1998b),
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- d'augmenter l'anisotropie des interactions esaformer un gel acide composé de brins
linéaires et de larges pores.

Pour résumer, la Figure 6 illustre le principe dectionnalisation de la micelle de caséines
par les complexes thermo-induits. Au cours de diidiciation, les complexes thermo-induits
fonctionnaliseraient la surface de la micelle deéa@es et lui apporteraient de nouvelles
propriétés d’interaction. La gélification du lalauffé apparaitrait donc vers le pl des micelles
fonctionnalisées, c'est-a-dire vers le pl des cengs présents a leur surface.

Micelle de caséines

..i..
'W“,

“
Complexes thern-induits

Acidification

Lait chauffé Fonctionnalisation Gélification Gel acide de lait chauffé
de la micelle

Figure 6 : Schéma du principe de fonctionnalisatierla micelle par les complexes thermo-
induits au cours de I'acidification du lait. Imag&s microscopie confocale d’'un gel acide dont
les micelles et les complexes ont été marquée &@gat avec des sondes différentes
représentées en rouge et en vert, respectivemeanto(@rc’h et al., 2009a). Le gel acide,
mélange micelle et complexes (photo de droite)aegdpen orange, somme de la couleur verte
et rouge. Les 2 sondes sont donc co-localiséesldayed. Cette colocalisation est vérifiée tout
au long de l'acidification (ici pH 4.5).

1I.6. Etude des interactions protéiques au cours de

la gélification du lait chauffé

[1.6.1. Caractérisation du type de liaisons et des interaiins

constitutives des gels acides

Certains auteurs ont étudié le type d’interactionsstitutives des gels acides en modifiant
les paramétres de l'acidification (température,spneée de sels...) et en caractérisant les
propriétés mécaniques des gels formés (Lucey,e1@.7b; Lucey et al., 1997c; Lucey et al.,

1998b; Roefs & Van Vliet, 1990; Surel & Famelaf03). Une autre approche a également été
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hY

utilisée qui consiste a rompre spécifiquement lasdns protéiques présentes dans le gel
constitué et a caractériser les protéines ou pideBclibérées par le traitement (Alting et al.,
2004; Lefebvre-Cases et al., 1998; Lucey et al991%asbinder et al., 2003a). Ainsi, les
interactions électrostatiques, hydrophobes et Iggire et les liaisons disulfures ont été mises
en évidence comme constitutives des gels aciddaitdé.es conclusions de ces travaux sont
proposées dans les paragraphes suivants. Notonsequgpe d’'approche n’a pas permis
d’évaluer 'importance d’'un certain nombre d’inteians (constructives ou de stabilisation)
pouvant intervenir sur la construction des gelslegi(les interactions de Van der waals, les
ponts hydrogéne, les genes stériques, la solvataés particules...). De plus, en étudiant
uniquement le gel acide final, ces travaux n’org gpporté d’information sur le mécanisme de
la gélification acide, en particulier le r6le desdeteractions sur la déstabilisation du lait ou su

la fagon dont ces intéractions peuvent se suc@deours de I'acidification.

1.L6.1.1. Interactions électrostatiques

Les interactions électrostatiques sont essentielérdues aux groupements ionisables des
protéines. Les groupements carboxyliques termirgtubes résidus aspartique et glutamique
ainsi que les groupements phosphate de la cas@émesissceptibles d'étre porteurs de charges
négatives, tandis que les groupements amines teuxiat les résidus guadinine et histidine
peuvent étre porteurs de charges positives. Litatharge de ces groupements, qui dépend de
leur pK, du pH et de la force ionique du milieugendre des forces attractives ou répulsives.
Pour chaque protéine, il existe un pH particuleenr lequel le bilan de charge est nul, c'est le
point isoélectrique (pl).

Les interactions électrostatiques répulsives ppeit a la stabilité des protéines en
suspension. Lorsque les charges des protéinesésuites par une acidification les particules
peuvent se rapprocher et s’agréger si les forcaactves le permettent. En effet, la
gélification des micelles de caséines ou des presésériques dénaturées a lieu vers leur pl, a
4.8 ou ~5.4, respectivement.

Les interactions électrostatiques attractives sentldgalement participer a la construction

des gels acides de lait. Roefs & van Vliet (199Q)liguent la diminution du module élastique
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des gels acides avec I'ajout de NaCl par la rédncties attractions électrostatiques, le sel

écrantant les charges des protéines.

11.L6.1.2. Interactions hydrophobes

Les interactions hydrophobes résultent du caracigotaire de certains groupements qui ont
tendance a se regrouper afin d’éviter le contaet da phase aqueuse. La chaleur favorise le
rapprochement des groupements hydrophobes tandiedtoid ou la présence de détergents
comme le dodecyl sulfate de sodium (SDS) ou deastdvorganiques réduit les interactions
hydrophobes.

L'implication des interactions hydrophobes dangdastruction des gels acides de lait est
fortement suspectée (Dalgleish & Law, 1988; Varewtt al., 1989). En effet, un lait acidifié &
froid (<4°C) ne gélifie pas. Il ne gélifie que Igte la température augmente. En revanche, sur
une gamme de 20 a 50°C, la température d’incubatiotait pendant I'acidification semble
avoir un effet contradictoire. Lorsque la tempémtwa’incubation est basse, le module
élastique des gels est plus fort qu’'un gel inculdéaate température (Lucey et al., 1997b;
Lucey et al., 1997c; Lucey et al., 1998b; Roefs & W!liet, 1990). Ceci peut étre di a un effet
du a la vitesse d’acidification, mais les autewpliguent qu’a haute température, les fortes
interactions hydrophobes provoquent des réarranggsnentre les particules au cours de la
gélification qui sont défavorables a la construttitun gel ferme.

Lefebvre-Cases et al. (1998) et Surel et al. (208&) montré la forte implication des
interactions hydrophobes dans la construction é¢s arides de lait. L’ajout de SDS dans les
gels, utilisé pour rompre les liaisons hydrophofegaugmentant les répulsions électrostatiques

intramoléculaires, provoque la dissociation quatale des protéines du gel.

11.6.1.3. Ponts disulfures

Les ponts disulfures (SS) sont des liaisons cotedeétablies entre 2 résidus cystéine. lls
peuvent se former par oxydation de 2 sulfhydryileses (SH) ou par échange thiol-disulfure
(SH/SS).

Il est bien connu que les complexes thermo-indiatd formés par des échanges SH/SS lors

du chauffage. Le blocage des SH avant le chauffagée N-éthylmaléimide (NEM) conduit &

34



I1. Etude bibliographique

une diminution importante du module élastique (@8s gels acide de lait (Lucey et al.,

1998b). Mais cette diminution du G’ lorsque le NEt ajouté au lait aprés chauffage est
faible selon Vasbinder (2003b) (20 % de réductiorGd du gel) et nulle selon Bouchebbah et
al. (2010). Selon Vasbinder (2003b), la diminutdw G’ en présence de NEM n’apparait

gu'apres 10 h de gélification. Les interactions r&8terviendraient pas dans les interactions
initialement formées entre les particules du ladwdffé, mais éventuellement plutét au cours de
la réorganisation du gel.

Il semble donc que le G’ des gels acides soit filisa la composition en ponts SS
intraparticulaires constitutifs des complexes geexcinterparticulaires pouvant se former au
cours de l'acidification. Il est a noter que I'apphe qui consiste a rompre les interactions SS
formées au cours de l'acidification par ajout d’agent réducteur, afin de montrer leur
implication ne peut pas étre appliquée ici, puistagent réducteur conduirait a réduire tous
les ponts SS présents dans le gel acide, ceux $oamé&ceur des complexes thermo-induits et

ceux formés au cours de I'acidification.

11.6.1.4. Interactions de nature hydrogene

Les interactions hydrogéne peuvent se former amratome électronégatif possédant au
moins un doublet électronique (O, N, S) et un atahhgdrogéne lui-méme lié a un atome
électronégatif. Ces liaisons intra ou intermolécata jouent un réle déterminant dans la
stabilisation des structures. Les protéines peugaiement former de nombreux ponts
hydrogene avec les molécules d'eau du solvantyiceogtribue a la structure et a la solubilité
des protéines. Ces liaisons sont détruites pandéear, I'urée, le chlorure de guanidine et sont
renforcées par le froid.

Comme préecédemment (I1.6.1.2), Lefebvre-Cases .e{1808) ont suggéré I'implication
d’interactions hydrogéne dans la stabilisation giels acides par I'ajout d’'urée qui rompt les
liaisons hydrogene intramoléculaires. Notons queéB peut également rompre les liaisons

hydrophobes.
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[1.6.2. L’ingénierie des complexes protéines sériques/caséik

comme moyen d’étude de la gélification acide

11.6.2.1. Introduction

Pour aller plus loin dans la compréhension degant®ns et des liaisons constitutives des
gels acides laitiers, et en particulier, pour appnéler des notions mécanistiques, la stratégie
originale du projet de thése consiste a utiliser demplexes thermo-induits aux propriétés
physico-chimiques modifiées, comme des vecteursodgelles fonctionnalités des micelles de
caséines. Dans cette perspective, il est nécesdaimeentorier les propriétés physico-
chimiques des complexes susceptibles de modifigéliication acide des micelles de caséines
et d’évaluer les moyens physiques, chimiques dbdgigues pour les obtenir. Cette revue

bibliographique a fait I'objet d’une publication @vand et al., 2011a) proposée ci-dessous.
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11.6.2.2. Article 1

Dairy Sci. & Technol. (2011) 91:97-126
|

91
DOI 10.1007/513594- OH 0013-x

REVIEW PAPER

How to tailor heat-induced whey protein/k-casein
complexes as a means to investigate the acid gelation
of milk—a review

Marion Morand - Fanny Guyomarc’h -
Marie-He¢lene Famelart

Abstract - The heat treatment of milk greatly improves thedagelation of milk and is
therefore largely applied in yoghurt manufactureuribg the heat treatment, soluble and
micelle-bound whey proteik/casein complexes are produced in milk. The congdexnd
their physico-chemical properties have been hedgarsible for the early gelation point, the
increased final firmness and for the serum retentiapacity of the acid gels made of heated
milk. They are suspected to bring new functionaditto the casein micelles and to help the
formation of interactions when building the gelwetk. In order to investigate the type of
interactions that the complexes can affect throughbe acid gelation of milk, an original
strategy would be to control the physico-chemicalpprties of the whey proteikicasein
soluble complexes and to use them as vectors tafyrtbe possible interactions in the milk. In
that perspective, the different physico-chemicalpgrties of the whey proteixtcasein soluble
complexes that are thought to significantly affdet acid gelation behaviour of the casein
micelles are listed. Then, the physical, chemical hiological means that could possibly be
applied to the formation of complexes in order toduate each of the targeted property are
reviewed and evaluated. In order to open a largeceHor future investigation, these methods
were found in a larger literature resource tharknmiicluding other protein systems like model
whey protein solutions or non-dairy globular proteystems. The food-compatible character
of some of these means is indicated, for theirqi@ktechnological interest.
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Résumé -Le traitement thermique du lait améliore considinaient la gélification acide du
lait et est tres largement appliqué pour la fabicades yaourts. Pendant le traitement
thermique, des complexes solubles et micellairesposes de protéines sériques et de caséine
K sont produits dans le lait. Les complexes et lpuppriétés physico-chimiques sont présumés
responsables de la gélification acide précoce,alginentation de fermeté et de la rétention
d’eau des gels acides obtenus a partir de laitffdsgauls sont supposés apporter de nouvelles
fonctionnalités a la micelle de caséines et pgeicainsi a la formation des interactions lors de
la construction du réseau. Dans le but de progresses la connaissance des interactions que
ces complexes sont susceptibles de modifier dagellacide de lait, une stratégie originale
consisterait a controler les propriétés physicordtpies des complexes protéines
sériques/caseéine solubles et de les utiliser comme vecteurs poudifieo les interactions
dans le lait. Dans cette perspective, le but dee aetvue est d’inventorier et d’évaluer les
moyens physiques, chimiques et biologiques de neodlds propriétés des complexes
protéines sériques/caséiresusceptibles de modifier la gélification acide deelles de
caséine. Les moyens recensés proviennent de traealigés soit dans le lait, soit dans des
systemes protéiques laitiers, comme les solutioodéfes de protéines sériques, ou dans des
systémes protéiques non laitiers. Le caractéreealiare de certains de ces moyens est

souligné, en tant que pistes technologiques.

1. Introduction

Milk proteins, which weight for 33-35 g Kgof total skim milk, are essential to the
formation of dairy gels like cheese or yogurt. Mjpkoteins commonly fall into the whey
proteins, accounting for 7-8 g kgand found in globular soluble form; and the casein
accounting for 26-28 g Kgand found in colloidal assemblies called the caseicelles
(Walstra & Jenness, 1984a). In bovine milk, the twajor whey proteins are thg-
lactoglobulin (2-4 g kg) anda-lactalbumin (~1.5 g kg, followed by the immunoglobulins,
bovine serum albumin and lactoferrin. The casenestae as-casein,B-casein (9-10 g K{
each),k-casein andisrcasein (2-4 g k§ each; (Cayot & Lorient, 1998). In all types of mjai

gels, the casein micelles are the essential bgilBincks of the protein network (de Kruif,
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1998; Holt & Horne, 1996; Van Vliet et al., 198M). their native form, the whey proteins
barely contribute to gelation, neither through ddtion nor renneting. However, it is well-
known that denaturation of the whey proteins largalcounts for the effect of heat treatment
on the acid gelation of milk. Typically, acidifiedilk that had been heated at 85-95°C for
several minutes starts to gel at a higher pH védtae unheated milk and yields an acid gel
with increased elastic modulus and higher watemtein capacity (Lucey et al., 1997a; Lucey
et al., 2000; Van Vliet et al., 2004).

In the literature, different reviews exist that riwmaghly describe the heat-induced
denaturation and aggregation of the whey prote@itiser in model solutions ¢-lactoglobulin
or of whey protein isolates (de Wit, 2009; Foeggdeat al., 2002) or in milk (Donato &
Guyomarc'h, 2009). In essence, the whey proteifisldias soon as the temperature exceeds
~60°C then interact through hydrophobic interactiamd thiol/disulphide exchanges to yield
heat-induced whey protein complexes. In milk, theseplexes also involve the cysteine-
containingk-casein and can be found both in the form of selabimplexes and in the form of
micelle-bound complexes (Anema, 1997; Anema & lO0@ Donato & Dalgleish, 2006;
Guyomarc'h et al., 2003b). However, despite theeawed knowledge on the structural and
physico-chemical properties of these heat-inducbdywproteink-casein complexes, little is
known of the actual mechanism through which thay aHiect the onset of gelation and the
final mechanical properties of the acid milk geltheir review, Donato & Guyomarc’h (2009)
suggested that the whey protehtiasein complexes bring new functionalities to tasein
micelles, either through modifying their surface tasincrease the attraction-to-repulsion
resultant interaction or through acting as spaties bridge the micelles together and sustain
the gel's microstructure. In order to investigdtese hypotheses, one original approach would
be to design model whey protetrdasein complexes having one targeted physico-aami
property largely modulated, then to introduce thenwhey protein-free milk as a means to
promote (or knock out) one specific type of intéi@t during acidification. If this modulation
induces a correlated change in the acid gelatidraeur of the milk, the corresponding
interaction may then be identified as importanth® formation of the acid milk gel. Because
they are separated from the casein micelles andulsecthe acid gelation functionality of the

heat-induced whey proteikicasein complexes does not seem to depend on dbieiible or
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micelle-bound location (Donato et al., 2007a; Gugocth et al., 2009a), the soluble complexes
seem good candidates to be used as vectors to atedhderactions in milk.

In this perspective, the present review will fiosterview, out of recent research (Alting et
al., 2002; Alting et al., 2004; Alting et al., 2Q0Bonato et al., 2007b; Guyomarc'h et al.,
2009a; Guyomarc'h et al., 2007b; Guyomarc'h et2809b), the different physico-chemical
properties of the soluble whey proteirdasein complexes that may be important to either t
onset of acid gelation (in a first section) or #teengthening of the acid gel network (in a
second section). Then, the various physical, biokdgor chemical means that could help
control each listed property in either section v reviewed. The review therefore aims at
providing a set of methods that may help modify yipeoteink-casein soluble complexes
produced in model systems (Donato et al., 2007kyo@arc'h et al.,, 2009a) or isolated from
milk. Should this approach be too restrictive, theiew also provides methods to generate
derivative whey protein, food protein or food piote-casein heat-induced complexes through
introducing controlled changes, e.g. in the proteamposition of the heat-induced whey
proteink-casein complexes. In order to open a large ranfg@pportunities for future
investigation, the choice was made to seek thesbate not only in studies on milk, but also
in studies on milk protein fractions, on isolatedknproteins or on non-dairy globular food
proteins. In the latter cases, the applicabilitytttd methods to the whey proteirdasein
complexes or their derivatives is yet to be evidehd©n the other hand, these literature areas
bring new resources to import methods from.

In heated milk, it is well-known that the heat-icdd whey proteim-casein complexes are
parted between the serum and the colloidal phasesllo (Anema, 2007; Guyomarc'h et al.,
2003b; Vasbhinder & de Kruif, 2003). Because of tesen strategy to introduce modified
soluble whey proteirfcasein complexes as vectors to modulate intersctia milk, the
means to control the serum/micelle partition of hleat-induced complexes in milk are out of
the scope of the present review. Information carfob@d in Donato & Guyomarc’h (2009).
For the same reason, the heat-induced changeg icothposition and structure of the casein

micelles, as well as their possible consequencexioingelation, are excluded.
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2. Properties of the heat-induced whey proteim-casein complexes

that affect the onset of acid gelation in milk

2.1. Possible roles of the heat-induced whey proték-casein complexes on the acid

destabilisation of milk

In the search for an appropriate model to descifileér structure and account for their
behaviour in a number of processes, the stabifigasein micelles in skim milk has long been
thoroughly discussed (Dalgleish, 1998; de Kruif989Holt & Horne, 1996; Horne, 1998;
Tuinier & de Kruif, 2002; Walstra, 1990). In essendestabilisation of the casein micelle may
occur through their disintegration or aggregati@n acidification to pH values ~5.2,
dissolution of the colloidal calcium phosphate dhd increase in hydration of the casein
molecules essentially account for loosening ofdasein micelles’ structure (Banon & Hardy,
1992; Walstra, 1990). Collapse of the outecasein brush as pH decreases to ~5.0,
neutralisation of the electrostatic repulsion bemweegatively charged casein particles as pH
approaches pl ~4.8 and the occurrence of dipolelelipr hydrophobic attractions further yield
to gelation (Banon & Hardy, 1992; Tuinier & de Kiu2002; Van Vliet et al., 1989). As the
casein micelles loosen and rearrange throughodifiaation (Gastaldi et al., 1996), the exact
nature of the casein “micelles” that eventuallyniothe particulate gel is not known, which
sensibly challenges modelling (Horne, 2003). Intée@amilk, the presence of heat-induced
whey proteing-casein complexes increases the pH at which gelatnsets from pH ~4.8 to
~5.4 (Graveland-Bikker & Anema, 2003; Guyomarc'lalet2003a; Heertje et al., 1985; Lucey
et al., 1997a). It is hypothesized that the comgdemodify the surface properties of casein
micelles as to increase net colloidal attractioende decreasing the threshold for acid
destabilisation (Donato & Guyomarc'h, 2009).

Among the forces that balance interaction betwherctaisein micelles during acidification of
the milk, electrostatic repulsion and the pl vaare clearly important (Tuinier & de Kruif,
2002). Since the pl can determine the pH of gatatibheat-induced whey protein complexes
(Alting et al., 2002), the pH of gelation of milkay similarly depend on the pl of the heat-

induced whey proteirtcasein complexes. Attractive hydrophobic interatthas also been
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emphasized through the effect of temperature (Ba&otdardy, 1992). As they carry
significant surface hydrophobicity, it was suggdstkat the heat-induced whey protein/
casein complexes also promoted destabilisatiorugfironcreasing attraction (Famelart et al.,
2004; Guyomarc'h et al., 2007b; Jean et al., 2@0Dé&lculation showed that long-range van der
Waals attraction also counterbalances electrostagialsion and may account for aggregation
below pH 5 (Tuinier & de Kruif, 2002). Despite thbove literature, there is to date no general
picture of how the heat-induced whey proteinAsein complexes contribute to increasing the
pH at which acid gelation starts in heated mille. ithrough which of the above-listed
interaction(s) they favour precipitation of the @asmicelles. It is however expected that:

o they easily interact with the surface of the caseicelles.

o they reinforce hydrophobic attraction and/or redelegtrostatic repulsion.

2.2. Possible methods to modify the surface chargend apparent pl of the heat-

induced whey proteink-casein complexes

In milk ultrafiltration permeate, the soluble whpgoteink-casein complexes isolated from
heated skim milk have a pl of ~4.5, a net chargel®& mV at pH 6.7 and they start
precipitating at pH 5.3-5.5 on acidification (Guyarto'h et al., 2007b; Jean et al., 2006). A
first, natural approach to help modify the net geanf the heat-induced whey protextasein
complexes could be to use biodiversity. The majbewprotein-lactoglobulin B-lg) comes
in a range of up to 11 genetic variants, of whioh A (ASR4, VAL119) and B forms (GLY,,
ALA 1;9 are most represented (Farrell et al., 2004).Algh the negative net chargef®ig A
is known to be higher than that g B, it only slightly affected the pH of acid g¢ilon of an
AB skim milk to which up to 1.4 g kfof either variant had been added prior to heatrnent
(Bikker et al., 2000). In common bovine breekis;asein also comes in two major variants, A
(THR136, ASPi4g) and B (ILER3s ALA14g). On the basis of their sequence onygasein is
weakly negatively charged and variant B slightlyrendhan A (Cayot & Lorient, 1998).
However, the net charge efcasein is further increased by the large rangehokphorylated
and glycosylated forms (Vreeman et al., 1986¢asein B being also more glycosylated than

A (Robitaille et al., 1991). However, despite cuatet sources of charge on variant B, and
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despite some variant-specific changes in the mehteed interaction ok-casein with3-Ig
(Allmere et al., 1998b; Robitaille & Ayers, 1995) or barely significant changes could be
reported in the acid gelation kinetics of preheatetividual milk genotypes (Allmere et al.,
1998a). These results probably rule out the bioditye of B-Ig andk-casein as a means to
modulate the net charge of the heat-induced whejepik-casein complexes across a
sufficiently large range.

It may be otherwise possible to modulate the netrgdh and/or the apparent pl of heat-
induced whey proteirtcasein complexes by transferring methods useddaeutse conditions
of milk. Bovetto et al. (2007) and Schmitt et &009) have for instance delivered a method to
produce heat-induced nanoparticlespeify having similar hydrodynamic diameter (typically
160-230 nm) but opposite net charges of + 25-3@@+40 mV, using heat treatment of pure
B-lg at pH 4.6 or 5.8, respectively, in deionisedtavaSince the resulting complexes are
partially built on disulphide covalent bonds, sogmnformational stability, hence residual
charge difference, may be expected if ffhlg complexes are later transferred to a near-akutr
medium like milk.

Another approach to try to modulate the overallrghaand apparent pl of heat-induced
whey proteirnk-casein complexes could be to involve cysteinediairtg exogenous globular
protein into the complexes, with special inter@sptoteins having pl values away from those
of the casein micelles and the heat-induced wheyeprk-casein complexes, i.e., 4.2-4.5
(Guyomarc'h et al., 2007b). Prior to heat treatmgkitn milk could for instance be reinforced
in basic proteins like lactoferrin (pl ~8.7) or elygozyme (pl ~11) which are both able to
aggregate with at leastlactalbumin ¢-la; (Nigen et al., 2009; Takase, 1998)). Soy giyti
(pl ~6.4) and conglycinin (pl ~4.9) could also baldiul to modulate the pl of heat-induced
globular proteirk-casein complexes. Roesch & Corredig (2006; 200%) Roesch et al.
(2004) have for instance shown that the co-heatfure soy and whey protein isolates in 0.1
M NaCl at pH 7, of soy protein isolate and skimknor of soy protein isolate, whey proteins
and casein micelles in milk ultrafiltration permeaproduced heat-induced soy/whey or
soy/wheyk-casein soluble complexes that yielded acid gelapoofiles with an increased

gelation pH value of ~6.0. Egg ovalbumin (pl ~4&)s also effectively co-heated with whey
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protein-depleted skim milk to produce complexes thereased the pH of acid gelation of the
modified milk (Famelart et al., 2004; Famelart ket 2003). However, sinc@-Ig has a higher
pl (~5.3) than ovalbumin, charge was obviously tlo¢ only driving factor to earlier
destabilisation of the milk.

Although it is somewhat less acceptable in foodcessing, chemical or enzymatic
modification of milk proteins may also be considene order to modify the surface charge of
the heat-induced whey protaeir¢asein complexes. Alting et al. (2002) for insengsed
succinylation of free amino groups to increase ke charge and decrease the pl of heat-
induced complexes of either puBelg or whey protein isolate produced in water at pi.
They reported a remarkable correlation betweerapparent pl of the grafted complexes and
their pH of gelation on acidification. They alsalicated that it was possible to increase the pl,
hence the gelation pH, of heat-indud&th or whey protein isolate (WPI) complexes through
methylation of the carboxylic groups. However, tmesults were not shown. Sitohy et al.
(1995) also succeeded in decreasing the BHigfthrough chemical phosphorylation mediated
by aliphatic amines.

Non-specific fixation of charged ligands using eagionic surfactants like sodium dodecyl
sulphate (SDS) onto the hydrophobic patches of hbat-induced whey proteiicasein
complexes may also be attempted to help increase et charge. Risso et al. (2000) for
instance reported that the net charge of heategircasicelles resuspended in aqueous Tris-
HCI-CaCl buffer at pH 6.4 could be increased by the bindih@nionic flurorescent probes.
Jung et al. (2008) further reported that the dowbkgting of(3-lg heat-induced complexes by
SDS in water through successive electrostatic amiophobic interactions could eventually
reverse their net charge. However, application leg tnethod to whey protekitasein
complexes may have consequences on their struatapgcially in the case of surfactants,
because they are partially built on hydrophobierattions (Jean et al., 2006). When the
complexes are introduced into milk, the ligands naégo diffuse and cross-bind to casein
micelles, thus rendering the control of colloidakractions difficult.

Food-grade alternatives exist that may prove lésgble. A first one may be to attach

sugars to the-amines of the whey proteiitasein complexes through Maillard reaction.
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Indeed, one can expect to decrease the pl of timpleaes through glycation of the amines.
Using this approach, the pH of minimum solubilityad isoelectric focusing of puré-Ig can
for instance be shifted from ~5.0 to ~4.0 (Chevatieal., 2001; Corzo-Martinez et al., 2008).
It is also conceivable to reduce the pl [®ig through Maillard conjugation with acidic
oligosaccharides (Hattori et al., 2004). To théhatis knowledge, no data is yet available on
the use of the Maillard reaction to modify the gl lkeat-induced whey protein or whey
proteink-casein complexes. Morgan et al. (1999) albeit gtbwhat heat-induced glycation
and polymerization of3-Ilg could occur concomitantly in solution at 60°@dayield heat-
induced complexes that partially remained solublet-h4.6.

Second, enzymatic cleavage of tkecasein’s negatively charged glycosyl group using
neuraminidase, or of the caseinomacropeptide usimgnosin, could also be attempted to
modify the net charge of heat-induced whey prokegasein complexes. The method has been
shown to increase the pH of acid gelation of theemamicelles in milk (Cases et al., 2003;
Gastaldi et al., 1996; Li & Dalgleish, 2006; Nikiad., 2003). Renan et al. (2007), Anema et al.
(2007) and Mollé et al. (2006) showed tlkatasein as involved in the heat-induced whey
proteink-casein complexes of milk could also be cleavedcbymosin. Reduction of the
electronegativity of the complexes may then accdonthe increase in the pH of gelation of
heated skim milk after moderate renneting (Guyothagt al., 2007b; Li & Dalgleish, 2006).
However, to the authors’ knowledge, no demonstnatias been given that the pl of the heat-
induced whey proteirtcasein complexes actually increased with renneatonrgthat the pH of
gelation of milk would equally increase if only theat-induced complexes were renneted.

A wide literature otherwise exists on performingeitical grafting, enzymatic cleavage or
ligand addition onto the constitutive protein (gextly (-lg or other globular food model
protein) prior to their heat-induced aggregatiomt,Bit is then quite likely to affect the
denaturation and aggregation processes themseldeBesce, to also modify other properties
than the charge of the complexes (e.g. Mine (19%spersen et al. (2006; 2007) on
ovalbumin, Giroux & Britten (2004); Chakraborty at. (2009); Bouhallab et al. (1999);
Chobert et al. (2006) on whey proteins or glycafeldy and Murphy & Howell (1990)).

Modifying the pl of the constituted complex, usithg above mentioned techniques, therefore
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seems a preferred approach to evaluate the ratecifrostatic interactions in the acid gelation
of milk.

In conclusion, numerous methods exist that may jyglied to the heat-induced whey
proteink-casein complexes in order to modulate their edstatic properties. In essence, the
complexes preferably precipitate across a pH rdhgeis centred at their pl value but also
depends on how their absolute net charge increasdbe pH is shifted away from the pl
(chargevs pH curve). Therefore, in order to increase theapk/hich the heat-induced soluble
whey proteink-casein complexes should precipitate in milk candg, one can either aim at
increasing their pl or at decreasing their net tiegaharge throughout the pH range between
the pl and the initial pH of milk, pH 6.7. Howevélr,s very important to keep both goals in
mind and to always consider the changepH curve when modulating the electrostatic
properties of the heat-induced whey proteicasein complexes. This should avoid situations
where the successful increase of their pl, forainsg, is counteracted by the simultaneous
increase of their absolute net charge, hence dtegtrostatic repulsion, too close to the pl. The
chargevs pH curve also closely depends on the ionic contiposdf the medium, since, e.g.
calcium ions may screen the exposed charges onwtiey proteink-casein complexes
throughout the acidic pH range. As we intend tooiddice the modified heat-induced whey
proteink-casein soluble complexes to a whey protein-fresn skilk, the ionic background at
the time of measurement will remain constant. Havethis effect of the surrounding ions
should be kept in mind if the charge and pl of tbenplexes are to be compared in different

mediums.

2.3. Possible methods to modify the surface hydropbicity of the heat-induced

whey protein/k-casein complexes

As for charge, the protein’s genetic variants aratral source of control over the surface
hydrophobicity of the whey protekycasein complexes. Typicall@-lg B is slightly more
hydrophobic than A (Allmere et al., 1997) and sx-sasein B as compared to A (Kyte &
Doolittle, 1982). However, as already mentione@, miatural biodiversity oB-Ig or k-casein

fails to induce sensible changes neither in theatfinduced complex formation nor in the pH
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of acid gelation of the heated milk. Most likelyhanges in hydrophobicity across variants do
not range widely enough to be efficient.

Becausea-la has a significantly lower theoretical hydroploaty than B-lg or k-casein
(Cayot & Lorient, 1998), it may also be possiblartodulate the surface hydrophobicity of the
soluble whey proteirtcasein heat-induced complexes through modulatimg protein
composition of milk or model systems prior to hegti Graveland-Bikker & Anema (2003)
added various amounts ofla and3-Ilg to whey protein-free skim milk, then heated the
mixture and observed that the gelation pH was as®d to a larger extent in the presendé-of
lg thana-la. However, the results were discussed in terfnaareased number of free thiol
groups available for thiol/disulphide polymerisatigather than in terms of increased surface
hydrophobicity of the complexes, when m@rg was present.

Alternatively, enzymatic or chemical tools haveb®considered. Deglycosylation (Cases et
al., 2003) or renneting (Gastaldi et al., 1996;&8 Dalgleish, 2006; Niki et al., 2003) have
already been performed on tkcasein in casein micelles or whey proteinasein complexes.
The processes are likely to readily expose hydrbjghegions of the-casein as they cleave
hydrophilic moieties of the protein. However, ifdigphobicity of the casein micelle indeed
increases when they are renneted (Peri et al.,)1886 has not yet been demonstrated when
renneting the heat-induced whey proteinAsein complexes.

Because they catalyze polymerisation reactions tina&blve charged side groups,
transglutaminase or redox enzymes lactase, ladrigeise or glucose oxidase also increase
the surface hydrophobicity of whey proteins or aas€Hiller & Lorenzen, 2008). However,
oxidoreductases also promote oxidation of thioluginto intermolecular disulphide bonds
(Hiller & Lorenzen, 2008), which could result inartges in formation of the whey protein/
casein heat-induced complexes. Gerbanowski e1 @99 acylated or sulfonylated the lysine’s
g-amines of BSA and reported an increase in itsaserhydrophobicity as a result of chemical
grafting. However, only sulfamidation maintaine@ tsecondary structure of the protein. In a
different approach, Risso et al. (2000) bound nuinrac hydrophobic Nile Red probes onto
casein micelles and reported earlier and fastarateaggregation. The authors further argued

that Nile Red could increase surface hydrophobicftyhe casein micelles, without changing
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either their net charge or their fractal dimensida.Nile Red can bind at least felg andk-
casein (Sackett & Wolff, 1987), it seems an intengsapproach to explore the role of surface
hydrophobicity of whey proteirfcasein soluble complexes in acid gelation, inddpatly of
other properties like charge.

Eventually, it may be possible to induce changakénhydrophobicity of heat-induced whey
proteink-casein complexes by controlling the temperatureeatt treatment. Clearly, unfolding
of the whey proteins on denaturation increases #giosed hydrophobicity (Relkin, 1998).
This reaction most likely accounts for the highface hydrophobicity of the heat-induced
whey protein complexes (Guyomarc'h et al.,, 200&anJet al., 2006; Relkin, 1998), albeit
Gatti et al. (1995) or Carbonaro et al. (1996) hpemted out that aggregation also engages
hydrophobic sites and somewhat limits the gainc&ithe work by Dannenberg & Kessler
(1988c; 1988d), convergent studies have establigtedhe two-step denaturation/aggregation
reaction that yield the whey protein¢asein complexes obeys different kinetics below an
above ~90°C (Anema & McKenna, 1996; de Jong, 18@8heul et al., 1998). Although the
common interpretation is that either step is lingtibelow or above 90°C, de Jong et al.’s
calculations (de Jong, 1996) alternatively suggestieat unfolding is incomplete at
temperatures above 90°C, hence the lower overdlvasion energy for the reaction.
Furthermore, the aggregation step involves nmuota at temperatures above 80°C (Mottar et
al., 1989; Oldfield et al., 1998a), which is bebdvto adversely affect the surface
hydrophobicity of the heat-induced complexes at Udihperatures (Mottar et al., 1989). In
his review, de Wit (2009) also explains that at giematures above 90°C, hydrophobic
interactions are prevented due to rearrangemetiieofvater molecules around exposed non-
polar regions of the whey proteins. Also, heatstasit3-sheet an@-strand structures, which
confer high local hydrophobicity to tH&lg, eventually unfold at >125°C. The use of high
temperature treatments to produce the heat-indutey proteink-casein complexes in milk
or model systems may therefore decrease theircauhfgdrophobicity.

Eventually, Kella et al. (1989) increased the stefhydrophobicity of whey proteins using

sulfitolysis of the internal disulphide bonds t@$en their structure, using food-grade reagents.
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However, its interest as to increase hydrophobioityalready denatured, disulphide-linked
whey proteink-casein complexes is yet to be established.

In conclusion, however, one has to bear in mind tienipulating the hydrophobicity of the
whey proteink-casein complexes without changing their absoletecharge is likely to be a
challenge. This challenge is important so that rile of hydrophobic interactions can be
discriminated from that of electrostatic ones wiising modified heat-induced soluble whey
proteink-casein complexes to identify the type of intei@tsi that drives the acid gelation of
heated milk. In this regard, the method used bysdist al. (2000) to modify the surface
hydrophobicity of casein micelles independentlyotiier properties may prove particularly

interesting.

2.4. Possible importance of the-casein in the acid gelation functionality of the

heat-induced whey proteink-casein complexes

Since the addition of heat-denatured whey protegnedients is effective in increasing the
pH of gelation of milk (O'Kennedy & Kelly, 2000; Barsch et al., 2001; Vasbinder et al.,
2004), one could question the importance ofkhmasein in determining the functionality of
the heat-induced whey proteiréasein complexes. In their study, O’Kennedy & K&R000)
pointed out the importance of early interactiondwieen the heat-induced whey protein
complexes and casein micelles on gelation pH, #énkest being obtained through co-heating
of the two fractions. In milk conditions, this bing occurs naturally through formation of
heat-induced whey protekitasein complexes on the surface of the caseinllesg®algleish,
1990; Jang & Swaisgood, 1990). Although some hwsdiged whey proteirfcasein
complexes are also found in the serum phase oéteailk (Creamer et al., 1978; Guyomarc'h
et al., 2003b; Noh et al., 1989; Smits & van Brotskaven, 1980), they are thought to bind to
the surface of casein micelles early on acidifaratii.e., prior to destabilisation of the milk
(Alexander & Dalgleish, 2005; Donato et al., 200Dmnato et al.,, 2007a; Guyomarc'h et al.,
2009a). Various authors have further reported slolible whey proteirfcasein complexes
having a higher proportion ok-casein were produced on heat-treating milk ath#lg

increased pH values from ~6.5 up to 8.1 (Anemay20®nato & Dalgleish, 2006; Menard et
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al., 2005; Renan et al., 2006). These milks aldub#ed an increased pH of acid gelation,
typically + 0.2-0.4 pH unit (Anema et al., 2004;sbbander & de Kruif, 2003). Among other
causes and according to our interpretation, it tmayhat a higher content krcasein renders
the soluble complexes more prone to interact withdasein micelles, whekecasein initially
belongs, thus accelerating gelation. This couldpsmhappen because the soluble whey
proteink-casein complexes are also smaller and more num@®they contain mokecasein
(Donato & Guyomarc'h, 2009), hence more likely tocaunter casein micelles through
diffusion. Alternatively, the involvement af-casein into the heat-induced whey protein/
casein complexes may accelerate acid gelation bedatmation of the soluble complexes has
depleted the casein micelle of kscasein and/or because the micelle-bound complexeter
the stabilising action of the-casein.In conclusion, the role of the presencekafasein in the
heat-induced complexes on the acid gelation of rsilk needs to be confirmed. This role
could either occur through the possible abilitylef whey protein-casein complexes to build
facilitated interactions with casein particles inlkmduring the acidification or thought the
removal ofk-casein from the casein micelle. The latter caseelver relates to the partition of
the heat-induced whey protetrcasein complexes in milk (reviewed by Donato &
Guyomarc’h (2009)), rather than to the controlleddrfication of soluble whey proteiky/
casein complexes prior to their introduction tokpds presently reviewed.

In conclusion, the role of the presencekefasein in the whey protekitasein complexes
formed in heated milk still needs to be evaluatedllowing the approach proposed in this
review, it could be interesting to modulate theteahof the complexes k-casein, in order to
test whether the presence of this casein influetteescid gelation of milk through facilitated

interactions with the casein micelles during thielification.
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3. Properties of the heat-induced whey proteim-casein complexes

that may affect the strength of acid milk gels

3.1. Structure and mechanical properties of acid dey gels

In most studies, interactions that build the acitk gel are investigated using large or low
amplitude rheology and confocal or electron micopsc These tools generally provide an
overall view of the strength, lifetime and isotrogiythe constitutive interactions, of which it is
somewhat difficult to discriminate the respectiamiibutions of the casein micelles and of the
heat-induced whey protekitasein complexes. On the basis of our current lkedye of the
type of interactions that take part in acid milksg@ne approach could be to modify the heat-
induced whey proteirtcasein complexes as to knock out or enhance ahdity to engage a
selected type of interaction. If a relationship i@end between these variations of the targeted
property of the complexes and the mechanical anattstal properties of the resulting acid
gel, it would indicate the relevance of the selédtgeraction in affecting the course of the acid
gelation of the milk.

In their study of acid milk gels prepared througiddication at 4°C then warm-up, Roefs &
van Vliet (1990) and van Vliet et al. (1989) indma that acid milk gels are essentially
structured by electrostatic dipole attraction agdhipdrophobic interactions. The fact that skim
milk does not gel on acidification at 4°C but gatshigher incubation temperatures shows the
implication of hydrophobic interactions in the netl (Roefs et al., 1990b). This was further
demonstrated by Lefebvre-Cases et al. (1998) oridiis & Keim (2007) who successfully
dissociated acid milk gels in SDS. Disulphide cewalbonds have also been evidenced to
sustain the acid gels’ network (Hinrichs & Keim,0Z) as a result of the formation of heat-
induced whey proteirtcasein complexes on heating the milk. Covalenidsare thought to
account for the increased elastic modulus G’ amektdard of acid gels made with heated milk
(Guyomarc'’h et al., 2003a). Vasbinder et al. (20fijher showed that thiol/disulphide
exchanges occur throughout acidification of milkend heat-induced complexes are present

and evidenced that disulphide bonds contributénéoitcrease in G’ on gel formation. To a
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minor extent, hydrogen bonds have also been suspdot play a role in the gel network
(Lefebvre-Cases et al., 1998).

Comparison between unheated milk and sodium caseshawed that ionic calcium binding
does not contribute to the acid milk gel (Luceyakt 1997b; Lucey et al., 1997c). However,
heat-aggregated whey proteins can bind calciumbgtakt al., 2000; Morr, 1985; O'Connell
& Fox, 2001; Simons et al., 2002), but this hastgdie demonstrated in whey proteitasein
complexes. It is possible that bound calcium ineesathe rigidity of the heat-induced whey
protein complexes and has consequences on the meghproperties of the resulting acid
gels. But this also has not yet been evaluated.ekatret al. (2009) suggested that calcium
ions as bound to phosphoserine residues in thencaseelles may help strengthen the final
acid milk gel. Since the-casein molecule has one phosphoserine, this finaiay be relevant
to the whey proteimtcasein complexes of heated milk.

Another important feature of dairy gels is theiiligbto hold water. The presence of heat-
aggregated whey proteins clearly decreases symems®l drainage in acid dairy gels
(Guyomarc'h, 2006; Vardhanabhuti et al., 2001). Taeses are that, first, denaturation and
formation of the heat-induced complexes create mpemous structures into which water
influxes and immobilises (Denisov et al., 1999; ttihs et al., 2004). At the molecular level,
unfolding of some secondary structures in the wpmteins induces rearrangement of the
hydration water around non-polar groups. Competitod the water molecules for hydrogen
interactions within intramoleculaB-sheets andx-helices increases, thus increasing bound
water and hydration (de Wit, 2009; Denisov et #099). At a larger scale, the heat-induced
whey proteink-casein complexes finally affect microstructuretloé acid gels. Their presence
clearly promotes the formation of protein strandsateen the casein clusters, thus enhancing
cohesiveness, connectivity and homogenous porogibich in turn affect firmness and
permeability of the gel (Lucey et al., 1998c; Lucetyal., 1999; Vasbinder et al., 2004).
Furthermore, solid, long-time relaxing bonds likeoge found in the complexes may help
prevent intra-particle rearrangement and syner@sisontinuation of the reasoning by van
Vliet et al. (1991) or van Vliet & Walstra (1994).

In conclusion, in order to affect the final gelestgth of acid skim milk gels, it is

hypothesized that the heat-induced whey pratetasein complexes:
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- engage the type of interactions that build thengdvork (in particular, disulphide or other
covalent bonds, hydrophobic attraction, electrasgdtraction)
- sustain the gel’s structure by enhancing conndgtbetween the casein clusters

- immobilise and help immobilise water through colitng porosity of the gel

3.2. Possible methods to modify the protein interéions that build the heat-

induced whey proteink-casein complexes

By varying the conditions of heat treatment it issgible to modulate the nature of
interactions that build the whey proteirgasein complexes. For instance, increasing thefpH
heat treatment of WPI from 6.0 to 8.0 (i.e. cla®epKswis ~9) has been shown to increase the
proportion of intermolecular disulphide bonds ie tomplexes (Hoffmann & van Mil, 1999).
In skim milk, an increased proportion of covalergudphide bonds in the heat-induced whey
proteink-casein complexes produced at pH up to 7.3 (Do&dbalgleish, 2006) could partly
account for the higher elastic modulus of the tasgilacid gels (Anema et al., 2004). On the
contrary, blocking the free thiol groups of WPI lwilN-ethyl-maleimide (NEM) prior to
heating yields complexes that fully dissociateriesence of SDS (Hoffmann & Vanmil, 1997).
Absence of disulphide bonds within the heat-inducaehplexes may then account for the low
final G’ value of skim milk that was heat-treatedpresence of NEM, then acidified (Lucey et
al., 1998b). Vasbinder et al. (2003b) further shiweat thiol/disulphide exchanges continue
throughout acidification and significantly contrteuo the final gel strength.

Alternatively to variation of the pH of heat treant, one can modulate thiol/disulphide
exchanges in the heat-induced complexes throughingathe redox conditions. Reduction of
part of the disulphide bonds can be performed ushemical agents likB-mercaptoethanol
(Goddard, 1996; Surel & Famelart, 2003) or fooddgralternatives (Kella et al., 1989). By
applying electroreduction on whey protein ingretberBazinet et al. (1997) could modulate
thiol/disulphide-mediated aggregation and repontedrelated changes in thermal gelation
behaviour. Oxidation to form disulphide bonds can gerformed using ¥, (Nabi et al.,
2000), by bubbling air or oxygen (Martin et al.,08Q0 Wanatabe & Klostermeyer, 1976) and
can be mediated using enzymes to yield disulphidéynmers of the whey proteins
(Faergemand et al., 1998).
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The addition of extra thiol groups flg either by chemical thiolation (Kim et al., 199
genetic engineering (Lee et al., 1993) dramatidaltyeases their ability to polymerise through
thiol/disulphide exchange or oxidation. Conversdlys also possible to generate a thiol-free
mutant of bovineB-lg (Jayat et al.,, 2004) or to use thiol-free poecB-lg (Gallagher &
Mulvihill, 1997) in order to reduce disulphide poigrisation. Lee et al. (1994) reported
significant changes in whey syneresis when usimgteally modified milk to make yoghurt.

Providing that one of them (generafiylg or BSA) contains one free thiol group (Calvo et
al., 1993; Matsudomi et al., 1993), it is also pussto co-aggregate globular proteins with
varying amounts of cysteines and cystines as a neeaffect the acid gelation of milk through
changes in the thiol/disulphide ratio of the hewmiticed complexes. This could be done either
by addition of exogenous globular protein to daygtems (Famelart et al., 2004; Roesch &
Corredig, 2006) or by affecting the natural composiof whey proteins in milk (Graveland-
Bikker & Anema, 2003). Kehoe et al. (2007) reportifferent acid gelation properties of
BSA/B-Ig heat-induced complexes depending on their it discussed these results in terms
of different ability to thiol/disulphide exchangesf the respective proteins. All these
approaches indicate that increasing the numbeystéimes, rather than cystines, in the reactant
proteins enhances acid gel strength.

Interestingly k-casein that is specific to the formation of hewtticed whey proteir{casein
complexes in the milk exhibits enhanced aggregdietgaviour when in reduced form (Thorn
et al., 2005). Stevenson et al. (1996) demonstridi@idthe thiolation of caseins other than
could help involve e.d3-casein into heat-induced covalent whey proteingeres. A natural
alternative could be to exploit biodiversity in tbgsteine content of caseins (Bouguyon et al.,
2006).

Despite the high intrinsic energy of covalent diudle bonds relative to that of low energy
interactions (Walstra, 2003a; 2003c), model thisltphide interchange only requires 60-70
kJ mol* to occur in water (Fernandes & Ramos, 2004). Ehie agreement with the estimate
of the activation energy of aggregation of the logd B-lg in heated milk (Ea ~55 kJ mbl
de Jong (1996)). Such figures are common for bioudée/chemical reactions where the

breaking and formation of bonds are usually synobug, so that the overall energy demand is
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low (van Boekel & Walstra, 1995; Walstra, 2003chisl suggests that thiol/disulphide
exchanges might readily occur, as soon as theiveagites are in presence. Therefore, another
way to act on the thiol/disulphide exchanges in Heat-induced whey protekitasein
complexes is to physically control contact betwé#®n major reactants, namely, the unfolded
whey proteins.

Due to the breaking of a large number of intramalec hydrogen bonds on unfolding,
denaturation of the whey protein results in a larggrease in conformational entropy and
makes the unfolded protein a thermodynamically wmfieable structure (van Boekel &
Walstra, 1995; Walstra, 2003c). Once the proteiumni®lded, water molecules organise in the
vicinity of the exposed hydrophobic sites as toctage” or “cavitate” them from solvent.
Intermolecular hydrophobic interactions therefoeadily stabilise the denatured proteins.
Within such hydrophobic pockets, Fernandes & Ra(@084) calculated that thiol/disulphide
exchanges are dramatically accelerated. Promotiydyophobic interactions between the
protein therefore enhances disulphide polymerisatio agreement with Oldfield et al.
(1998b). Similarly, O’'Kennedy & Mounsey (2009) amdounsey & O’Kennedy (2007)
insisted that aggregation of heat-denatysdd is largely initiated by non-specific attractive
electrostatic and hydrophobic interactions, as tia®d at pH close to pl and/or increased ionic
strength. When working on humid dairy powders oewilprotein isolates, Zhou et al. (2008)
observed that the whey protein molecules can uwndg@artial unfolding and extensive
thiol/disulphide exchanges at 35°C providing the high protein concentration allows close
contacts between proteins. In conclusion, in otderontrol the thiol/disulphide balance in the
heat-induced whey proteiztasein complexes one could aim at (1) increasiegnumber of
thiols and thiolates (Fernandes & Ramos, 2004) @dfavouring close contact between
proteins.

Intermolecular interactions other than disulphidayralso be promoted in the heat-induced
complexes. Attractive electrostatic interactiors ssmewhat significant in protein binding (Xu
et al., 1997) and can be promoted if introducingtgins of opposite net charge at the pH of
heating. Nigen et al. (2007; 2009) for instance egated electrostatically driven nano-
coacervates of apo-la and lysozyme at pH 7.5 and 45°C. By compafidg molecules with

chemically varied affinities for calcium ions, Sin et al. (2002) estimated unlikely that
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calcium ions formed intermolecular bridges in theatinduced complexes. Therefore, ionic
calcium bridges are probably not a lever for cdi@tbchanges in the building interactions.
Thiol-blocked-Ig has been shown to form non-covalent high mdécmass aggregates on
heating model solutions at neutral pH and low iostiength (Hoffmann & Vanmil, 1997;
Mounsey & O'Kennedy, 2007) and Mounsey & O’Kenng@p07) observed that these
aggregates nonetheless yielded as high elasticIm@dues on acid gelation as did the control
B-lg covalent complexes.

Eventually, the use of polymerisation enzymes fkgaminase may help stiffen the heat-
induced whey proteirtcasein complexes, in the same way it has beenrsbhmwcrease gel
strength in acid skim milk or casein gels (Bonigthal., 2007; Lorenzen et al., 2002). The
studies by Gauche et al. (2009) and Bonisch ef2807) suggested that the whey proteins
cross-linked with themselves and with the caseircettés using transglutaminase thus
paralleled the effect of heat treatment on acichtgmh. It further seems that the enzymatic
cross-linking of heat-induced whey protein comptekereases the elasticity of the resulting
acid gels by increasing rigidity of the complexg&sséa & Khan, 2005) or by enhancing their
interaction with the casein micelles (Bonisch et2005).

On all the above-listed interactions, intra- antknfparticles covalent disulphide bonds are
probably the ones that are most susceptible tatafie viscoelastic moduli or the “solid-like”
behaviour of the acid milk gels. In our point oéwi, one choice for future investigation could
then be to study the effect of the balance betwkercontent in disulphide bonds inside the
heat-induced whey proteittasein complexes and in thiol groups availablettierformation

of inter-particle disulphide bonds on the acid getaof milk.

3.3. Possible methods to modify the size of the headuced whey proteink-casein

complexes

Because they are thought to act as spacers orelsridgtween the casein micelles on acid
gelation (Donato et al., 2007a; Lucey et al., 1998kxey et al., 1999), the size of the whey
proteink-casein heat-induced complexes are quite likelyplmy a key role in the final

microstructure of the acid gel, by affecting, eagre size and connectivity (Kalab et al., 1983;
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Parnell-Clunies et al.,, 1987). Naturally, the sertorm of complexes has hydrodynamic
diameters ranging 30-100 nm and molecular weightesaof ~4.18to 2.1d g mol* (Donato

& Guyomarc'h, 2009). In a different field, micropanlated whey protein having sizes of 0.1-2
um can be used to control firmness and syneresiggiiurt gels (Janhgj & Ipsen, 2006;
Sandoval-Castilla et al., 2004). However, littl&kmown of how the size of the whey protain/
casein complexes can affect the properties of mdkigels.

By increasing the pH of heat treatment of milk fr&@d to 7.1 (Anema et al., 2004;
Rodriguez del Angel & Dalgleish, 2006), acid gelwmncreased final G’ values are produced,
although a decrease is found at H.2. Among other reasons, slightly alkaline pHdibans
of heating are known to yield whey protairdasein complexes of smaller size than at pH 6.5
(Creamer et al., 1978; Rodriguez del Angel & Dakjle 2006; Vasbinder & de Kruif, 2003).
However, the complexes produced at pH 7.1 mayasatain more disulphide bonds or active
thiol groups, which can both affect the textureaoid gel more than their size (Alting et al.,
2003). Similarly, Britten & Giroux (2001) producetnaller complexes in solutions of whey
protein isolate at pH 8.5 than 6.5, but failed @aorelate size and G’ values of the resulting acid
gels.

On the other hand, by decreasing the casein to wdretein ratio of milk blends,
Guyomarc’h et al. (2003a), Puvanenthiran et al022®r Beaulieu et al. (1999) increased the
size of complexes up to 5-fold and obtained acid gath proportionally increased final G’
values. In model whey protein systems, higher pmatencentration also promotes formation
of larger complexes (Hoffmann et al., 1997; Ju dakKa, 1998b; Le Bon et al., 1999). In milk,
increasing the concentration of only the whey protesing membrane separation techniques
promotes their heat denaturation (Mc Mahon et18193; Oldfield et al., 2005), but the likely
effect on aggregate size is yet to be established.

In skim milk, increasing the temperature and/oration of heat treatment increases the
extent of denaturation of the whey proteins (Datveeg & Kessler, 1988c), with proportional
consequences on the final firmness and water fetenapacity of the acid gel (Anema et al.,
2004; Dannenberg & Kessler, 1988a; Dannenberg &slkées 1988b). Unfortunately, no
similar abacuses have been produced to know howsizkeof the heat-induced whey protein/

casein polymers varies with time and temperatuteeating. It is however known from model
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whey protein systems that both factors positivétgc the size of heat-induced whey protein
polymers (Hoffmann et al., 1997; Le Bon et al., 999chokker et al., 2000).

Investigations on the heat-aggregation behavioup-tf or whey protein isolate model
solutions clearly show that of all factors, the ttohof electrostatic repulsion between the
reactant proteins affects the final size of thetdmeduced complexes. As a rule, increasing the
ionic strength of the medium decreases the randdardansity of electrostatic repulsion, thus
increasing the chance for aggregation, and theafizemplexes (Baussay et al., 2004; Caussin
& Bouhallab, 2004; Durand et al., 2002; Mahmoudi aét 2007; Pouzot et al., 2005;
Unterhaslberger et al., 2006; Xiong, 1992). Alsavihg the pH close to the pl of the reactant
whey proteins enhances aggregation and yield laahestered complexes (Foegeding et al.,
2002; Mehalebi et al., 2008; Vasbinder & de Krad03).

Due to (a) their effective charge screening, (l® possible induction of conformational
changes in the protein and (c) their ability todbaarboxylate groups, calcium ions have long
been acknowledged to promote protein aggregatio& (Kilara, 1998a; Simons et al., 2002).
Parris et al. (1997) or Xiong (1992) reported tmdanced formation of aggregates when
increasing ionic calcium concentration in whey drew isolate prior to heating. Caussin et al.
(2003) further showed that heating whey proteitaisoin presence of 10 mM CaGlielded
larger heat-induced complexes than with 100 mM Nd@ther demonstrating the specific
promoting effect of the divalent cation on aggregat However, this effect is highly
dependent on pH (Britten & Giroux, 2001). Simonslet(2002) and Mounsey & O’Kennedy
(2007) found that a stoichiometry of about 0.1 168 mmol C& per gp-lg is necessary to
trigger significant heat aggregation. The condgidor maximum aggregation of whey protein
isolates also seem to obey some stoichiometryitathe ratio of mmol C& per g protein
varies across studies (Ju & Kilara, 1998a; She&vifoegeding, 1997). Simons et al. (2002)
explained that heat-induced complex formation caaddur only when the repulsive charges
born by the carboxyl groups of the whey proteingewshielded by calcium counterions
through specific binding.

Studies on the effect of ionic strength or ionseh@enerally been performed on model
solutions. To the authors’ knowledge, these fadbange not been tested in milk as a means to

vary the size of the heat-induced whey proteitdsein complexes. O’Kennedy & Mounsey

58



I1. Etude bibliographique - Article 1

(2009) however reported that the heat-induced aggien behaviour of thgs-Ig largely
differed whether the protein was in presence oftsndcalcium or phosphate ions; or of mixes
of them; or of simulated milk ultrafiltrate. Thegsisted that the response of the heat-induced
formation of whey protein complexes to ionic strgnghould be dramatically different in a
medium where ionic species are in equilibrium vatith other, or with the casein micelles. In
skim milk whose sodium or calcium contents weraegaprior to heat treatment, Farrag et al.
(2001) and Ramasubramanian et al. (2008) reportgdnearginal changes in the resulting acid
gelation behaviour. Conversely, dramatic changesrgported when micelle-bound colloidal
calcium phosphate is modulated prior to heatingn@art et al., 2009; Ozcan-Yilsay et al.,
2008). All these results suggest that understanttiageffect of ionic strength or minerals on
the heat-induced whey protetr¢asein complex formation in milk cannot be antitga from
results obtained in model solutions, and therefoeeds dedicated research.

Eventually, the size of the heat-induced whey pnétecasein complexes may be controlled
through the use of stabilising molecules. In regezdrs, research has evidenced that caseins
may help stabilise heat-denatured globular protéiosm whey or egg in a pattern that
resembles chaperone activity (Bhattacharyya & 889). In the presence of casein material,
turbidity of the heated globular protein solutienreduced as a result of decreased aggregate
size (Khodarahmi et al., 2008; Koudelka et al.,20datsudomi et al., 2004; Morgan et al.,
2005; O'Kennedy & Mounsey, 2006; Yong & Foeged2@10; Zhang et al., 2005). In the case
of co-heatek-casein and WPI, smaller and more humerous mixeaptExes were produced
with increasing proportion of-casein (Guyomarc'h et al., 2009b).

Other studies also indicated that ligands or stafas like arginine, guanidium, lecithins,
SDS or sodium laurate could control over-aggregatd heat-induced complexes of milk
proteins (Tran Le et al., 2007; Unterhaslbergealt2006). Kerstens et al. (2005) reported a
peculiar effect of the non-ionic surfactant Twedl) @hich promotes formation of um-large,
spherical, size-designed, reversible heat-induagggtegates in concentratddtlg solutions.
Studies that control aggregation [dlg using coacervation with carbohydrates are duhe
scope of the review.

In conclusion, numerous methods are available ¢batd probably be transferred to the
soluble heat-induced whey proteinzasein complexes to modulate their size. Howexds;, a
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very few of them have been applied to study thecotfdf the size of these specific complexes
on the acid gelation of milk. In essence, the add studies rather investigated the effect of

the size of larger microparticulated whey proteiursed as fat replacers, in acid milk gels.

3.4. Possible methods to modify the shape of the dienduced whey proteink-

casein complexes

Thanks to the large amount of reports that havertesi the aggregation behaviour of
proteins in varying conditions, it now emerges thkhost, if not all the proteins are able to
alternatively heat-aggregate into branched pa#dteulclusters or into elongated fibres
depending on the distribution of functional sitegoas their exposed surface. As a rule,
environmental conditions that promote exposurecdll poles of high net charges and/or beta-
sheet structure also promotes head-to-tail aggoegahence fibrillation. Hence, various
studies have reported that globular proteins siclowvalbumin (Weijers et al., 20083;lg
(Bolder et al., 2007; Durand et al., 2002; Ikeddé&rris, 2002; Jung et al., 2008), BSA (Holm
et al., 2007) or partially hydrolysedla (Otte et al., 2005) can yield fibrils on (evederate)
heat treatment at low ionic strength values an@hatgenerally ~7.0 or ~2.0 depending on
proteins. Elongated particles @flg can further be produced in water at pH ~7.0 5@ mM
NaCl (Alting et al., 2004; Pouzot et al., 2005)rHlation can also occur in acidic solutions of
whey protein isolate (Akkermans et al., 2008), dired) somewhat thicker structures than with
pureB-lg (lkeda & Morris, 2002). Bolder et al. (2007)vilever suggested that although other
species were present in solutigit)g alone is involved in fibrillation when heatingy/PI.
Because of the often acidic pH (~2.0) and orieotationstraints, thiol/disulphide exchanges
do not seem to contribute to fibril formation, watadily occur when the fibrils are brought to
pH 7 to 10 (Bolder et al., 2007). Alternatively, SRaussen et al. (2007) could produce fibres of
B-lg after prolonged exposure to subdenaturing aoinagons of chaotropes and showed that
their content in disulphide covalent bonds couldnmlulated depending on whether urea or
potassium thiocyanate was used as the chaotrope.

Fibrils in WPI solutions were shown to increase ¥iseosity of the system and to exhibit

shear-thinning behaviour (Akkermans et al., 200@erman et al (2003) compared the ability
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of long linear fibrils formed by heatin@-Ig at pH 2 then brought to pH 7 to yield a gel on
addition of CaCl to that of randonf§-lg complexes conventionally produced by heat et

at pH 7. They showed that the fibrils were ablébtild a solid gel at much lower protein
concentrations than the control complexes. Altincale (2004) furthermore mentioned that
long fibrillar structures of ovalbumin significaptbontribute to the firmness of acid-induced
gels. If they could be produced in milk in techrgéal conditions, fibrillar whey proteir/
casein complexes would most likely help increadingness of the acid dairy gels, even if
anisotropic structures generally involve less migecular thiol/disulphide exchanges
(Broersen et al., 2007; Weijers et al., 2008) otiwe desirable to gel firmness (Alting et al.,
2004; Alting et al., 2003).

Of all caseins, the&-casein is also capable of forming fibrils in ploysgical conditions (pH
7.0-8.0 and 37°C), especially when reduced (Faetedll., 2003; Leonil et al., 2008; Thorn et
al., 2005). In the case efcasein, the driving force for fibrillation of th@otein is not known,
but likely involves intermoleculaB-sheet stacking (Thorn et al.,, 2009). When WPI and
casein are heated together at pH 7.0 and 0.1 M ,NB€lheat-induced whey proteirtasein
complexes turn from particles with a fractal dimensDf of ~2 to linear structures with Df
~1.1 as the proportion @&f-casein exceeds 0.5 g per g WPI (Guyomarc’h analaiic2009,
unpublished results, Figure 7). In milk phase cbods, the protein composition and more
specifically the respective proportions fcasein and whey proteins may therefore be an
efficient means to control the shape of the heditied whey proteirfcasein complexes.

However, asis orp-caseins inhibit fibrillation of th&-casein (Thorn et al., 2005) or that of
globular proteins, including the whey proteins (segiew paper by Yong & Foegeding
(2010)), preparation of elongated whey proteicasein heat-induced complexes may first
rather be attempted in whey, prior to their additio milk. Interestingly, Creamer et al. (1978)
early reported that the heat-induced whey pratetasein complexes that formed in milk at
pH 6.8 were more thread-like than those producegidHad.5. Since the involvement kfcasein
into the whey proteimtcasein complexes of milk seems to increase agithef heating
increases (Anema, 2007; Donato & Dalgleish, 20@6)s possible that the shape of the

complexes may be somewhat controlled in situ thnouayying thek-casein to whey protein
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ratio of milk or its pH of heating. In the long terthe ratio can also be genetically modified in

mammals (Jimenez-Flores & Richardson, 1988).

Figure 7 : Transmission electron micrographs ofté@480°C/24h) solutions of 25 gikg

whey protein isolate (WPI) and 0-30 gkigolated freeze-drie-casein KCN) in 0.1 mol.L*
NacCl, pH 7.0, prepared as in Guyomarc’h et al. @0

Although fibrillar complexes may be desirable fexture, there is suspicion that they could
be cytotoxic (Hudson et al., 2009). Control of thektension might therefore be useful.
Alternative to the involvement of chaperone casdims use of chemical grafting of additional

reactive sulfhydryl groups onto ovalbumin moleculesolution at pH 7.0 and 0.15 M NaCl
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has been shown to yield more branched, amorphoatsirduced complexes as opposed to
more fibrillar structures(Broersen et al., 2006). Genetically or chemicallydified B-Ig with
added free thiol groups may be a good means teaserbranching of the heat-induced whey
proteink-casein complexes, but this is yet to be demorstraReduction or disruption of
natural disulphide bonds (Bazinet et al., 1997;|&Kek al., 1989) may also open routes for
branching. Although goat or sheepcaseins contain three cysteines, they all seerheto
naturally involved into disulphide bonds (Bouguyehal., 2006) and hence, are unlikely to
promote branching.

To the authors’ point of view, building acid millkelg in the presence of heat induced whey
proteink-casein in the form of fibrils that should entangi#h each other and provide
numerous interaction patches with the casein naisel$ very likely to strongly affect the
texture of the gels. Although a lot of proteins afgle to form fibrils on heat-treatment
depending on conditions, to the author's knowledge attempt has however yet been
undertaken to evaluate the effect of heat-induckdywprotein or whey proteik/casein fibrils

on the acid gelation of milk systems.

3.5. Possible methods to modify the water holdingapacity of the heat-induced

whey protein/k-casein complexes

It is largely known that the essential factor tqomove water holding capacity of acid milk
gels is to fully denature the whey protein (Danrergh& Kessler, 1988a). Conversely to gel
firmness, the water holding capacity of yoghurt lgetarly increases with heating, including
UHT conditions (Krasaekoopt et al., 2003). At tenaperes above 100°C, de Wit (2009)
mentions that specific unfolding occurs, possitdyaaresult of disulphide breakdown that may
favour protein hydration (see also section 3.1js therefore possible that heat-induced whey
proteink-casein complexes with less mechanical resistantéigher water holding capacity
are formed in UHT conditions.

A higher whey protein to casein ratio in the milkshalso been associated with increased
water holding capacity of the yoghurt gel (Puvaheah et al., 2002; Schorsch et al., 2001)

although it is not clear whether the actual compmsiof the heat-induced complexes, rather
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than their size or concentration or shape, is resipte for this change. However, Guyomarc’h
et al. (2009b) showed that model heat-induced cexesl of whey protein isolate were less
dense when involving-casein, hence more likely to uptake water throagmore porous
structure.

The addition of charges (see section 2.2) to tla-imeluced complexes may also be a way
to improve water binding, providing that the conxale keep destabilising into a gel on
acidification. In that sense, the covalent bindoigsugars to milk protein has been shown to
enhance solubility but also gelation, dependingxtent (Oliver et al., 2006). Glycosylation of
a peculiar heat-induced whey protein ingredieningisdextran molecules was shown to
increase its water-binding capacity when re-hedldthrd et al., 2009). The application of
controlled glycosylation of whey protekitasein complexes to yoghurt making is however yet
to be investigated.

The presence of counterions that would shield edstitic repulsion during the formation of
thiol/disulphide complexes may be another way toduhate the density of soluble whey
proteinsk-casein complexes. In their review on whey profeinctionality, Foegeding et al.
(2002) mentioned that gels made of whey proteitaisoheated in the presence of salts are
denser, coarser and more permeable than at low str@ingth. Pouzot et al. (2005) furthermore
showed that heatinf-lactoglobulin at neutral pH in the presence of 200 NaCl yielded
denserp-lactoglobulin covalent complexes than at lowerigostrength values. As another
example, Giroux et al. (2010) performed the coldecipitation of whey protein isolate
preheated at neutral pH and low ionic strengthguaipH cycling to pH 5-6 in the presence of
increasing concentrations of CaClio produce disulphide complexes of whey protéiaging
correspondingly increasing density, hence decreasgelr retention capacity.

On top of increasing polymerisation and gel strenftee thiol groups also seem to be a
factor to control syneresis in acid gels. Lee e{E94) added recombinafitlg with two or
three free thiol groups to skim milk (<1 g.Rgand observed reduced syneresis in the yoghurt
produced after heat treatment and fermentatiohefiodified milk. Possibly, addition of thiol
groups promoted branching and hence, reticulatedusocomplexes that could easily carry

water.
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4. Perspectives for research

First, this review was wilfully limited to the pradtion of whey protein or whey proteka/
casein complexes using heat treatment, but otbbentdogical means could be considered such
as high pressure treatments or dry heating of prgtewders. These technologies have been
reported to induce whey protein denaturation andptex formation, but with few similarities
with the heat treatment (Considine et al., 2007albn et al., 1993; Zhou et al., 2008). They
could therefore be used in combination with or ubsitution to heating, to potentially
modulate the properties of the whey proteindsein complexes. The resulting complexes
could also be further modified, using a numberhef ¢hemical or biological methods listed in
the present review.

The present overview of the literature further ewices two major fields for future
investigation of the role of the heat-induced commpk in the acid gelation of milk. First, a
large number of the reviewed chemical, biologiaaplysical means to modulate the physico-
chemical properties of protein material has oftearbapplied on single, native proteins rather
than on proteins assemblies like the heat-inducedptexes. But modification of the reactant
protein is quite likely to affect its aggregatiom lseat treatment, hence to introduce many other
large changes than the initial modification. Theref modifying the constituted heat-induced
whey proteink-casein complexes as a means to vary their interaptoperties may prove an
interesting scientific strategy.

Second, where as a majority of the studies usindiffred proteins or modified complexes
have investigated the consequences on thermalaygisa little proportion of them considered
acid gelation. Amongst them, only a little numbéstudies investigated as complex a system
as milk (see, e.g. Lieske (1999); Vidal et al. @P®%ho modified the casein micelle). In the
perspective of better understanding the role ofhiibat-induced whey protekitasein in the
acid gelation of skim milk, we therefore proposentodulate some targeted properties of the
complexes, using the presently reviewed methods, tih introduce them into milk where their
capacity to establish specific interactions, obtild specific microstructures, will be tested.
Should some of these methods be particularly efficin affecting the acid gelation of milk,

their application could then be attempted directhymilk. However, this raises the issue of
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correlated changes in the milk, for instance thlouthanges in the composition and
equilibrium of milk if ions or pH or exogenous peots are used to modify the whey protein/

casein soluble complexes in situ; or through thmuianeous modifications of the whey
proteink-casein complexes and the casein micelles if,ah@mical grafting is used to modify
the soluble complexes in situ. Demonstration of ttaasferability of the presently reviewed
methods, directly to the milk system, is thereforéself a critical perspective for applicative

research.
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11.6.2.3. Bilan de I'article 1

Une synthése de la revue bibliographique (artiglest proposée dans le Tableau 2. D’'aprés
la littérature, nous avons établi deux catégoreepropriétés physico-chimiques des complexes
thermo-induits : les propriétés présenties pourifievde pH de déstabilisation du lait et les
propriétés pressenties pour modifier la fermetégadés acides. Pour chacune des propriétés des
complexes, nous avons identifié les moyens chinsiqyenysiques et biologiques de les
moduler par des moyens expérimentaux (scientifigoaspar des moyens compatibles avec

I'alimentation (« foodgrade »).
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Obyjectifs et stratégie du projet

Dans le but de mieux comprendre les mécanismemieafion des gels acides laitiers,
I'objectif de cette thése est d'établir le lien rentes propriétés physico-chimiques des
complexes et la nature des interactions complegegplexes et complexes-micelles établies au
cours de l'acidification. L’approche originale de travail consiste a utiliser les complexes
protéiques thermo-induits comme vecteurs de noesgltopriétés fonctionnelles des micelles
de caséines. En effet, d’aprés I'étude bibliograp&i précédente (8I1.5), nous pouvons
simplifier le modele de lait chauffé par un mélanigecomplexes thermo-induits solubles et de
micelle de caséines dans la phase soluble duLkaistratégie de cette thése peut ainsi étre

décomposée en plusieurs étapes, illustrées paguaers :

chauffage Modification des complexes acidification

©

=

Structures Complexes _
natives thermo-induits i
N~ - —
@ Propriétés physico- < (5) > Fonctionnalités
chimiques des complexes? Interactions? des gels acides?

(6]

Figure 8 : Schéma de la stratégie adoptée danslédat ses étapes clés

© Produire des complexes thermo-induits et modifiee, et une seule, propriété physico-
chimique de ces complexes

® Caractériser finement les propriétés physico-chiresqde ces complexes

© Introduire ces complexes dans un systeme laitiaitaeo(i.e. en présence de micelles de
caséines et dans un environnement ionique contrlé)sera désigné par la suite lait
reconstitue

® Acidifier les laits reconstitués : suivre la géldtion des laits reconstitués et caractériser les
propriétés rhéologiques et structurales des galesformés

© Etablir les relations entre les propriétés de géalifon des laits modéles et les propriétés
physico-chimiques modulées des complexes

® Conclure sur les interactions établies dans les gel
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La stratégie adoptée dans ce projet nécessite défioaion d’une seule propriété physico-
chimique des complexes a la fois, afin de compkeéiet de la modification de la propriété
étudiée uniqguement, par rapport a un témoin. Getipriété doit également étre modulée sur
une large gamme afin que son effet sur la gélibcatlu lait soit significatif et permettre de
conclure sur les interactions établies dans les agtles. Pour ces deux raisons fondamentales,
nous avons généralement choisi de modifier un cexepbéja constitué, fabriqué selon un
traitement thermique standardisé, plutét que deifieota composition initiale de I'échantillon
(protéines, ions) ou les conditions du traiteméetmique (pH, température...). En effet, ces
deux alternatives ont généralement des effets déradiles sur plusieurs propriétés a la fois.
De plus, la modification des complexes a postepermet de mieux contrdler I'étendue et les
intervalles des niveaux testés, avec de meillecinesces pour conclure statistiquement sur le

r6le de l'interaction ciblée par la modification.

Dans ce projet, hous nous sommes focalisés supriggsrietés physico-chimiques des
complexes thermo-induits candidates pour influete@H de déstabilisation du lait. Le pH de
gélification du lait peut tout d’abord avoir desneéquences technologiques. Apres le début de
la gélification du lait, il est essentiel de ne hgiter le systéme, le moindre choc pouvant
avoir des conséquences irréversibles sur ce ggldrdPour la fabrication de yaourts fermes,
I'étape de gélification du lait s’effectue dans fests. Pour un lait qui gélifie a un pH faible,
donc tres tardivement, I'industriel bénéficieramlas de temps pour répartir le lait dans les
pots de yaourt, tandis que pour un lait qui gébifian pH tres élevé, ou trés rapidement apres
son ensemencement, il existe des risques de géilific dans les cuves ou les tuyaux. Nous
supposons également que pour un lait qui gélifim @H élevé, les gels auront plus de temps
pour se réarranger. Enfin, un gel qui gélifie aplh élevé atteindra peut étre un niveau de
fermeté suffisant a un pH supérieur a 4.5, le pH/alurt. Nous pouvons envisager d'arréter
I'acidification avant pH 4.5 ce qui permettrait btenir un yaourt plus doux. Enfin, pour
certaines fabrications ou le pH du yaourt ne dedradéinpas aussi bas que 4.5, a cause d’un fort
pouvoir tampon du mélange ou de bactéries lactimpiblement acidifiantes, ceci permettrait
d’obtenir des gels a pH >4.5. Cette situation seantre parfois pour des gels acides a fortes

teneurs en protéines, par exemple destinés a Ealiation des seniors.
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Les trois propriétés des complexes thermo-indidesntifi€es pour avoir un effet probable
sur le pH de gélification du lait (Tableau 2), @ étudiées dans ce projet et correspondent

chacune a un chapitre de résultats :

2 La proportion en caséineintégrée dans les complexes thermo-induits (Creapi)

En effet, la caséine; de part sa localisation a la surface de micelé,soupconnée de
jouer un rdle de médiation dans l'interaction coexpls-micelles au cours du traitement
thermique et de l'acidification. Nous supposonsdae la caséine-améliore donc les
propriétés de gélification acide du lait. Pour mledda composition en caséimedes
complexes, une poudre purifiee de cas&ire-€té ajoutée a différentes proportions dans
une solution de protéines sériques avant le chgelff@ette approche a déja été mise en
ceuvre pour produire des complexes de protéinasrést(Guyomarc'h et al., 2009b) afin
de modifier leur proportion en caséiremais l'effet de la teneur en caséinelans les

complexes sur la gélification acide du lait n’a@m®cjamais été testé.

2 Le point isoélectrique (ou pH de charge nulle oudgls complexes (Chapitre V)

La gélification des laits crus et chauffés a liespectivement a pH 4.8 et 5.5, c'est-a-dire a
des pH proches des points isoélectriques de lalmide caséines et des protéines sériques
natives. Les interactions électrostatiques entreégodes sont donc un parametre important
de la formation du gel acide. La réduction des Ispns électrostatiques au cours de
I'acidification joue probablement un réle dans lésthbilisation du lait chauffé. Nous
souhaitons dans cette partie vérifier la relatiotreepoint isoélectrique des complexes et
pH de gélification des laits reconstitués. Parns meéthodes pour modifier le pl des
complexes présentées dans l'article 1, nous avbossicle greffage chimique d’acide
succinique et de méthylamine, pour modifier largeta charge des complexes thermo-
induits. Cette modification est opérée apres laiffhge afin de réduire son impact sur les
autres propriétés des complexes. La succinylatidéja été réalisée sur des complexes de
protéines sériques thermo-induits pour modifier l@u(Alting et al., 2002) mais son effet

sur la gélification acide du lait n'a pas encoketésté. Le moyen de modification du pl des
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complexes par la méthylation a été adapté d’'ungdeétur les protéines végétales (Broersen

et al., 2007).

2 L’hydrophobie de surface des complexes (Chapitie VI

Les attractions hydrophobes sont suspectées de jouedle dans le rapprochement des
particules et donc de participer également a ldabésation du lait au cours de son

acidification. Nous souhaitons dans cette partiprépender le role des interactions

hydrophobes dans la construction des gels acidear s mémes raisons que la
modification du pl, nous avons choisi le greffagémique de chaines carbonées de
différentes longueur par acylation, pour modifiytirophobie des complexes. Ce moyen
n'avait pas été listé dans l'article 1 car l'acigatn’a encore jamais été réalisée sur les
protéines de lait. Ce moyen a été adapté d'uneeétud les protéines végétales

(Gerbanowski et al., 1999).
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Matériel et techniques expérimentales
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11.1. Matériel

[11.1.1. Matériaux d’origine laitiere

Les compositions des poudres laitieres utiliséews dztte étude sont rassemblées dans le
tableau ci-dessous :

Tableau 3: Composition des poudres laitiéres étks(en g kjde poudre humide)

Matiere seche Protéines totales Caséines Protainegies

Caseéine micellaire native 960 910 900 10
(PPCN)

Isolat de protéines solubles 870 850 60 790
(WPI)

B-lactoglobuline 950 910 0 910
(B-l9)

caséines 990 880 880 0

[11.1.1.1. Poudre de caséine micellaire native

La poudre de caséine micellaire native (phosphdatai&énatif, PPCN) est produite a 'TUMR
STLO (Rennes, France). Cette poudre est obtenagtia gie lait écrémé microfiltré a ~50°C a
travers une membrane en céramique de taille dedmofel um, puis diafiltré, évapo-concentré

et enfin séché par pulvérisation (Schuck et aB4}9

11.1.1.2. Poudre d’isolat de protéines solubles

La poudre d’isolat de protéines solubles (wheye@oisolate, WPI) est obtenue a partir du
précédant perméat de microfiltration de lait écrém@ntenant les protéines solubles. Ce
perméat est concentré par ultrafiltration sur ureamirane de taille de pore de 8 kDa, puis

diafiltraté et lyophilisé (Fauquant et al., 1988).

[11.1.1.3. Ultrafiltrat de lait

Le perméat d'ultrafiltration produit lors de la @amtration des protéines sériques est
collecté a 5°C puis filtré & 0.1 um pour garardisgrilité. Un agent bactériostatique, I'azoture

de sodium (Nah) a ensuite été ajouté & 0.2 § hour sa bonne conservation & 4°C.
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11.1.1.4. Poudre des-lactoglobuline native

La poudre dg-lactoglobuline §-1g) native purifiée a été fournie par la socié@REDAB.

[11.1.1.5. Poudre de caséine-

La caséinac est extraite du lait selon la méthode de frac#onent des casé€ines mise au
point par (Zittle & Custer, 1963). Apres la dispersdu mélange de caséines dans de l'urée,
les différentes caséines sont sélectivement ptéewpipar addition de sulfate d’ammonium a
différentes valeurs de pH. La fraction de caséirest récoltée, dialysée puis lyophilisée. Sa
pureté, déterminée par HPLC, est de 81% des pestéatales, le reste étant constitué de traces

des autres caséines.

[11.1.1.6. Lait demi-écrémé UHT

Du lait demi-écrémé UHT (marque de distributeurr€faur) a été utilisé comme solution de
dialyse afin de remplacer la phase solvante daioeg suspensions protéiques par celle du

lait.

[11.1.2. Produits chimiques

Les produits chimiques utilisés au cours de cesatraont été achetés chez des fournisseurs

(Sigma-Aldrich-Fluka, Riedel de Haen, Interchim}ent de qualité analytique.
I1l.2. Technigues expérimentales

[11.2.1. Préparation des suspensions de complexes thermo-

induits

111.2.1.1. Préparation des suspensions de complexes thernuitsnde WPI et

de caséines

Selon la méthode de Guyomarc'h et al. (2009b)sdkgions meres de caséinet de WPI

ont été préparées a ~100 g'kdpns une solution de 0.1 M de NaCl et 0.2'gde NaN, & pH
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7.0. Les suspensions protéiques ont été dialys#ersecune solution de 0.1 M de NaCl et 0.2 g
Lt NaN;, & pH 7, dans des boudins de seuil de coupure5&® pour éliminer les sels
contenus initialement dans les poudres. La suspermid caséine-a ensuite été centrifugée a
59860 g pendant 1 h a 20°C pour éliminer des résidsolubles et des traces de matiéres
grasses. Le surnageant clair de caseirse-€té récupéré et filtré sur 0.45 pm (membrane
filtrante LMR 25 mm de Labo-moderne). La suspenslen/VPI, de son c6té, a été filtrée sur
0.2 um (Acrodisc filtre a seringue 25 mm de PALLa concentration protéique de ces
solutions meres a été contrblée par mesure deofbasce a 280 nm en utilisant les
coefficients d’extinction massique de 0.93 £ gn* pour la caséine-et 1.46 L § cm* pour
le WPI.

Des mélanges de 15-20 gkde WPI et 0-10 g kijde caséine-ont été préparés a partir des
solutions méres et d’une solution de 0.1 M de Nat@.2 g [ de NaN & pH 7.

Les mélanges ont enfin été chauffés dans des tigie®s en pyrex de 10 mL a 80°C

pendant 24 h puis refroidis.

111.2.1.2. Préparation des suspensions de complexes thernuitsnde WPI

Selon la méthode décrite par Vasbinder et al. (2da poudre de WPI a été reconstituée
dans de 'eau distillée & 90 g kavec 0.2 g kj de NaN. La solution a été placée sous
agitation pendant 2 h. La solution a été ajustpel &.5 et stockée 24 h a 4°C puis elle a été
filtrée sur 0.45 um.

Les solutions de WPI ont été chauffées dans desstidsmeés en pyrex de 20 mL a 68.5°C
pendant 2 h, puis refroidies. Les concentratiorstéues des suspensions de complexes
obtenues (ou WPIA) ont été vérifiées par mesuréatsorbance a 280 nm dans un tampon
dissociant et réducteur (8 M d’urée, 0.05 M cittatsodium, 5 g [ SDS, 0.2 M Tris, pH 7.4

et 10 mM de DTT) en utilisant le coefficient d’exttion massique de 1.46 C*gm™.

11.2.1.3. Modifications des complexes thermo-induits

Principe des réactions chimiques

La modification de I'hnydrophobie de surface et/aupmbint isoélectrique apparent (pl) des

complexes thermo-induits a été réalisée par detioéa de méthylation ou d’acylation sur les
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suspensions des complexes précédemment obtenliea18), diluées au demi dans de I'eau
distillée (concentration protéique = 45 g)L

Dans le but d’augmenter le point isoélectrique apmta(pl) des complexes, les suspensions
de complexes ont été méthylées. La réaction de yhaéttn des complexes résulte en la
neutralisation de charges négatives des résidbsxdiques par le greffage de la méthylamine
(Figure 9A). Les complexes méthylés sont donc mohrergés négativement et leurs charges
positives sont surexprimées.

Dans le but d’augmenter I'hydrophobie de surfacse demplexes, les complexes ont été
acylés. La réaction d’acylation des complexes tésmh la neutralisation de charges positives
des résidus lysines par le greffage de chainesonads (Figure 9B). Les complexes acylés
présentent donc une hydrophobie augmentée sellmmdaeur de la chaine greffée et ils ont
perdu une charge positive de la lysine.

Dans le but de réduire le pl des complexes, legesisions de complexes ont été succinylés.
La réaction de succinylation est une acylationipaliére, 'acide succinique étant greffé sur
les lysines des complexes (Figure 9C). Les complexgccinylés ne présentent pas de
modification d’hydrophobie du fait de la charge atdge du groupement succinate. lls ont

perdu une charge positive de la lysine et gagné&hame négative par le succinate.
A

.-CO%HG—:EDC‘COOH +CHNH,—> @)~CO-NH—CH;, + H,0

Résidu carboxyle Méthylamine Carboxyle modifié
B (@]
1 ﬁ
~C—R
@ - —r Q.+ Qg @ \-c-rR + R-COOH
I
@)
Résidu lysine Anhydrides Lysine modifiée Co-produit acide
c 0 o
~C—CHz Il
—NHz;" —> NH, + O I — NH—C—(CH,),—COO"
@'y @ v o [ — @NH-Co(cHy;
I
o
Résidu lysine Anhydride succinique Lysine modifiée

Figure 9 : Diagramme schématique des réactions énytation (A), acylation (B) et
succinylation (C) des complexes thermo-induits. RCH; avec I'anhydride acétique, R
(CH,).CHs avec I'anhydride butanoique et R = (§4€Hzavec I'anhydride hexanoique.
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Mise en ceuvre

La réaction de méthylation a été réalisée a pH idaet 2 h en présence de 1 M de
méthylamine et de 50 a 300 mM de N-3-diméthylamioppl-N-éthylcarbodiimide
hydrochloride (EDC) selon la méthode décrite pareBsen et al. (2007).

La réaction d’acylation a été réalisée a pH 8-9dpaeh 2 h en présence de 20 a 100 mM
d’anhydride acétique (R = GH butanoique (R = (ChHLCHz) ou hexanoique (R = (GMCHy)
selon la méthode décrite par Gerbanowski et aBq)L9

La réaction de succinylation a été réalisée a fHp@&ndant 2 h en présence de 5 a 200 mM
d’anhydride succinique selon la méthode décriteAbi@amg et al. (2002).

Apres la réaction, et afin d’éliminer les réacéfsexces et/ou les coproduits, les suspensions
des complexes modifiés ont été dialysées dans dedirs de dialyse (6-8 kDa, Medicell
International Ltd., London, UK) contre de I'eautdiée ajustée & pH 7.5 et 0.2 gkde NaN.

Les concentrations protéiques des suspensionst®meédfiées par mesure de I'absorbance a

280 nm en utilisant le coefficient d’extinction rsgie de 1.46 L §cm™ pour le WPI.

[11.2.2. Caractérisation des propriétés physico-chimiques de

complexes thermo-induits

Lorsque la méthode le permet, I'analyse des prtwides complexes thermo-induits a été

réalisée dans du MUF ce qui permet de les évatllestqu’elles s’exprimeront dans du lait.

111.2.2.1. Mesure de la taille des complexes

a) Mesure du diamétre hydrodynamique

Principe

La diffusion de la lumiére par un objet comme destipules protéiques en suspension
résulte de la différence d’indice de réfractiorremd particule et son milieu (contraste).

La mesure de la taille des particules en suspemsiota méthode de diffusion dynamique de
la lumiere (dynamique light scattering, DLS) estédm sur la détection de leur mouvement
Brownien. La vitesse du mouvement Brownien, déplene aléatoire des particules di a

I'agitation thermique, dépend de trois facteums telmpérature, la viscosité du milieu et la taille
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des particules. Le dispositif simplifié est compadéne source laser monochromatique
éclairant une cellule de mesure contenant I'écthamtiLorsque le laser rencontre les particules
de I'échantillon, sa lumiere est diffusée dansdsueés directions. Ce rayonnement est recueilli
au cours du temps par un détecteur placé a un dogieé de la transmission, puis traité par
auto-correlation. L'intensité de lumiere au tem@st d’autant moins corrélée avec lintensité
de la lumiere a un temps t+dt que la particuleffusk rapidement pendant dt sous I'effet de
I'agitation Brownienne, c'est-a-dire qu’elle estifge On en déduit le coefficient de diffusion
de la particule qui est corrélé a son diameétre dogltamique par la relation de Stokes-
Einstein :
_ kB (T
3 Bys EDh

ou Dy est le diamétre hydrodynamique des particulgsa lconstante de Boltzmann (1.38%20

(Equation 1)

kg n? s? K%, T la température absolue (Kjs la viscosité du solvant (kg Tns') et D le

coefficient de diffusion (fs?).

Mise en ceuvre

Le D, apparent des complexes a été déterminé a I'auge idstrument Zetasizer nano ZS
(Malvern Instruments, Orsay, France) avec un adgl&73°, sur les suspensions de complexes
diluées au 1/20dans du MUF a 20°C. Les données ont été convemiefistribution de tailles
par une modélisation de routine (non-negative {sgstaires, NNLS). Le mode du pic majeur

de la distribution a été pris comme lg d@s complexes de I'échantillon considéré

b) Mesure du rayon de giration et de la masse molieuldes

complexes

Principe

Le rayon de giration (§ est la moyenne des distances partant du centrmadse (ou
barycentre) d’'une structure, pondérés par la mdssmatiére présente a cette distance. Le
calcul du rayon de gyration et de la masse molé&euies complexes a été réalisé a partir de la
mesure de la diffusion statique, ou multi-angles)allumiere (ou MALLS pour Multi-Angle

Laser Light Scattering). Pour une meilleure madtds bruit sur cette mesure trés sensible aux
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contaminants de grande taille (poussiéeres, mictiedu.), I'analyse MALLS est généralement

faite en aval d’'une méthode séparative. Dans cetpmous avons utilisé la chromatographie
d’exclusion de taille (SEC) qui est courammentisé#g pour séparer les complexes thermo-
induits du lait (Guyomarc'’h et al.,, 2010; Jean let 2006). Comme nous l'avons dit au

paragraphe précédent, la lumiere éclairant un éitlbanturbide est diffusée dans toutes les
directions de I'espace. Si l'intensité de la lurei¢liffusée varie au cours du temps du fait de
I'agitation des particules (diffusion dynamiquel)eevarie également dans I'espace du fait des
positions relatives des éléments diffusants (palgs; sous-structures des particules...) entre
eux a l'instant t. Pour simplifier 'analyse, I'espe est réduit aux deux dimensions d’'un plan
confondu avec I'axe de la lumiéere incidente. Daesplan, la distance entre deux éléments
diffusants de I'échantillon varie selon I'angle b&ervation®. Ainsi, la somme des ondes

diffusées par ces deux éléments va varier en fomatie I'angle, du fait de ce déphasage

(Figure 10).

Figure 10 : lllustration du déphasage entre leesmtiffusées par 2 éléments diffusants d’'un
échantillon, sur 'axe d’observation a angled’apres Wyatt Technology (manuel technique)

Si des motifs répétés existent dans I'échantiltels, que la présence de particules de tailles
similaires et réparties uniformément dans l'espatela présence de sous-unités dans ces
particules, la dépendance de lintensité de la éwenidiffusée a I'angle d’observation
présentera une forme caractéristique dont I'analysemettra de déduire des longueurs
caractéristiques telles que le rayon de gyratiogenales particules en suspension, ou la taille
des sous-unités qui les constituent.

Comme l'intensité de la lumiére statique diffus@émanstant t et a un angle donné résulte de
la somme des ondes diffusées par N éléments seloa positions relatives, elle dépendra

également de la concentration, de la masse etrdick de réfraction de ces éléments dans le

83



I11. Matériel el techniques expérimentales

volume de I'échantillon éclairé par le laser. Aihgd), généralement transformée en « rapport
de Rayleigh » Hj), s’exprime par :

1(0) =R(6) OM [cIK [P(6) (Equation 2)
ou M est la masse moléculaire apparente en poigs€hg.mol), ¢ la concentration (en g.ml
! ou g.cn?®), P@) le facteur de forme (sans unité) et K* le facteler contraste dans lequel
intervient I'incrément d’indice de réfraction dulg@ dn/dc dans un milieu d’'indice, rfen

cm’.g?) et le nombre d’Avogadro Na :

il 4n? iy (@)2 (Equation 3)
N, \do
K* s’exprime en mol.cig?

L’incrément dn/dc s’obtient expérimentalement parmiesure de l'indice de réfraction n
d’'une solution en fonction de concentrations ceni$ss de soluté. En solution suffisamment
diluée, n est en effet linéairement lié a la cotregion et dn/dc est une constante. Sa valeur est
de 0.183 crig® pour les protéines a la longueur d’onde de 658 h@ 25°C. Le dn/dc est
aussi utilisé pour mesurer la concentratioen tous points du chromatogramme SEC grace a
un réfractometre différentiel (la cellule de référe contient la phase mobile).

Le facteur de forme BJ introduit la dépendance angulaire dans I'expogssie I'intensité
de la lumiére diffusée Bj et est fonction du rayon de gyration. Dans destons de faibles
concentrations ou les interactions sont négligesalte qui est le cas dans I'éluat de SEC,
quande - 0, PP )~> 1 etR(B)/K*c > M

La masse moléculaire est ainsi obtenue par I'egtedijon vers I'ordonnée a I'origine du plot

de R@)/K*c en fonction ded (Figure 11). Le rayon de giration JRest quant a lui obtenu a

partir de la pente de la représentation de K*@)Ra fonction de sin(2) (Figure 11).

a
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K*c/R(8) x10°
a1
H

R2
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o
o

Figure 11 : Mesure de la masse
moléculaire et du rayon de gyration
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Mise en ceuvre

Le montage instrumental (Figure 12) comporte :

- une chaine chromatographique équipée d’'une celarexclusion stérique (size exclusion
chromatography, SEC),

- un détecteur UV,

- un équipement laser de diffusion statique de dueng angles multiples (multi-angle laser
light scattering, MALLS) comprenant 18 détecteugdummiere (LS),

- un réfractométre différentiel (RI).

Chaine chromatographique MALLS
Pompe Injecteur Détecteur UV Détecteurs LS | Détecteur RI
!
- Ve
< é e \\\\,\\\" o
B Colonne SEC e’

= .

Phase mobile Echantillon

Figure 12 : Schéma du montage expérimental de Han@itographie d’exclusion de taille
couplée a un laser de diffusion statique de lunmeudtiple

Une colonne Sephacryl S-500 Hi-Prep 16/90 (AmersBawsciences, Orsay, France) a été
utilisée pour la séparation des particules de BéthHon selon leur taille (SEC). La phase
mobile était une solution 0.1M Tris, 0.5M NaCl & mM NaN3 a pH 7, filtrée sur 0.1 um et
dégazée. Cent pL d’échantillon ont été injectésiélait d’élution a été fixé a 0.5 mL min-1 et
I'absorbance a été mesurée a 280 nm. Le détectediffdsion de lumiere LS DAWN-Heleos
Il était équipé d’'une cellule K5 et d’'un laser He-ld 658 nm (Wyatt Technology, Santa
Barbara, CA, USA). Le détecteur d’'indice de réfi@metRI Optilab rEX était équipé d’'un laser
a 685 nm (Wyatt Technology). Les données des ddtecbnt été collectées et analysées avec
le logiciel Astra v.5.3.4.11 (Wyatt Technology).d ealeurs de Mw et Rg pour le complexe
considéré ont été prises au temps d’élution cooredgnt a 50% de l'aire totale du pic des

complexes (Figure 13).
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- Figure 13: (A) Chromatogramme

T 50 d'une solution de complexes injectée
a ; dans une colonne chromatographique
2 C d’exclusion de taille (SEC). Le temps
2 751 d’élution pour la détermination du rayon
s de giration (B) (B) et de la masse

2 704 ' ' ' ' ' moléculaire (M,) (C) est choisi a 50%

130 140 150 160 170 180 190 de laire du pic d'absorbance
correspondant aux complexes
Temps d’élution (min)

11.2.2.2. Mesure du point isoélectrique apparent des compglexe

Le point isoélectrique apparent (pl) d’'une molécesele pH ou cette molécule présente une
charge électrique résiduelle nulle. Nous avonsrdéte le pl des complexes par zétamétrie,
c'est-a-dire en mesurant la mobilité électrophquéti(mb) des complexes a différentes valeurs
de pH. La mb est en effet proportionnelle a la ghanette, et lorsque la charge nette des
complexes est nulle, la mb vaut 0 pm cih&/ (Figure 14). Les mesures ont été effectuées sur
le méme instrument Zetasizer que pour la mesutaileen DLS a 50 V, 20°C et 633 nm. Les
suspensions de complexes ont été diluées ad dah® de le MUF acidifié a différents pH. Du
chlorure de calcium a été ajouté au MUF acidifig aoncentrations théoriques d’'un perméat
de lait écrémé acidifié aux mémes valeurs de pHjtgisant le logiciel MILK SALT GLM

développé par Mekmene et al. (2009).

1 -
a Point isoélectrique (pl)
2 0,5
5 Figure 14 : Détermination
g du point isoélectrique
= 0 - ‘ apparent (pl) des complexes
€ 3 4 7 par la mesure de la mobilité
électrophorétique a différents
-0,5 pH
1. 86
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111.2.2.3. Mesure de I'hydrophobie de surface des complexes

L’hydrophobie de surface des complexes thermo-isduiété déterminée par la méthode de
fixation d’'une sonde fluorescente. Deux sondes dplaobes ont été utilisées : l'acide 8-
anilino-1-naphtaléne sulfonique (ANS) et le Prodass mesures ont été réalisées a l'aide d’'un
spectrophotometre LS50B (Perkin Elmer, Saint Queeti-Yvelines, France). Lorsqu’une
sonde interagit avec un site hydrophobe, en répansee excitation a une longueur d’onde
d’excitation Qexcitationy il Y @ €mission de fluorescence a la longueur déod@mission X¢mission)
(Figure 15). L'intensité de fluorescence émise mmte (If..) peut étre relevée. Elle est

proportionnelle au nombre de molécules de sondésdi

<
2 Sonde fixée
8 AN ¢
S max
(&)
(%3]
o
o)
=
-
)
o
Q
= |
S Sonde libre
E
hexcitation (NM) constante Msmission(NM)

Figure 15 : Spectre d’émission d’'une sonde fluaetlibre ou fixée.
a) ANS

Selon la méthode de fixation de I'ANS, le dosage I'tigdrophobie de surface des
complexes a été réalisé a une concentration egipeofixe (1.5 pg L)) dans une solution
tampon maléate (1 M) - NaOH (0.25 M) a pH 6.7, gutdle 0-40 uM d’ANS a été ajouté.
L’absorbance a 390 nm ne doit pas excéder 0.1-0d&ur limite supérieure de linéarité pour
l'intensité de fluorescence émise par le complexdSAdrotéine. La longueur d’onde
d’excitation a été fixée a 390 nm et I'émissiont@ iesurée a 480 nm avec une largeur de

fente d’émission et d’excitation de 2.5 nm.
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L’augmentation de fluorescence (F) avec 'augmeémade la concentration d’ANS (JANS],
en uM) qui traduit la fixation de la sonde, c'esti@ la titration des sites hydrophobes, a été
modélisée par I'équation de Michaelis-Menten (Bonetal., 1988):

_ P “[ANS]

K 4 +[ANS]

(Equation 4)

ou Fnaxest le maximum de fluorescence a la saturatione8 figure 16) et est proportionnel
au nombre de sites hydrophobes accessibles a dke som la particule. Kest la constante de

dissociation du complexes ANS-protéine ou concéntren ANS a Fa/2 (Figure 16).

Intensité de fluorescence (If, UA)

Fmax <

Fmax/2

A\ 4 |
)

Okd (ansjumy %

avec [Prot] = 1.5 (ug'b

Y

Figure 16 : Parameétres issus de la modélisatiorMadaelis-Menten pour déterminer
I'hnydrophobie de surface des complexes par la nugthie fixation de 'ANS

L’hydrophobie de surface des complexes peut étraluée par le calcul de l'index
d’hydrophobie de surface des protéines (proteinfasar hydrophobicity index, PSH),
précédemment décrit par (Erdem, 2000):

PSH, \ o =—MaxX__ Equation 5
ANS K ffprof] (Equation 5)

ou [prot] est la concentration en protéines delat®on en umol L.
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b) Prodan

Selon la méthode de fixation du Prodan (AlizadekdRa & Li-Chan, 2000), I'hydrophobie
de surface des complexes a été déterminée avecongentration constante en Prodan (1.75
M), et en ajoutant le Prodan aux complexes aréifies concentrations ([Prot]=0-0.1 g*g
Les complexes ont été dilués dans un tampon phtesga. M d’acide citrique, 0.2 M de
NaHPO,, 0.02 % de Napla pH 7). L'intensité de fluorescence, If, a étésurée pour des
longueurs d’onde d’excitation et d’émission respechent de 365 nm et 465 nm avec une
fente de 5 nm, aprés 15 min de contact, a I'abriadiimiére. La valeur de I'hydrophobie,
PSHodan@ €t€ mesurée par la pente de la droite If =d([P(Figure 17).

Intensité de
fluorescence (If, UA)

PSHprodan
Figure 17 : Détermination de
. , I'hydrophobie de surface des
0.1 complexes thermo-induits (P$igha)
[Prot] (g kg?) ' par la méthode de fixation du Prodan

avec [Prodan] = 1.75 uM

111.2.2.4. Dosage des résidus cystéines

Nous distinguons 3 différents types de résidusényss qui peuvent étre dosés par l'acide
5,5'-dithio-bis-2-nitrobenzoique (DTNB) (Ellman, 39 : les résidus cystéines libres
accessibles ou de surface (SH de surface), lepenoents résidus cystéines libres totaux (SH
totaux) et les résidus cystéines totaux, comprelemnSH totaux et les cystéines impliquées
dans des ponts disulfures (SH+SS). La réactioredatDTNB et les résidus cystéines produit
du 2-nitro-5-thiobenzoate (TNB soluble et coloré que I'on peut doser & 412 nrecawn
spectrophotometre (Uvikon 922, Kontron France,R&mance). Les résultats ont été exprimés
en pumol de SH par g de protéine en utilisant lesfioients d’extinction molaire de 18000 et

19000 L mot* cmi?, obtenus par une gamme de solutions de cystéire griconcentrations
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connues entre 0 et 0. 0.028 mM, repectivement elugans un tampon non dissociant et
dissociant.

Les concentrations en SH de surface ont été détéamisur les suspensions des complexes
diluées a ~ 5 g kydans un tampon non dissociant (0.2 M Tris-HCI,70#). Un mL of DTNB
a 1 g.l' a été ajouté & 9 mL d’échantillon dilué. Aprésuimation & température ambiante
pendant 5 min, du sulfate d’ammonium & 0.6 g'malété ajouté pour précipiter les protéines et
arréter la réaction. Aprés filtration sur du papihatman 40, le TNB a été récupéré dans le
filtrat clair puis dosé a 412 nm. La cellule deéréhce contenait9 mL de tampon non
dissociant et 1 mL de DTNB.

Les concentrations en SH totaux ont été détermis@edes suspensions des complexes
diluées & ~ 2 g kidans un tampon dissociant (8 M d’urée, 0.05 Matittri-sodium, 5 g £
SDS, 0.2 M Tris, pH 7.4). Trente cing pL de DTNB X&g L*') ont été ajoutés a 1 mL
d’échantillon dilué. Le dosage du TRIB été immédiatement réalisé & 412 nm. La cellule de
référence contenait 1 mL de tampon non dissoctadf @ L de DTNB.

Les concentrations en SH+SS ont été déterminéekdSun L des suspensions de complexes
diluées & ~ 30 g kK Les complexes ont été dissociés et réduits papl2anL* de p-
mercaptoethanol et 1 mL d’'urée 10 M, et incubéZ“&€Jendant 1 h. Pour éliminer I'exces de
B-mercaptoethanol, les protéines ont été précipitpas l'ajout de 5 mL dacide
trichloroacétique (TCA) a 12% et récupérées patrifagation (5000 g, 10 min, 20 °C) et ceci
2 fois successivement. Les protéines ont ensuéeresolubilisées dans 3 mL de tampon
dissociant et 105 uL de DTNB & 1 g'lont été ajoutés. Le dosage du TNB été
immédiatement réalisé a 412 nm. La cellule de e@igg contenait 1 mL de tampon non
dissociant et 35 pL de DTNB.

La teneur en résidus cystéine a également éténtiatar par la méthode chromatographique
décrite par Croguennec et al. (2001). Les solutiprigéiques ont été oxydées par l'acide
performique puis hydrolysées avec 6 M d’HCI a 1CQpendant 24 h selon Moore (1963). Les

cystéines ont ensuite été dosées par un analysaumBcia-LKB (Alpha Plus).
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11.2.2.5. Détermination du taux de modification des lysines

Le taux de modification des complexes a été détermar une méthode dite OPA (ortho-
phthaldialdehyde) (Church et al., 1983). Cette wedthpermet de déterminer la quantité de
groupements aminés NHibres dans une protéine. Le dosage est baséasuéattion entre
I'OPA et le groupement amine, qui en présence deri&thylaminoéthanothiol hydrochloride
(DMA) permet la production d’'un dérivé iso-indolepmposé aromatique qui absorbe la
lumiere a 340 nm. Ainsi le taux de modificationté éalculé en déterminant la concentration
en NH libre des complexes témoins (B et des complexes modifiés (NB selon la

relation suivante (Gerbanowski et al., 1999) :

0
[NH,M]-[NH,, I

Tauxdemodificaton (%) = 100 (Equation 6)

0
[NH,"]
Le coefficient d’extinction massique 0.034 I* gm™ a été déterminé par calibration sur de

la leucine.

11.2.2.6. Détermination de la masse des protéines nativesfidesl

Le taux de modification des protéines modifiéesmathylation, qui n’a pas été déterminée
par la méthode OPA précédente, peut étre évalué up@ méthode alternative de
chromatographie liqguide haute performance en phiagerse (RP-HPLC) couplée a la
spectrométrie de masse. Cette méthode ne nous tpgrase d’analyser directement les
complexes thermo-induits modifiés, du fait de lénap grande taille (70-130 nm). Pour y
pallier, la dissociation/réduction des complexe®té& tentée mais a posé des problemes
d’adaptation de la méthode. Nous avons donc ch&@sialyser les protéines natives (WPBet
lg) modifiées et non modifiées par méthylationwetcinylation afin d’observer 'augmentation
de la masse des protéines natives suite a cesagesff Dans I'hnypothese ou les réactions
chimiques se dérouleraient de facon similaire ssiprotéines et les complexes thermo-induits,

nous pourrons conclure sur le taux de modificaties complexes.
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Principe

Les protéines sont isolées en chromatographiedéyein phase inverse (HPLC, Reverse
Phase-High Performance Liquid Chromatography), [euc d’élution de Ig-lg est introduit
dans le spectrometre de masse et la masse motéaddachacune des populations de protéines
présente peut étre déterminée. Les protéines @oistes par nébulisation, puis accélérées sous
I'action d’un champ électrique et séparées selandapport masse/charge (m/z) sous l'action
couplée d’'un champ électrique et d’'un champ maguéti Chaque ion de m/z connu est
détecté et le courant ionique correspondant estlif@nppuis mesuré au niveau d'un
multiplicateur d’électrons, ce qui permet pour alaagn/z d’obtenir un signal analysable et

quantifiable.

Mise en ceuvre

Les solutions de WPI et gelg modifiés et non modifiés ont été analyséespatsoscopie
de masse LC/MS. Les échantillons ont tout d’abaédddlués & 9 g T dans une solution
d’acide trifluoroacétique 0.01% (v/v) et d’acide thenoique 0.8% (V/v).

Une séparation préliminaire defldg a été réalisée en HPLC avec une chaine HPLGAD
HP 1100 (Agilent Technologies, Massy, France) e¢ golonne Luna C18(2) (Le Pecq,
France) de 2 mm de diametre interne, 10 cm longoenitenant des grains de diametre 3 pum.
Les solutions tampons A et B sont respectivemet®@ (v/v) d’acide trifluoroacétique et
80% (v/v) d’acétonitrile avec 0.1% (v/v) d’'acidéltroroacétique. La séparation a été réalisée
a 40°C avec une augmentation du gradient de tarBpemtre 35 et 80% (v/v) en 15 min. Le
débit était de 0.25 mL mith Douze pL d'échantillon (~100 pg de protéines) @#tinjectés et
la détection de I'absorbance a été suivie a 214 nm.

Le pic de IaB-Ig a ensuite été injecté dans un spectrométreadsena triple quadripdle API-
1™ Perkin-Elmer (Sciex Instruments Thornhill, Canadad)jonisation avait lieu & pression
atmosphérique dans une source électrospray, sactsofi d’'un champ électrique, en mode
positif, entre le capillaire contenant I'éluat (48Q et une contre-électrode (650V) et I'action
d’un gaz nébulisateur ('air & ~0.5 MPa) et un cemburant d’azote de 1.2 L.niirentre la
source d’ionisation et I'orifice d’entrée dont letpntiel électrique était fixé a 80 V. Le triple

quadriplle sélectionnait successivement les diftd&reons de m/z allant de 300 a 2350 Da, par
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intervalles de 0,5 Da, et effectuait un balayagende toutes les 0,5 s. Les données ont été
analysées au moyen du logiciel BioMultiView Scigappareil a été calibré en m/z au moyen

de complexes d’ammonium et de polyéthylene glyeoidz connus.

11.2.2.7. Composition protéigue des suspensions protéiqusssdspensions de

complexes et des complexes isolés

Les éluats de la SEC (8lll.2.2.1.b) contenant mwpmlexes thermo-induits ont été dialysés
extrémement contre de I'eau (6-8 kDa) afin d’éliarimous les sels de la phase mobile, puis
lyophilisés. Les suspensions de protéines natiles, suspensions de complexes et les
complexes isolés ont été dilués a ~30 gdlans un tampon de dissociation (7M d'urée, 20 mM
de bistripropane a pH 7.5 additionné extemporanéme’uL mL* de B-mercaptoéthanol) et
incubés 1 h a 37°C. Trente pL d’échantillons orsuge été injectés sur une colonne d’HPLC
selon la méthode décrite précédemment (8111.2.2.@85 pics du profil d’élution ont été

identifiés d’'apreés la calibration de Jean et &0@) (Figure 18).

1,
S . L.
;:r protéines sérique
—
N \
2
3
c 0,57
@
2
o . caseéin
@ . caséinexsl &
< caséinex

_.—-—'—'--.h,_,_.-/"_“h-._.-s_
0 T T T T T T 1
9 11 13 15 17 19 21 23

Temps de rétention (min)
Figure 18 : Profil d'élution obtenu, par chromatgairie liquide en phase inverse (HPLC),
d’une solution de protéines sériques

Les aires sous les pics identifiés ont été intégadie d’établir la proportion en caséine et en
protéines sériques des échantillons et, par conspareentre le mélange chauffé et les

complexes purifiés, la proportion des protéineégrées dans les complexes lors du chauffage.
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111.2.2.8. Caractérisation de la structure secondaire des demgs thermo-

induits

Principe

La spectroscopie infrarouge a transformée de Fau(lRTF) est une méthode d’analyse
rapide, non destructive, applicable a de nombrewxipts. Le domaine spectral du moyen
infrarouge (de 400 a 4 000 &npeut étre, en particulier, utilisé pour carasirila structure
secondaire des protéines. Quand on soumet une utwlécune radiation infrarouge, sa
structure moléculaire se met a vibrer. Ceci a gdiet de modifier les distances interatomiques
(vibrations de valence ou d'élongation) et les emgle valence (vibrations de déformation).
Lorsque la fréquence de l'oscillation d’une liaistomique est égale a celle de 'onde émise a
partir de la source, les liaisons moléculaires di#st cette énergie ce qui conduit a
I'apparition de bandes spectrales. Les régionsctanatiques des liaisons peptidiques sont les
bandes amides | et Il. La bande amide | (entre 1&30660 crit) refléte la vibration des
liaisons C=0, et la bande amide Il (entre 15205801cm’) la vibration des liaisons C-H.
L’analyse fine de la position et de la structurecde bandes donne des informations sur la
structure secondaire de la protéine étudiée aims sgur les difféerentes conformations

secondaires de type héliegfeuillet§, coudep ou pelote.

Mise en ceuvre

L’appareil de mesure utilisé était un spectrom&R€F Bruker Tensor 27 (Bruker Optics,
Marne La Vallée, France) équipé d'un détecteuutiele mercure/cadmium refroidi avec de
I'azote liqguide en mode réflexion totale atténuédétgnuated Total Reflectance, ATR). Les
suspensions de complexes ont été déposées suristal Ge du support MIRacle (Pike
Technologies, Madison, WI, USA). Les spectres détenregistrés dans la région 850-4000
cm™* avec une résolution de 4 rauxquels a été soustrait le spectre de I'eau. pestes ont
ensuite été tronqués a 1481-1718'@hnormalisés avec un correcteur de signal mutfifi
(Martens et al., 2003). Le traitement des spectrég réalisé par une analyse en composantes
principales (principal component analysis, PCA) cade logiciel R-package (R 2.9.2.

Foundation for Statistical Computing)
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[11.2.3. Caractérisation des propriétés de gélification acid des

complexes thermo-induits dans des systemes laitiers

111.2.3.1. Préparation des systemes laitiers

Les suspensions de complexes ont été tout d'akibréles & 30 g £ dans le MUF, puis la
phase solvante des suspensions de complexes tiwdoits a été remplacée par la phase
solvante du lait (MUF) par dialyse contre du laHiTl Les boudins de dialyse (6-8 kDa) (~200
mL) ont été placés dans un grand volume de ldi) @vec 0.2 g kg de NaN, sous agitation &
4°C pendant une nuit. Les concentrations protéigiesssuspensions, a l'issue de la dialyse,
ont été veérifiées par mesure de I'absorbance ane8@n utilisant le coefficient d’extinction
massique de 1.46 Lgcmi* pour le WPI.

La poudre de PPCN a été reconstituée dans le Mutkedconcentration de 65 g kgous
agitation & 40°C pendant 4 h avec 0.2 g Hg NaN, puis stockée une nuit & 4°C.

La gélification de 2 types de systémes a été suikie suspensions de complexes seuls, et
les laits reconstitués. Ces derniers ont été &sdd 35°C ou a 25°C selon les conditions du
Tableau 4. La dose de GDL adéquate a été ajoutémédange protéique préalablement
equilibré a la température de mesure, et dispgoeéeant 2 min. Cinquante g ou 5 g du
mélange ont été placés dans la géométrie du rhémmseton qu’il s’agissait respectivement de

cylindres coaxiaux ou d’'un céne/plan (voir 8lIl.2B

Tableau 4 : Composition des mélanges et conditiasdifications

Systemes laitiers
Suspensions de Lait reconstitué Lait reconstitué

complexes seuls a 35°C a 25°C
Concentration en protéines ()L
Suspension de complexes du MUF 20 10 10
PPCN reconstitué dans le MUF - 40 40
Dose de GDL (g k) 17 18 19
Température 35°C 35°C 25°C
Temps pour atteindre pH 4.5 (h) 5-6 5-6 12-15
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11.2.3.2. Suivi des propriétés viscoélastiques au cours dgdification des

systemes laitiers

Principe

Les mesures rhéologiques dynamiques en oscillatienfibles amplitudes permettent de
caractériser en continu, et de facon non destridi@v/formation du gel laitier.

Une contrainte contrdlée est appliquée au prodlaitcontrainte varie sinusoidalement au
cours du temps par rotation d’'un cylindre ou d’éne plongé dans le lait autour de sa position
d’équilibre. En réponse au mouvement imposé dettangtrie, une déformation du matériau
peut étre mesuree. Il s’agit également d’'une foncsinusoidale du temps déphasée d’'un angle
d par rapport a la contrainte imposée. Pour un ptrguuement solide, I'angle de déphasage
est nul, le produit se déformant immédiatemengapdlication de la contrainte. Pour un produit
purement liquide, l'angle de déphasage est maxietabgal an/2. Pour les matériaux
viscoélastiques, dont font partie la majorité dexslpits alimentaires, I'angle de déphasége
est compris entre 0 et/2.

On peut alors calculer le module viscoélastique(&@t Pa) qui se décompose en un module
élastique ou conservatif G’ = G*abet un module visqueux ou dissipatif G” = G*8irLa tan
3, égale a G”/G’ et ses composantes caractérisgstptopriétés visqueuses et solides du

matériau.

Mise en ceuvre

Le suivi des propriétés viscoélastiques au courtadglification a été effectué grace aux
rhéomeétres AR1000 ou AR2000 de la société TA Instnt (Saint Quentin en Yvelines,
France) équipés respectivement d’'une géomeétrie liadogs coaxiaux en aluminium de
d’entrefer 1,95 mm, contenant 50 g d’échantillau;d’une géométrie cbne/plan en acrylique
de 6 cm de diametre et de 3°59 d’angle, contengrd’Bchantillon.

Les modules G’, G” et la ta ont été mesurés au cours de la gélification, avee
fréequence de 0,1 % et 1 Hz. Les rhéométres appiiquee contrainte sinusoidale et mesurent
la déformation. Il s’agit d'une trés faible déforioa, puisque dans le cas des cylindres
coaxiaux le cylindre intérieur parcourt une distartenviron 2 pm autour de la position
centrale. Une électrode de pH Inlab 415 (Mettleledio, Viroflay, France) plongeait soit dans
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le mélange protéique/GDL contenu dans la géomatrglindres coaxiaux, ou soit dans un
flacon en verre thermostaté a la température dficgébn et contenant le mélange, dans le cas
de la géométrie cone/plan. L'électrode de pH a@iée a un pH-metre enregistreur (Consort
C931, Bioblock Avantec, France). Ce dispositif petrde mesurer le pH en continu afin de
déterminer les mesures rhéologiques en fonctiopHiuUne fine couche d’huile de paraffine

est ajoutée a la surface des mélanges pour emp&slegroration de I'eau.

111.2.3.3. Caractérisation des propriétés mécaniques desayties finaux

a) Mesure de la résistance des gels

La résistance des gels acides des laits recors(liableau 4 et 8l111.2.3.2) a été caractérisée
pendant I'application d’'une forte déformation. Legls formés dans la géométrie des
rhéomeétres et parvenus a pH 4.5, sont soumis &tape de balayage en contraintes par le
biais d’oscillations d’amplitude croissante de B.& kPa. La contrainte limite (en Pa) est
définie comme le point ou le G' commence a dimir{ugoture) et caractérise la résistance des
gels. La contrainte limite a été déterminée adtgection entre les régressions linéaires du

domaine viscoélastique linéaire et du domaine dudkela rupture.

b) Mesure de la fermeté

En parallele des suivis de gélification des lagsonstitués, 5 flacons en plastiques de 28
mm de diameétre intérieur, et 70 mm de hauteur tihteémplis avec chacun 10 g de mélange
lait/GDL selon les conditions du Tableau 4. Lesdias ont été fermés et immédiatement
incubés dans une étuve régulée a la températuraedere. Lorsque le pH atteint 4.5, les
flacons ont été stockés une nuit a 4°C.

La fermeté des gels a été évaluée par un test nétrpgnétrie consistant a mesurer la
résistance a I'enfoncement d’'un cylindre dans wdpit. La mesure a été réalisé avec une
machine de traction compression universelle INSTRIBN1 (Norwood, MA, USA) munie
d’'un capteur de force de 10 N. Les flacons ouventisété positionnés sur le support, et un
cylindre en plastique de diametre extérieur de 1l est enfoncé de 10 mm dans le gel avec

une vitesse d’enfoncement de 120 mm hira pente initiale de la force de résistance mésur
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en fonction de la profondeur d’enfoncement du aykn(en N mrt) a été utilisée pour

caractériser la fermeté des gels.

11.2.3.4. Caractérisation des propriétés structurales des @&lides de lait

Les laits reconstitués préparés selon les conditiionTableau 4, ont été marqués en ajoutant
0.2 g kg* d’une solution de rhodamine B isothiocyanate (85'gde RITC dissoute dans du
diméthylsulfoxyde). La RITC se fixe sur les fonctioNH, des protéines et permet donc de
visualiser le réseau protéique sans modifier |&tcue de gélifications (Guyomarc'h et al.,
2009a). Les protéines sont donc localisées paialgmage en rouge de la RITC, tandis que les
zones noires (non marquées) sont définies comnme lé&pores du gel, c'est-a-dire une zone
contenant du lactosérum, exempt d’objets de tailf@érieure a la résolution du microscope (1
pnm).

Une goutte du mélange lait/GDL a été déposée serlame cuvette recouverte d’une
lamelle fixée de maniére étanche avec du verngu(Eil9). La lame a été incubée retournée
dans une étuve régulée a la température de mesobservation a été réalisée a pH 4.5, avec
un microscope confocal inversé a balayage laselO0&E équipé d’'un systéme d’imagerie
Nikon C1Si (Nikon, Champigny-sur-Marne, France). $@urce d’excitation était un laser
hélium-néon qui émet a une longueur d’'onde de 343L® gel a été observé au grossissement
x 100 avec un objectif immergé dans I'huile surplan focal a 5 um de profondeur dans le
gel. La lumiére émise a été enregistrée a 590 nneietecteur. Les images obtenues ont été
traitées et enregistrées avec une résolution de @i@ls x 512 pixels a une cadence

d’acquisition de 10.56s par pixel, a I'aide d’un logiciel EZ-C1 (Nikon).

Lame cuvette renversée ) ) o
Gel acide de lait reconstitué

\ / marqué a la RITC
I

Vernis fixateur Lamelle

Couche d’huile a immersion
Objectif x 100

Figure 19 : Dispositif expérimental pour 'obsereatdu gel acide de lait reconstitué,
marqué a la rhodamine B isothiocyanate (RITC), &roacope confocal 08
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Une égalisation de I'histogramme a été appliguéetautes les images pour enlever des
variations d'intensité, et convertir I'image en @@ux de gris. Les zones blanches sont les
protéines, et les zones noires les pores du gsliten une méthode d’analyse granulométrique
des niveaux de gris, par fermeture, a été réatied@me décrite par Devaux et al. (2008). La
méthode consiste a appliquer en se déplacant sier tonage un carré et a faire disparaitre les
objets noirs plus petits que ce carré, c'est-aglirds deviennent blancs. En appliquant des
carrés de taille croissante (de 0.75 a 50 um),bbertt a chaque fois une nouvelle image dont
on calcule la somme des niveaux de gris. En coraitiéa dérivée de la somme des niveaux de
gris obtenus par rapport a la taille du carré, btieat une distribution de taille des régions
noires dans l'image, c'est-a-dire la distributienaltaille des pores du gel. La comparaison de
toutes ces courbes de distribution a été réalisgéaupe analyse en PCA avec le logiciel R-
package. L'analyse granulométrique par ouvertuiepgrmettrait d’évaluer la taille des objets
protéigues, n'a pas pu étre employée car la présdiiesolubles dans certains échantillons

affectait la procédure.
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Chapitre IV.

Résultats et discussion — Partie 1

Role de la caséine-x dans les complexes thermo-
induits sur [établissement des interactions
protéiques au cours de la gélification du lait

101






IV.Résultats & discussion - Partie 1 - Role de la caséine-x - Introduction

IV.1. Introduction

Ce premier chapitre de résultats concerne le r@eladteneur en caséimedans les
complexes thermo-induits sur I'établissement ddsrattions protéiques au cours de la
gélification acide. En effet, d'aprés notre étudadibgraphique (811.6.2.2), nous avons suggeéré
que la caséine-pourrait favoriser I'établissement des interactientre les particules au cours
de la gélification, c’est a dire entre les micelliescaséines et les complexes, tous contenant de
la caséinee. En modifiant la proportion en caséikedes complexes thermo-induits, nous
testons ici I'hypothese du réle de médiateur detecetaséine dans I'association
complexes/micelle au cours de l'acidification. ela stratégie adoptée tout au long du projet,
les propriétés physico-chimiques de surface deplmwas thermo-induits ont été caractérisées
afin d’établir un lien entre les propriétés des pteres et la fonctionnalité de gélification acide
des laits modéles.

Cette premiere partie de résultats a fait I'objend conférence lors d’'un symposium de la
fédération internationale de laiterie (IDF) a Tramen Norvege en juin 2010 («IDF
Symposium on Microstructure of Dairy Product »). &hticle a récemment été publié dans le
journal International Dairy Journagl dans un volume spécial consacré a ce symposium.
L’intégralité de l'article est proposée dans cepitta pour présenter les résultats obtenus et

leur discussion.
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IV.2. Article 2

International Dairy Journal 21 (2011) 670-678

Contents lists available at ScienceDirect
International Dairy Journal
journal homepage: www.elsevier.com/locate/idairyj o

On how k-casein affects the interactions between the heat-induced
whey protein/k-casein complexes and the casein micelles during
the acid gelation of skim milk

Marion Morand *®, Fanny Guyomarc’h®®, Stéphane Pezennec®®, Marie-Héléne Famelart *®*

*INRA, UMR1253, Science et Technologie du Lait et de I'Euf, 65 rue de St Brieuc, F-35 042 Rennes Cedex, France
" Agrocampus Ouest, UMR 1253, Science et Technologie du Lait et de I'GEuf, 65 rue de St Brieuc, F-35 042 Rennes Cedex, France

Abstract - Heat treatment of milk at 885°C has long been reported to increase the pH of
gelation and firmness dadcid milk gels; hence its wide application in yoghoanufacture.
These changes have been attributedh® formation of heat-induced whey proteHcasein
complexes in the milk, to which heat-denatuvdtey protein ingredients may be substituted.
However, variations in resulting gels show thatoagiblerole of k-casein in determining the
functional acid-gelation property of the complexe=eds investigatingviodel heat-induced
whey proteing-casein complexes were producedceafasein content frord to 40% (w/w), but
of similar size, secondary structure, surface hghodbicity and thiol/disulphidelistribution.
These complexes were added to whey protein-frem skilk systems and the resultiagid-
gelation behaviour of the milks was evaluated. fidseilts showed a modification of the pH of
gelation that was explained more by variation af i of complexes than by thecasein

content.

1. Introduction

The application of extensive heat treatment to nmlkorder to increase the firmness of
yoghurt gels has long been exploited industriaBynce the work of, e.g., Dannenberg &
Kessler (1988b), Lucey et al. (1997a) or Parnelln@s et al. (1986b), the increase in the
textural properties of acid milk gels with prolonigeeating has been unambiguously attributed

to the denaturation of the whey proteins and thggregation into heat-induced complexes.
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Various studies have shown that the presence oplesms in heated milk increases the pH at
which gelation starts and yields stranded, congegihel porous gel microstructures, which also
have higher elastic modulus and water retentiomagpwhen compared to those of unheated
milk (see review by Donato & Guyomarc’h (2009). 8anresults have been obtained when
adding heat-aggregated whey proteins to milk (Ja&hkwsen, 2006; Schorsch et al., 2001;

Vasbinder et al., 2004).

However, the heat-induced complexes that are fonwvtezh heating milk deeply differ from
whey protein particles in the sense that they aisolve casein molecules, especially the
cysteine-containing-casein (Anema, 2007; Donato & Dalgleish, 2006;nJeta al., 2006;
Renan et al., 2006; Singh & Creamer, 1991). Intergly, other studies have proposed that the
interaction between the heat-induced complexesthadcasein micelle was essential to the
building of the protein network (Kalab et al., 1976icey et al., 1998b) and it has been
demonstrated that the two types of particles artocated in the final gel (Vasbinder et al.,
2004). Interaction between the complexes and teeiganicelles can occur during heating to
form micelle-bound complexes (Anema, 2007; Corredig Dalgleish, 1996; Jang &
Swaisgood, 1990; Lucey et al.,, 1998b), but it pbdjpaalso occurs between the serum
complexes and the casein micelles, early in theseoaf acidification (Alexander & Dalgleish,
2005; Guyomarc'h et al., 2009a).

When heat-aggregated whey protein ingredients @ddecdato skim milk, the heat treatment
of the mixture has been shown to further increasefinal firmness and homogeneity of the
resulting acid gel (Kalab et al., 1976; O'KennedyK&lly, 2000; Schorsch et al., 2001).
Schorsch et al. (2001) suggested that the addeg wtoeein complexes interacted wikh
casein on the surface of the casein micelles ohthestment, thus favouring connectivity of
the acid gel.

Thek-casein seems to play a role in determining thd-gelation functionality of the heat-
induced whey protein complexes. However, this hatsyet been evaluated. Considering the
location of thek-casein on the surface of the casein micelle asdsjtecific role as the
micelles’ natural stabiliser (Dalgleish, 1998; Tiem& de Kruif, 2002; Walstra, 1990), one
could propose that-casein helped acid gelation either through depdetine casein micelle of

its stabiliser when involved into serum heat-indliaghey protein{-casein complexes or
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through mediating the association of the complexits the casein micelles, possibly as an
anchor between the two kinds of particles. In patér, serum complexes that contaksasein
may bind to the casein micelle through the retdrthe casein to its natural location.

To investigate this latter proposition, model hieaiced whey proteirtcasein complexes
were produced, which proportion wfcasein varied from 0 to 40% (w/w), all other prdjes
being reasonably equal. As complexes were prodirceddifferent way than during the heat
treatment applied to pre-heated milk (e.g., 90 2C,min), a deep characterisation of their
surface properties was performed to check that éineyot too different from the heat-induced
complexes of milk. These complexes were introducedhey protein-free skim milk systems

and the resulting acid-gelation behaviour of thikenvas evaluated.

2. Materials and Methods

2.1 Materials

Native micellar casein (NMC - 870 g of proteinsdamy basis - whey protein level: 5%) was
prepared as described by Schuck et al. (1994)fl8rimw milk was skimmed at ~50 °C then
microfiltered through 0.1 pum cut-off ceramic memiwadiafiltered, evapo-concentrated and
spray-dried. The microfiltration permeate, contagni the native whey protein, was
concentrated by ultrafiltration onto 8 kDa cerammembrane, diafiltered and freeze-dried to
yield a native whey protein isolate (WPI - 970 gpobteins on dry basis - whey protein level:
80%). The milk ultrafiltration permeate (MUF) resng) from UF-concentration of the whey
protein fraction was collected and stored at 5 ft€raddition of 0.2 g L sodium azide.

The k-casein was extracted from acid casein by a me#dapted from Zittle & Custer
(1963). After dispersion in urea, the differentaias were selectively precipitated by addition
of solid ammonium sulphate at various pH valuesersively dialysed then freeze-dried (
casein - 980 g of proteins on dry basis - wheygindevel: 5%).

All other reagents were of analytical grade.
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2.2. Preparation of the heat-induced complexes

Mixtures of 15-20 g k§ WPI and 0-10 g K§ (0-40%, w/w) ofk-casein were prepared in
0.1 M NaCl, 0.2 g I NaNs, pH 7.0 (Guyomarc'h et al., 2009b).

Compositions were checked using absorbance at 28&nal extinction coefficient values of
1.046 and 0.930 L'ycmi* for the WPI and the-casein, respectively. The aqueous solvent and
the WPI solution at 15-20 g Kgwere sequentially used as blanks. Calculationcate that
the corresponding weight proportionietasein in the mixtures varied from 0 to 40% (wobik)
the total protein present. The mixtures were theaitreated in tightly sealed vials of 10 mL at
80 °C for 24 h in a water bath, and subsequenthyecbin running tap water. According to the
literature (Baussay et al., 2004; Le Bon et al9%9Mahmoudi et al., 2007; Zuniga et al.,
2010), the maximum conversion of whey proteinsamplexes needs 24 h of heating at 80 °C
in similar conditions. Obviously, the maximal damation of the whey proteins is reached in
less than 1 h (Croguennec et al., 2004; Donatd.e®@09; Zuniga et al., 2010), but the
formation of complexes is a much longer processeiMireating pur@-lactoglobulin at 80 °C
under similar conditions, Le Bon et al. (1999), Muiudi et al. (2007) and Baussay et al.
(2004) have demonstrated that heating times ofau@4t h were necessary to ensure the
maximal conversion of whey proteins into heat-ireilicomplexes and that complexes do not
grow anymore. A heat treatment at 80 °C during 24ds therefore performed to ensure a
maximal content in heat-induced complexes and atlovontent in residual non-aggregated
species.

We only mention here that isolation of the resgltiheat-induced complexes by size
exclusion chromatography (SEC) and reverse-phage gerformance liquid chromatography
(RP-HPLC) analysis of their composition confirmédttnot allk-casein was incorporated into
the complexes as opposed to ~ 96% of the initippguin whey proteins, thus yielding an
actual proportion of 0-25% (w/wg-casein in the complexes. These results clearlyircoad
earlier suggestions that not all tkeasein is able to form heat-induced whey protegasein
complexes (Gerrard & Brown, 2002; Singh, 1991; Walst al., 1999). The near 100%
conversion of the limiting reactant (the whey pnut@ as evidenced by RP-HPLC after

incubation of the samples in urea apwnercaptomethanol also indicated that no covalent
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bonds other than disulfide ones were formed dungfing in the present conditions. A control
whey protein complex (WPIA) was also prepared ascideed by Vasbinder et al (2003a).
Briefly, a 90 g kg solution of WPI in deionised water with 0.2 gkiyaN; was adjusted at pH
7.5 then heated at 68.5 °C for 2 h. These conditygeld complexes having comparable size to

that of the serum complexes of milk.

2.3. Determination of the size of the complexes

2.3.1. Dynamic Light Scattering

Particle size analysis was performed on the WP#sein heated mixtures using dynamic
light scattering (DLS) at a fixed angle of 173° @rZetasizer nano ZS (Malvern Instruments,
Orsay, France). The laser was a He—Ne laser, M#@33 nm. Samples were equilibrated at 20
°C, diluted in deionised water to meet the Zetasiperating range, and allowed to stand at 20
°C for a standardised period of 20 min to ensugp@r equilibration of the diluted system
prior to analysis. The refractive index of waterswh330, and the viscosity of water was
1.0031 mPa s at 20 °C. The presented results aravigrage of 10 readings, and each sample
was analysed in triplicate. The data were compagdrusing a CONTIN modelling routine and
the relaxation time distribution was transformetbia distribution of hydrodynamic diameters,
Dy, using the Stokes—Einstein relationship: D = kit§(3y) where k is the Boltzman’s constant
andn is the viscosity of water at 20 °C. Due to the ptexity of the analysed mixtures, which
may contain e.g. non-reactedcasein (see section 2.2), the output distributisosetimes
showed multiple modes. For that reason, the modéhef major population (the whey
proteink-casein complexes), and not the calculated Z aeevatue, was taken as the average

Dy, of the complexes.

2.3.2. Size exclusion chromatography coupled withine multi-angle laser light

scattering

Size Exclusion Chromatography (SEC) analysis oftteated WPK-casein mixtures was

performed on a Sephacryl S-500 Hi-Prep 16/90 colysmersham Biosciences, Orsay,
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France) at room temperature in isocratic conditiesiag 0.1 M Tris, 0.5 M NaCl and 10 mM
NaNs, pH 7 as the mobile phase, filtered through 0.1gmeh degassed. Loop size was 100 L,
flow-rate was 0.5 mL mih and absorbance was at 280 nm. The chromatograpsiem was
connected downstream to a 18-angle DAWN-Heleos UltiM\ngle Laser Light Scattering
(MALLS) detector equipped with a K5 cell and a 6%&- laser diode (Wyatt Technology,
Santa Barbara, CA, USA) and to an Optilab rEX hmeter operating at 25 °C with a 685-
nm laser diode (Wyatt Technology). Data were ctdld@nd analysed using an Astra software
version 5.3.4.11 (Wyatt Technology); the molecwaight (M,) and the radius of gyration
(Ryg) were determined online using a value of the otifva index increment, dn/dC, of 0.183
mL g* and the Zimm method. In order to compare samftiesyalues of the Mand of the R
found at the median retention time of the complepesk, i.e., at 50% of the total peak area,

were considered (Figure 20).
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Figure 20 : Typical size exclusion chromatograplmgasbance profiles at 280 nm (A),
coupled with multi-angle static light scatterindioa calculations of the radius of gyrationgfR
(B) and of the logarithm of the molecular weightglM,, (C) of the eluting particles of
mixtures of whey protein isolate (WPI) aretasein, heated at 80 °C for 24 h in 0.1 M NacCl,
pH 7.0. Selected profiles of mixtures with increas? (w/w)k-casein are shown for clarity:
grey dotted line = 15.8%, grey line = 19.5%; bldckted line = 28.6%; black line = 40.0%.
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2.4. Surface hydrophobicity

The surface hydrophobicity of the heat-induced demgs was estimated using the 8-
anilino-1-naphthalene sulphonic acid (ANS)-bindifigorimetric assay, using a LS50B
spectrophotometer (Perkin Elmer, Saint Quentin-gehvies, France). To a constant protein
concentration of complexes diluted in a maleate-Na@uffer at pH 6.7, 0-40 uM of ANS
were added so that the ANS:protein ratio was @, B, 6 or 10 mol g and that absorbance at
390 nm did not exceed 0.1-0.15 as the upper lifrtih@ linear range for fluorescence emission
by ANS{-lactoglobulin -Ig) complexes. Excitation wavelength was 390 nrd amission
was measured at 480 nm. The emission and excitslitsnwere both set at a bandwidth of 2.5
nm. The increase in fluorescence (F) with increpdNS (in uM) addition was modelled

using the Michaelis-Menten equation (Bonomi et E88):
F=F_, ><[ANS]/(Kd +[ANS]) (Equation 7)

where Faxis the maximum fluorescence at the saturating Abi&entration and relates to the
number of surface hydrophobic sites of the protiinis the ANS concentration at,&/2 as a
result of Michaelis-Menten kinetics and is defined the dissociation constant of the
fluorescent ANS-protein complex. The protein swefatydrophobicity can eventually be
described through calculating the protein surfagérdphobicity index (PSH, in umol1ANS

X pg L* prot) as previously described (Erdem, 2000):

PSH=Fmax/(Kdprotein]) (Equation 8)

2.5. Apparent isoelectric point (pl)

The apparent isoelectric point (pl) of the heatdiced whey proteirtcasein complexes was
determined as in Jean et al. (2006) or Guyomarcd.g2007b) using interpolation to 0 pm
cm V' s? of the experimental measurement of the electragltomobility of the complex
(mb, in pm cm V* s%) as the pH of the medium is varied from ~2 to &fe medium used for
dilution and measurement was MUF, adjusted at #@mift pH values using 5 M HCI and to
which calcium ions were added in the form of Ga&3 to reach the levels found in skim milk
acidified to the same pH values (Mekmene et alD920Preliminary experiments have indeed

validated that the mb profile of control WPIA megexliacross pH in the MUF-CaCéeries
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was superimposable to that of WPIA measured iruttrafiltration permeates of heated skim
milk adjusted at the same pH values (results notvalp. Mb was measured at 50 V on the
same Zetasizer nano ZS as for DLS measurementssaiples equilibrated at 20 °C were
diluted in the MUF-CaGl media at 20 °C and left at that temperature fom20 to ensure

proper mineral equilibrium.

2.6. Determination of surface and free sulfhydryl goups and of total cysteine

Three different types of S groups could be assaygug the 5,5'-dithio-bis-2-nitrobenzoic
acid (DTNB) (Ellman, 1959): the accessible thiobgps of the complexes (surface SH), the
total free thiol groups (SH) and the total cysteaiesidues (S).

Surface SH were determined on aliquots of the ke@tBlk-casein mixtures diluted at ~ 5
g kg' in a non-dissociating buffer (0.2 M Tris-HCI, pH4Y. 1 mL of DTNB (1 g.[}) was
added to 9 mL of the diluted samples and reacteld thie thiol groups to release 2-nitro-5-
thiobenzoate anion (TNB in the aqueous phase. After incubation at roomperature for 5
min, ammonium sulphate (0.6 g MLwas added to the solution in order to precipithie
proteins and remove them using filtration througihdtvnan 40 paper. The TNBproduct
present in the clear filtrate can be assayed ussgrption at 412 nm on a spectrophotometer
(Uvikon 922, Kontron France, Paris, France).

Total free SH were determined on aliquots of theesaamples, diluted at ~2 gkin a
dissociating buffer (8 M urea, 0.05 M citrate tidéum, 5 g [* sodium dodecyl sulphate, 0.2
M Tris, pH 7.4). 35 pL of DTNB at 1 gt were added to 1 mL of the diluted samples, that
were further prepared as above described.

Total cysteine residues were also determined on [10Galiquots of the WPk-casein
mixtures, to which 20 pL mit of B-mercaptoethanol and 1 mL per mL of urea 10 M were
added. After 1 h incubation at 37 °C, to eliminexees{3-mercaptoethanol, the proteins were
precipitated using 12% (v/v) trichloroacetic aciiCA) and collected using centrifugation
(5000x g, 10 min, 20 °C). The collected proteins were ttissolved in the above dissociating

buffer, after what the same preparation methodugas.
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The analyses were performed 2 times and resulte wegoressed in umol per g of protein
using a molar extinction coefficient determined éach buffer using calibration with cysteine
solutions ranging from 0 to 0.028 mM.

The content in total cysteine residues was alserawbhed as previously described by
Croguennec et al. (2001). Briefly, solutions ofiv@tWPI| and casein-free complexes were first
oxidised with performic acid according to Moore §B9, then acid-hydrolysed at 110 °C for 24
h and determined by chromatography (Spackman ,e1@538). The analyses were performed
twice.

Experimental values for total S groups were congbéwetheoretical values using theoretical
protein concentrations in whey and protein compmsitrom Walstra & Jenness (1984b). With
whey containing 7 g ki proteins, amongst which 3.2 gkg-lg, 1.2 g kg o-lactalbumin ¢-
lac) and 0.4 g kK§bovine serum albumin (BSA) and 5, 8, 35 and 2aigstresidues ifi-Ig, o-

lac, BSA andc-casein, respectively, the theoretical contentysteine was estimated.

2.7. Secondary structure of proteins

The secondary structure of proteins was assessed-dwyier Transform Infra-Red
measurements (FTIR) using a Bruker Tensor 27 imstni (Bruker Optics, Marne La Vallée,
France) equipped with a mercury/cadmium tellurideedtor cooled with liquid nitrogen in the
Attenuated Total Reflectance (ATR) mode using a@lshneflection Ge crystal in a MIRacle
accessory (Pike Technologies, Madison, WI, USAecha were recorded in the region 850-
4000 cm' at a 4 crit resolution at room temperature taking the spectoimvater as the
background. Each WRi{casein mixture, either heated or not, was measatrdelast 6 times
with a careful cleaning of the crystal between Zsugements. Spectra were truncated to 1481-
1718 cmt* and normalised with the extended multiplicativatsz correction (Martens et al.,
2003). The terms used in the regression were ttarsgectrum, the liquid water spectrum and
linear and quadratic functions of the wave num@drs procedure allows correcting each
spectrum for variability in overall intensity, vahility due to the water signal (hence, to total
protein concentration) and to the baseline chargsincipal component analysis (PCA) was

performed on spectra from unheated and heatedipmispensions. PCA was also applied on
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heated suspensions solely. Statistical analyseg wene using the R package (R 2.9.2.

Foundation for Statistical Computing) as an opamr@®statistical computing environment.

2.8. Acid-gelation behaviours of the reconstitutedhilk system

First, the whey proteirtcasein complexes were extensively dialysed (6-&,kiaedicell
International Ltd., London, UK) at 4 °C against cuoercial UHT half-fat milk in order to
replace their solvent phase with milk permeate.ifTfi@al concentration was determined by
absorbance measurements at 280 nm after dissociatiarea and dithiothreitol (DTT) and
calibration with WPI. A mother suspension of NMCsar@constituted at 65 g kgn MUF at
40 °C. The NMC suspension, the whey proteicdsein complexes and MUF were eventually
mixed as to reach a total protein content of 5@j§ &and a NMC to complexes ratio of 80:20
(Wiw).

Formation of the acid gels was monitored by meagutihe elastic modulus (G’) and loss
tangent (tad), defined as the ratio of the viscous to the elasbdulus of a system, G"/G’ of
the reconstituted milk systems on acidificationhai8 g kg* gluconod-lactone (GDL) at 35
°C using an AR1000 rheometer (TA Instruments, Gagart, France) equipped with a coaxial
geometry and using the oscillatory mode with cdasyinder geometry at a frequency of 1 Hz
and a strain of 0.01. The pH was simultaneouslgroed in-situ and with time using an Inlab
415 electrode (Mettler-Toledo, Viroflay, Francepgegd in the rheometer geometry (Consor
C931, Bioblock Avantec, France). NMC-complexes ibMmixes were placed in a water bath
at 35 °C for 10 min after addition of 0.2 g kghodamine B isothiocyanate solution (4 § L
RITC in dimethylsulfoxyde, Sigma-Aldrich, St Quemtallavier, France). GDL was dispersed
2 min at 35 °C and the suspension was immediatalyeg in the cup and covered with a thin
layer of paraffin to prevent dehydration duringubation. Gelation was defined as the moment
when G’ > 1 Pa and tédn< 1. Preparation of each reconstituted milk systess performed

twice, and acid gelation was monitored on at |I@aaiquots of each reconstituted system.
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2.9. Microstructure of the acid gels

Immediately after GDL dispersion, one drop of tH& ®labelled milk system was laid on a
conclave slide, covered by a cover slip sealed watihvarnish, and incubated at 35 °C. When
the pH reached 4.5, the slide was introduced t&2000-E inverted confocal laser scanning
microscope (CLSM) equipped with a Nikon C1Si imagsystem (Nikon, Champigny-sur-
Marne, France) with helium-neon lasers (laser) tamgit543 nm. A Nikon 100 oil-immersion
objective with 1.40 numerical aperture wesd. The emitted light was recorded at 590 * 25
nm The software used for image acquisition was EZs@tsion 3.40 (Nikon). Digital images
were recorded at 1pm depth into the sample in 512 pixeds512 pixels resolution and at
10.56 us pixel dwell. Pinhole diameter amdl other settings were also kept constant. Image

brightness was auto-adjustgging the software EZ-C1 FreeViewer, version 31iBdn).

3. Results and discussion

3.1. Physicochemical properties of the heat-induceztbmplexes

It is now well known that casein molecules haveirdnbitory effect on the heat-induced
aggregation of the globular proteins, including wheoteins (Yong & Foegeding, 2010).
Changes in the size of the present heat-induceg wtgeink-casein complexes as a function
of the proportion ofk-casein were therefore evaluated through measuterokrtheir
hydrodynamic radius, R using DLS; of their molecular weight, Mand of their radius of
gyration, R, using SEC-MALLS (Figure 21). In agreement witleydous reports using the
same separation column, the heat-induced wheyiphoteasein complexes eluted in a broad
peak ranging between exclusion and 260 min (Figd)gDonato & Dalgleish, 2006; Renan et
al., 2007). The values of Mand R, found at the maximum UV absorbance of the pichef t
complexes was taken as representatives of the whsiiebution, and plotted in Figure 21B

and C as a function of the proportionke€asein in the mixtures.

114



IV.Résultats & discussion - Partie 1 - Role de la caséine-x - Article 2

250 A
200
150 -

100 -

Hydrodynamic radius, R(nm)

50

300

B
250 1
200 +
150 1

100 - .

Radius of gyration, Rg (nm)

50' (m] o

Figure 21 : Hydrodynamic
radius measured by DLS (R
C (A) of the whey proteind-casein
complexes. Radius of gyration
(Ry) (B) and logarithm of the
molecular weight (log M) (C)
measured taken at the mode of
the size exclusion peak of the
whey proteink-casein
complexes, as a function of the
% (w/w) of k-casein for 15
(open symbols) or 20 g Kg
(closed symbols) of WPI
= = = = present, heated at 80 °C for 24 h
0 10 20 30 40 50 in 0.1 M NaCl, pH 7.0

% (w/w) of k-casein in mix

log Molecular masse, log Mw (g mo)l

In agreement with Guyomarc’h et al. (2009b), the & the complexes decreased
exponentially from over 200 nm to below ~50 nm amak-casein was present (Figure 21A).
At low k-casein concentrations, the size of the compleresased with increasing WPI

concentration, but as little as 5% (w/wAcasein addition induced a 2-fold reduction in iRye
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of the complexes. On the other hand, thedRded towards a plateau value of ~40 nm at either
WPI concentrations as soon as 30% or moeoasein was involved. The growth of the heat-
induced complexes therefore appeared clearly itddbby x-casein, as modelled by the

following equation:

R, = Slxexp- k- caseirit) + S2 (Equation 9)

where S2 represents the size of kheasein-rich complexes, (S1+S2) represents theasire
casein-free complexes and depended on the ingiadentration of WPI (S% 165 or 220 nm
at 15 or 20 g I* WPI, respectively) and, the curvature, gives the intensity of the infbjt
effect ofk-casein addition onto the growth of complexes: @ or 13 at 15 or 20 gt WP,
respectively). The model was found to fit otherad@gduyomarc'h et al., 2009b) with agreeing
outputs (not shown).

As expected, Figure 21B and C also showed thakibasein content in the WRHKcasein
mixtures adversely affected;Rnd M, of the resulting heat-induced complexes. Howewetr,
off of the SEC column at Mvalues of ~1&g mol* prevented sensitive discrimination of the
lower k-casein proportion range. Maximumy,Mnd R values were found in 15 and 20 gL
WPI solutions, respectively over ~1§ mol* and 250 nm, and tended towards constant values
of 5.1 g mol* and ~30 nm as the concentratiorkefasein increased.gRnd log(M,) can be
adjusted with the same model (eq. 3) as a fundidhek-casein content.

Interestingly, the curvature parameterseemed to depend on the concentration of WPI, as
it was consistently higher at 20 g LThis suggested that the heat-induced complex&tiom
was essentially driven by the whey protein fractiwhile k-casein rather acted as an inhibitor
of the propagation. This suggestion was in agre¢méh earlier views that proposed tke
casein as a dead-end in the reaction, either &sa@ewone of the heat-activated whey proteins
or as terminating thiol/disulphide exchanges (Don& Guyomarc'h, 2009). The results
therefore confirmed that the size of the heat-ieduwhey proteimk-casein complexes was
affected by the proportion @&fcasein incorporated. However, previous report® suggested
that larger complexes formed at pH 6.7 with higlvbey protein to casein ratio yielded firmer

acid gels (Guyomarc'h et al., 2009a; Puvanenthataal., 2002). To control this bias, it was
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decided to study only WHRd/casein complexes of maximum 100 nm diameter, havjng 15
to 40% (w/w)k-casein (Figure 21: hatched zone). When necesaangasein-free, ~100 nm
diameter WPIA complex was used to extend this rao@e40%k-casein.

Other physicochemical properties that are alsoepigile to vary with composition of the
complexes and to affect the course of gelatiorhefrilk systems have further been tested. It
was found that the pl value of the various compmerlecreased linearly and significantly
(P<0.05) from ~4.6 to ~4.3 as the proportiorketasein increased from 0 to 40%, whatever
the WPI concentration (Figure 22B). This effectlddoe attributable to the exposure of e
casein to the solvent, of which 55-60% bears adticosyl side chains (Saito & Itoh, 1992;
Vreeman et al., 1986). Indeed, the pl of pkteasein unheated and heated (68.5 °C for 2 h)
was measured and found to be 4.0, in contrast te pon-heated (pl 5.0) or heated WPI (pl
4.9).

In contrast, the surface hydrophobicity of the ctares showed to be consistent across
composition. The PSH index was 0.10 £ 0.02 at aRlI\V@ndk-casein concentrations. This
value was smaller that the PSH values reporteddsein micelles by lametti et al. (1993) after
isolation from heated skim milk, and sensibly lowtian that of heated whey protein
concentrates as reported by Moro et al. (2001). difierences probably arose from variation
in the calculation of the PSH index, as well asrirthe low protein and ANS concentrations
used in the present study to keep below ANS quexchi

Total cysteine contents obtained by Ellman’s reactand by chromatographic analysis of
amino acids were 155 + 48 and 178 + 12 pmbpuptein, respectively. The lower value in the
Ellman’s method could arise from an oxidation reactduring the determination, as only the
SH groups were measured in this method, whileenotiher method, the amino acids were first
oxidised by performic acid. Furthermore, these &slwere slightly lower than the theoretical
estimated value (252 umoty This discrepancy could be due to the compositiowhey and

the process used to the preparation of the WPI pawd
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Figure 22 showed that the total cysteine conteintt8e complexes seemed to decrease from
~150 to ~100 pumol Ytotal protein ax-casein increased from 0 to 40% (w/w) in the migsyr
most likely because-casein only contains 2 cysteine residues per mbl& the whey protein
generally contain larger number of this amino atiowever, the effect was not significant
(P>0.1). The total free thiol content SH followedtetsame pattern as the S content, i.e.,
decreased very gently from ~3.0 to ~1.5 pmolwjth increasing % ok-casein (P>0.1),
except ink-casein-free complexes where values of 10-20 pritatayld be recorded. These
results suggested that tlecasein reduced the number of free thiol groupslable for
thiol/disulfide exchanges, which could account itsrinhibitory effect on the growth of the
heat-induced complexes (Figure 22). Possildycasein is more prone to oxidation into

disulfide bonds than to propagating thiol/disulfebechanges (Owusu-Apenten & Chee, 2004).
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Surface SH groups were also assayed in mixturesedhest 80 °C for 24 h but yielded
negligible values (not shown), despite the presericeH groups irk-casein-free complexes.
Possibly, exposure of SH groups to the solvent ai@r reactant proteins decreases with
heating time (Alting et al., 2002), thus contrilmgfito finite growth of the whey protein
complexes.

Secondary structures of the unheated and heaedrgadtein mixtures were studied by FTIR
and PCA. PC1, PC2 and PC3 explained 62.3, 15.8&% of variance, respectively. Figure
23A shows that the unheated and heated sampleswedireeparated into 2 groups, the scores
on PC2 seemed to decrease as the proportisacakein in the original mixtures increased.
The spectral pattern of PC1 (Figure 23A) showeditieg peaks at 1659, 1634 and 1587 and a
sharp positive peak at 1616 ¢rand smaller ones at 1639 and 1535'cimcreasing the scores
on PC1 with heating meansainly a decrease in the intensity of the peaks at 16891887
cmt and an increase in intensity of the peak at 1618, deading to a broadening of the amide
| band towards lower frequencies. The PC2 showsliyaiband at 1634 ¢t The decrease in
scores on PC2 with the increasexhsasein proportion in the mixtures means a smbabed at
1634 cni'. It is well known that the amide | band (1600-120@") is very sensitive to changes
in the secondary structure of proteins. From previstudies on the denaturation/aggregation
of proteins, the band at 1659, 1634 and 1616 emere assigned ta-helix + disordered
structures, to intramoleculg-sheets and to intermolecular antiparafietheets associated
with protein aggregation, respectively (see paperg-lg: (Gosal et al., 2004; Kehoe et al.,
2008; Oboroceanu et al., 2010; Sanchez & Frem@t32Schmitt et al., 2009) and on WPI:
(Ciesla et al., 2006)). This means that the difiees between unheated and heated samples
were the loss afi-helix and disordered structures and the formaioimtermolecula3-sheets,
while the higher score on PC2 for mixtures withettasein can be due to a lower content in
intramoleculap-sheets in the initial mixtures, &scasein presents limited secondary structure.
PCA was also performed on heated samples alone, PCA and PC3 explained 38, 28 and
13% of variance, respectively. Principal componethtsnot show very strong bands and the

wave numbers of these bands were hardly assignesttmdary structures (Figure 23C).
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Only the bands at 1636 ¢hin PC1 and 1657 cthin PC2 can be assigned to intramolecular
B-sheets andi-helix + disordered structures, respectively. Ritogm of samples on PC1 and
PC2 axes (Figure 23D) only shows that samples withecasein had negative scores on PC1
and positive ones on PC2. This means that incrgasgasein proportion in mixtures led to a
lower level in intramoleculgB-sheets and-helix + disordered structures, which can be due to
the composition of initial mixtures. Although sortiey differences in complexes were found,
the secondary structure of complexes in the cumextures was very similar.

In conclusion, it appeared possible to producengeaf whey proteir-casein complexes
with varying proportion ok-casein were produced, without introducing majashbon other

properties susceptible to affect the acid gelatibmilk systems.

3.2. Role ofk-casein in the heat-induced complexes on the acielgtion of skim

milk systems

The heat-induced whey proteirtasein complexes, having controlled proportionsk-of
casein, were introduced to reconstituted whey prdtee skim milk. Figure 24 and Tableau 5
show the resulting acid-gelation behaviour of thik mystems as a function of the proportion
of k-casein in the complexes, as well as charactesisfithe microstructure of the acid gels at
pH 4.6. For clarity, only a reduced number of desfiare shown on Figure 24.

Tableau 5: Averages and standard deviations ofc#ypiheological characteristics of the
reconstituted 50 g Khskim milk systems containing 40 g kaative micellar casein (NMC)

and 10 g kg heat-induced whey proteiatasein complexes, acidified by 18 g*kGDL at
35°C.

+
Gel characteristics Mean + standard

deviation
tam max 0.43 £0.03
pH at tatd max 4.96 £ 0.02

The results clearly showed that the gelation behavof the various reconstituted milk
systems was similar whatever the proportior-chsein in the complexes. The pH at the onset

of gelation gently decreased from 5.6 to 5.3 wittréasing-casein (P<0.01), which could be
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correlated to the pl of complexes (Figure 24D, P&}.A gelation pH value of 5.4-5.5 is usual
for heated milk systems, as opposed to ~4.9 foeatdd milk (Lucey et al., 1997a; Lucey et
al., 1998b; Vasbinder et al., 2001). This confirntieat the presence of heat-induced complexes
in the serum phase alone was enough to induce aadygelation (Guyomarc'h et al., 2009a;

Lucey et al., 1998b; Vasbinder et al., 2004).

o
(&)
|
T

400

pH of gelation

300 -

5,3 T # | |

4.4 4,6 4.8
pl of the complexes

200 -

Elastic modulus, G' (Pa)

100

Loss tangent, tad (%)

pH

Figure 24: Development of the elastic modulus (@&nel A) and loss tangent (8arpanel
B) of reconstituted 50 g kigskim milk systems containing 40 g kaative micellar casein
(NMC) and 10 g kg heat-induced whey proteintasein complexes, in the course of
acidification by 18 g kg GDL at 35°C. Data are the average of 2 preparsti@elected
profiles of mixtures with increasing % (w/w) efcasein are shown for clarity: grey dotted line
= 15.8%, grey line = 19.5%; black dotted line =&28; black line = 40.0%. Panel (C) shows
the microstructure of the milk systems at pH 4.@&lgs bar 20 mm); insert panel (D) gives
correlation of pH of gelation as a function of aygrd isoelectric point (pl) of the complexes
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As the pH decreased from ~6.7 to ~5.0 and passeddhpoint, G’ increased steadily up to
~200 Pa. As the pH further decreased towards Be6atid gelation behaviour exhibited large
experimental variation, with frequent shrinkage ahgping of the forming acid gel. This was
unexpected and prevented complete description efaitid gel behavior. In their study,
Schorsch et al. (2001) also mentioned that wherhpated whey proteins were mixed with
casein micelles, then co-heated or not, the regu#cid gels were more prone to syneresis than
when native whey proteins were initially used.

On the other hand, tar{Figure 24B) showed a very consistent profile, kivay the gel point
near pH ~5.4, exhibiting a local maximum of 0.48.83at the average pH value of 4.96 and
tending towards 0.25 as the pH reached 4.6. Adhese features are typical of heated skim
milk (Lucey et al., 1997a; Lucey et al., 1998Db).

Lastly, confocal micrographs of final gels (FigudC) did not show major differences
between the structural organisation of the acik géls, whatever the content wrcasein in

complexes.

4. Conclusions

These results evidenced that the presence and umpof k-casein into the heat-induced
whey protein complexes had no direct consequencehentextural and microstructural
properties of the acid milk gels. In particulare thypothesis that-casein might favour the
interaction between the serum complexes and thercascelles on acid gelation can probably
be ruled out. Vasbinder et al. (2004) showed thiatinteraction probably occurred between
casein-free serum complexes and casein micellese shey seemed to gel at the same
moment; and the present results did not show Heaptesence of-casein helped enhance the
interaction. The control of acid gelation in dapyoducts may therefore be obtained using
whey protein substitutes to the natural whey pr#ecasein complexes. However, further
research will be needed to test whether or not ftrenation of whey proteimtcasein
complexes in the serum of heated skim milk helglacating acid gelation through depleting

the casein micelle of its stabilising hairy layékecasein.
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IVV.3. Bilan de la partie 1

Les résultats présentés dans cette partie 1 ssmings dans la Figure 25. L'intégration de
caséinec de 0 a 40% p/p dans les complexes thermo-indeitgrdtéines sériques diminue le
pl de ces complexes de 4.9 a 4.3. Le pH de géiificades laits reconstitués a partir de ces
complexes diminue significativement de 5.6 a 5.8caa diminution du pl de ces complexes.
De plus, l'intégration de la caséiredans les complexes ne semble pas avoir d’effdedat a
pH 4.5 et la microstructure des gels acides forésir conclure, les résultats de cette partie
nous permettent de réfuter I'hypothése d’'un rélendiage de la caséimeprésente dans les
complexes et de son rb6le de médiation des intersctentre les complexes et la micelle de
caséines au cours de la gélification. Pour les raxgétations suivantes, la caséin@e sera

donc plus utilisée dans la fabrication des com@dkermo-induits modéles du lait.
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Figure 25 : pH de gélification des laits recongituavec des complexes thermo-induits
composes de protéines sériques et de cagéameproportion croissante de 0 a 40% (p/p) en
fonction du point isoélectrique de ces complexes
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Pour la cohérence du reste des résultats noudtmggeertains points de méthodes utilisés

dans cette premiere partie :

) La détermination de I'hydrophobie avec 'ANS

Cette méthode est largement utilisée dans laditiée pour déterminer I'hnydrophobie de
surface des protéines. L’ANS est une molécule plivbe mais également chargée
négativement, elle est donc aussi susceptibleedagir avec les protéines par des intéractions
électrostatiques. Il est méme rapporté qu’ellesasteptible de conduire a des modifications de
la structure secondaire des protéines, comme r&ppour le cytochrome c (Ali et al., 1999)
Ceci pose la question de la large utilisation déeecgonde pour la détermination des propriétés
hydrophobes. L’hydrophobie de surface des complestgestée constante pour I'ensemble
des échantillons testés mais leur pl diminue a\agout de caséine: Les complexes riches en
caséinee sont donc plus chargés négativement, la fixatienANS sur la surface des
complexes peut alors étre inhibée par des répusitectrostatiques (Alizadeh-Pasdar & Li-
Chan, 2000). Selon ce raisonnement, I'hydropholkei® ecbmplexes riches en caséina-pu
étre sous évaluée par la méthode de I'ANS. Le Proglt une sonde non ionique qui
permettrait d’éviter ce biais lié aux charges dagigules mais cette sonde est encore trés peu
utilisée pour déterminer I'hnydrophobie des protéingne comparaison entre I'hydrophobie
mesurée par I'ANS et celle mesurée par le Prodaté aéalisée dans la deuxiéme partie de

résultats et discussion (8V.3).

) La température de gélification

Les profils de formation des gels acides des taitonstitués avec les complexes avec de la
caséine¢, montrent un décrochement (glissements, fractutes)gels dans la géométrie du
rhéométre. Ce phénoméne aléatoire rend la comparédes I'élasticité des gels impossible. La
diminution de la température de gélification a 25f&mettrait de minimiser ce bais et a été
envisagée dans la partie 3 (Chapitre VI). Ce chaex35°C était pourtant dicté par un
compromis entre le souci de se rapprocher des ttonslide fabrication des yaourts (~ 40°C) et
les limites de faisabilité, car plus la températdesgélification augmente, plus la vitesse de

gélification augmente, ainsi que la tendance gngi®se des gels.
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= Gélification des complexes seuls

De part la complexité des phénoménes intervenantoaus de I'acidification du lait,
I'étude de la gélification acide d’un modele laitiglus simple comme les suspensions de
complexes en suspensions dans la phase aqueusst ddohc sans micelles) permettrait
d’appréhender les interactions complexes-complsiéablissant au cours de I'acidification.
Le suivi de la gélification des suspensions sealég réalisé par la suite dans les parties 2 et 3

(Chapitre V et Chapitre VI).
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Chapitre V.

Résultats et discussion — Partie 2

Role du point isoélectrique des complexes thermo-
induits sur la déstabilisation par acidification de
systémes laitiers
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V.1. Introduction

D’aprés les résultats précédents, le point isodédpe (pl) des complexes thermo-induits
influence le pH de gélification du lait. Dans letlwle mieux comprendre le réle du pl des
complexes sur les interactions protéiques au cbeiis gélification acide de systemes laitiers
et selon la stratégie de la these, des réactiossicgnylation et de méthylation sont réalisées
sur les complexes thermo-induits de protéines sésigCes réactions permettent de modifier le
pl des complexes sur une large gamme (entre HBEtNous suivrons la formation des gels
des suspensions de complexes pour étudier lesdtitans complexes-complexes au cours de
I'acidification et ceci afin de les confronter avées interactions établies au cours de
I'acidification des laits reconstitués.

Cette deuxieme partie de résultats a fait I'objehd conférence lors du sommet mondial de
la fédération internationale de laiterie (IDF) ackland en Nouvelle-Zélande en novembre
2010 («IDF Word Dairy Summit 2010») dont la papation a été financée par une bourse
IDF France, ainsi qu’'une bourse de la région BreadgJne conférence lors du congres du
Groupe Francais de rhéologie (GFR) a égalementéatiésée en novembre 2010 et a fait
I'objet d’'un article dans le journal du GFR. Lesultats ont été également présentés sous la
forme d’un poster lors du congres Biopolymeres 281 roisic en France en décembre 2010.
Un article a récemment été accepté pour publicatians le journalinternational Dairy

Journal Lintégralité de l'article est proposée dans tepitre pour présenter les résultats

obtenus et leur discussion.
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V.2. Article 3

Changing the isoelectric point of the heat-induced whey protein

complexes affects the acid gelation of skim milk

Marion Morand®, Fanny Guyomare ke, David Legland®, I arie-Héléne Famelart*

ABSTRACT

Heat treatment of milk at 85-95°C for several m@suincreases both the pH of gelation and
firmness of acid milk gels, changes usually atteluto the formation of heat-induced whey
protein complexes in the milk. To investigate tbkerof the electrostatic properties of the heat-
induced complexes on the acid destabilisation aftdde milk, heat-induced whey protein
complexes were modified by succinylation or mettigta giving pl values ranging from 3.8 to
5.3, while size, secondary structure, surface mptaobicity and thiol/disulfide distribution
were kept reasonably constant. These complexes adgeted to whey-protein-free skim milk
systems and the resulting acid gelation behavibtine milk samples was evaluated. The pH
of gelation of these milk samples increased sigaifily as the pl of the complexes increased.
This demonstrated both the importance of the coxeglén the acid-induced gelation of milk

and the relevance of repulsive electrostatic itéwas in the acid destabilisation of milk.

1. Introduction

Denaturation of whey proteins and the formationcomplexes between these denatured
whey proteins andk-casein has long been recognised as a major, igiele change that
occurs on heating milk at temperatures above ~@&iQgh, 1995). The complexes are small
colloid particles assembled through hydrophobierattions and covalent disulphide bonds,
which can be found as “soluble” complexes in theisephase of milk or as “micelle-bound”
complexes attached to the surface of the caseielledéc(Donato & Guyomarc'h, 2009). In
yoghurt manufacture, in which heat-treatment at9B%c for 5-10 minutes is commonly

applied, the formation of heat-induced whey prdterasein complexes has been associated
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with a significant increase in the pH of acid gelat and influences the firmness and water-
holding capacity of the resulting set gel at pH @.6cey & Singh, 1998). However, despite
extensive research, there is to date no detailsdriggion of how the heat-induced whey
proteink-casein complexes affect the colloidal interactiotizat influence (1) the
destabilisation of the milk and (2) the mechanpralperties of the final acid gel.

In unheated milk, it is known that electrostatipuksion largely contributes to the stability of
the casein micelles (Tuinier & de Kruif, 2002). Miles precipitate when their absolute zeta
potential &, falls on approaching pH 4.0-4.5 (Anema & Klostegmr, 1996; Guyomarc'h et al.,
2007a). Because the whey proteins also precipmtatacidification when denatured (de Wit et
al., 1988), the hypothesis soon arose that therageeof the heated casein micelles by the
micelle-bound complexes could affect their eledatis repulsion through elevating their
apparent isoelectric point (pl) from ~4.5 towardsatt of the major whey protein3-
lactoglobulin (pl ~5.3) (Lucey et al., 1997a; Vasder et al., 2001).

This proposition was supported by Alting, De Jongigschers, and Simons (2002), who
showed that the chemical modification of the plhafat-induced soluble complexes [&f
lactoglobulin B-Ig) or whey protein isolate quantitatively shiftéteir pH of acid gelation in
water. However, in contrast, other studies suggesiat the electrostatic properties of the heat-
induced whey proteirtcasein complexes may not be the principal oridithe heat-induced
changes in the acid gelation behaviour of milk. Siting part or all of thg-lactoglobulin
with ovalbumin (pl ~4.8) (Famelart et al., 2004)sary protein (pl ~4.0) (Roesch et al., 2004)
prior to heating, could result in model skim milksgems that started to gel at pH 5.9-6.0 on
acidification. Also, the measurement of theotential of whey proteirfcasein complexes
isolated from the serum phase of heated skim ntikwed that their apparent pl was ~4.5
(Guyomarc'h et al., 2007a; Jean et al., 2006), lwhic longer linked the pH of gelation of
heated milk directly to the pl of the natielactoglobulin. Donato & Guyomarc’h (2009)
further reminded that the heat-induced whey prétetasein complexes also exhibit
significant surface hydrophobicity and suggesteat tine increased hydrophobic attraction
opposed electrostatic repulsion on a larger pHeatigus inducing destabilisation of the milk

at higher pH values on acidification.
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Despite these propositions, this overview therefsh®ws that the actual role of the
electrostatic properties of the heat-induced whegtgink-casein complexes on the acid
gelation of milk has not yet been thoroughly evedda Recently, Morand, Guyomarc’h,
Pezennec, and Famelart (2011b) decreased the appa@ heat-induced soluble complexes
from 4.6 to 4.3 through increasing their proportioink-casein from 0 to 40% (w/w) and
showed that this decrease in pl correspondinglyedases the pH of acid gelation of a heated
skim milk system. However, the range of pl modificas was too restricted to draw any
general conclusion.

In their review, Donato & Guyomarc’h (2009) propdséhat the heat-induced whey
proteink-casein complexes altered the stability of the icas@celles and hence their acid
gelation behaviour, through interacting with thsurface on heat-treatment (micelle-bound
complexes) or early during acidification (solublengplexes), thus modifying the colloidal
interactions. In line with this hypothesis, Moragidal. (2011a) further proposed that the role of
the heat-induced whey protairéasein complexes in affecting the interactionsaaidified
skim milk could be investigated using model solubtanplexes with modified interaction
properties as a means to modify the colloidal adBons between the casein micelles.

Following this strategy, the present paper reponighe effect of modifying the isoelectric
point of model heat-induced soluble whey proteimptexes on the acid gelation behaviour of
skim milk. Since experimental evidence has showat #tcasein in the heat-induced
complexes did not play a particular role in thedagelation of milk (Morand et al., 2011b), the
chosen model complexes were composed only of dethtwhey proteins. The pl of the
complexes was either decreased using the conveddigheir amino groups into carboxyl
groups (through succinylation) or increased ushmg ieutralisation of their carboxyl groups
(through methylation). The modified complexes weharacterised then combined with whey
protein-free skim milk to compose a model heatadchgkilk, the acid gelation behaviour of

which was monitored using rheometry and confocsi@canning microscopy.
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2. Materials and Methods

2.1. Materials

Native micellar casein (NMC, 870 g k@f proteins on a dry basis, with whey protein leve
being 5% of the total protein) was prepared asrde=st by Schuck et al. (1994). Briefly, raw
milk was skimmed at ~50°C then microfiltered thrbum 0.1-um cut-off ceramic membrane,
diafiltered, concentrated by evaporation and spidgd. The microfiltration permeate,
containing the native whey proteins, was conceadirdty ultrafiltration at ~ 50°C using an 8-
kDa cut-off ceramic membrane, diafiltered and feedred to yield a native whey protein
isolate (WPI, 970 g Kg of proteins on a dry basis). The protein compositf the WPI as
given by reverse phase-high performance liquid miatography (RP-HPLC) was, in % of the
total area (method by Jean et al.,, 2006): ~80% wtreyeins, ~10%3-casein and minor
amounts ofk-, as;- and asxcaseins. The milk ultrafiltration permeate (MUsulting from
UF-concentration of the whey protein fraction wallected and stored at 5°C after addition of
0.2 g L'* sodium azide.

Pure bovines-lactoglobulin §-lg, 954 g kg' of proteins on dry basis, wifitlg level as 97%
of the total protein) was purchased from a commaémipplier (confidential prototype). All

other reagents were of analytical grade.

2.2. Preparation of the heat-induced complexes

A control whey protein complex (WPIA 0) was preghes described by Vasbinder van de
Velde, and de kruif (2004). Briefly, a 90 gkgolution of WPI in deionised water with 0.2 g
kg NaN; was adjusted to pH 7.5 then heated at 68.5°C tor Phe heat-induced complexes
thus produced were essentially composed of wheyeimsy as evidenced by RP-HPLC
analysis of complexes isolated by size exclusiororatography (not shown). The heat-
induced complexes were then diluted to ~45 @ kgth deionised water and subsequently
modified using succinylation or methylation as dimd by Alting et al. (2002) or Broersen
Weijers, de Groot, Hamer, and De Jong (2007). Sytation was performed at pH 8 with
succinic anhydride at concentrations ranging fronto 200 mM for 2 h (WPIA-1, -2, -3,
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Tableau 6). Methylation was performed at pH 6 fdr i presence of 1M methylamine and N-
3-dimethylaminopropyl-N-ethylcarbodiimide hydrochtte (EDC) at concentrations of 50-300
mM (WPIA+1, +2, Tableau 6). For mass spectroscomhyais, ~45 g/kg solutions of unheated
Blg or WPI were also succinylated or methylateddeihg the same protocoAfter the
reaction period, the solutions were extensivelyyded (6-8 kDa, Medicell International Ltd.,
London, UK) against deionised water adjusted to pBl with 0.2 g kg NaN; added as
preservative, to eliminate the residual reactaiise final total protein content of the
complexes solutions was determined using absorban280 nm and an extinction coefficient

value of 1.046 L § cm* for the WPIA (Morand et al., 2011b).

2.3. Evaluation of the degree of modification

2.3.1. Chromogenic OPA assay to determine the @egfresuccinylation

This assay is based on the reaction between ofitiajolialehyde (OPA) and the free
primary amino groups of proteins, which, in the ggrece of 2-dimethylaminoethanothiol
hydrochloride (DMA), yields alkyl-iso-indole deriies that absorb light at 340 nm (Church et
al., 1983). A fresh OPA solution was prepared byghttng 40 mg of OPA into 1 mL of
ethanol, with addition of 0.5 g of anhydrous Bora@0D mg of DMA, 0.7 g of sodium dodecyl
sulphate, and deionised water to a total volum&0OaiL. Absorbance at 340 nm was measured
on 3 mL of OPA solution to which 35 pL of WPIA stn were added. A calibration curve
was obtained by adding 10, 20, 30, 40, 80 or 10®fu2 mM L-leucine to 3 mL of the OPA

solution. Each determination was performed twice.

2.3.2 Liquid Chromatography coupled with Mass Spscopy (LC/MS)

In order to help identification of the mass/chapgaks using a simplified mass spectrum
signature, solutions di-Ig in deionised water were succinylated or metieglaas described
previously and analysed with LC/MS as well as thedifred and control WPI samples.
Unheateds-lg and WPI were first diluted at 9 g'lin a trifluoroacetic 0.01% (v/v) - methanoic
acid 0.8% (v/v) solution. Reverse Phase-High Perémrce Liquid Chromatography separation
was performed on an Agilent HP 1100 system equippgtd a Luna C18(2) column
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(Phenomenex, Le Pecq, France) of 2 mm inner diamkfecm length and 3 um bead size.
Buffer A was 0.106% (v/v) trifluoroacetic acid inater and buffer B was 80% (v/v)
acetonitrile with 0.1% (v/v) trifluoroacetic acid water. The analysis was performed at 40°C
with a gradient of buffer B increasing from 35 t0 % (v/v) in 15 min. The flow-rate was
0.250 mL mift, 12 pL of sample (~100 pg of protein) was injecaed detection was at 214
nm. LC/MS analysis was performed using a mass gpaeter API llI+ (Sciex, Canada) that
comprises a triple quadripole equipped with an aheric pressure ionisation source operated
at 4800 V. Orifice voltage (OR) was 80 V. The neteid pressure was ~0.5 MPa and the
curtain gas flow was 1.2 L miin The theoretical molecular masses,, Mf p-lg A and B are 18
364 and 18 278 Da, respectively, while those ofstiecinylated proteins were MN*100 Da
and those of the methylated proteins werg+M*14 Da, with N the number of attached

moieties.

2.4. Physico-chemical properties of the complexes

As we aim at studying only the effect of the isctie point of the complexes, we had to
check that chemical graftings did not modify otlpeoperties of complexes. Therefore, the
physico-chemical properties of the WPIA complexemnely their apparent isoelectric point,
size, secondary structure, and their contents ace and total free thiol groups and of total
cysteine residues were measured using the sameodsets described by Morand et al.
(2011b).

The apparent isoelectric point (pl) of the heaticel whey protein complexes was
determined using interpolation to 0 of the expentak measurement of the complexes’
electrophoretic mobility (in pm cmVs?), while the pH of the MUF was varied from ~2 to
6.7 and corrected for calcium ions (Morand et aD11b;(Mekmene et al., 2009). The
electrophoretic mobility was measured at 50 V ofetasizer nanoZS equipment=633 nm,
Malvern Instruments, Orsay, France) as in Moraral.2011b).

Briefly, the hydrodynamic diameter,@f the complexes was determined at 20°C in MUF
using dynamic light scattering at a fixed anglel@8° on the same Zetasizer nanoZS Malvern
as for electrophoretic mobility measurement. Théadaere converted into a particle size

distribution using the non-negative least-squal$L(S) modelling routine and the refractive
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index of water (1.330). A major peak was foundwbiich the mean (F) and the width were

calculated using the Stokes-Einstein relationshigcpsity of water = 1.0031 mPa s).

The protein surface hydrophobicity index was deteeth using a non-ionic probe, the 6-
propionyl-2-(N,N-dimethylamino)-naphthalene = (PRODAN Molecular  Probes, Life
Technologies SASVillebon sur Yvette, France). The method describgd\lizadeh-Pasdar &
Li-Chan (2000) was adapted. Briefly, a stock sohtbf 0.7 x 1 M PRODAN was prepared
in methanol. Samples were diluted in a phosphatiet(0.1 M citric acid, 0.2 M NaHP Oy,
0.02% NaN, pH 7) to obtain 4 mL of solution at 0.02-0.1 gpsbtein kg* (5 concentrations).
Ten pL of the stock solution of PRODAN were addétie fluorescence was measured
(excitation A=365 nm, emissiorA=465 nm, slits 5 nm) with a LS50B spectrophotometer
(Perkin Elmer, Saint Quentin-en-Yvelines, Frandégral5 min in the dark. An index of the
protein surface hydrophobicity, PSkMjas defined as the initial slope of a plot of the

fluorescence versus protein concentration.

The levels of accessible thiol groups (surface Sétgl free thiol groups (SH) and total
cysteine residues (S) of the WPIA complexes wergayes using the 5,5'-dithio-bis-2-
nitrobenzoic acid (DTNB) reagent method (Ellman59)9 on aliquots diluted in non-
dissociating Tris buffer at pH 7.4, in dissociatingea-citrate-sodium dodecyl sulphate-Tris
buffer at pH 7.4 or in dissociating buffer in theegence oB-mercaptoethanol (Sigma-Aldrich,
St Quentin Fallavier, France) (Morand et al., 2Q1idspectively.

The secondary structure of proteins was assessed-dwyier Transform Infra-Red
measurements (FTIR) in the Attenuated Total Redle® (ATR) mode, as described by
Morand et al. (2011b). A principal component aniglyPCA) was performed on the spectra of
the WPIA, using the R package (R 2.9.2. Founddbtorstatistical Computing). FTIR coupled

with PCA is a high-sensitivity global method to twh in a complex environment, that

complexes were the same (Carbonaro & Nucara, 2010).
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2.5. Acid gelation behaviour of the WPIA

First, the whey protein complexes were extensiveiplysed (6-8 kDa, Medicell
International Ltd., London, UK) at 4°C against coeroial UHT half-fat milk in order to
replace their solvent phase with milk permeate. Tésulting protein concentration was
determined spectrophotometrically, then each cobrdgromodified WPIA suspensions was
standardized to 20 g Kgtotal protein using MUF. The standardized susmerssiwere
equilibrated at 35°C prior to acid gelation by aiddi of 17 g kg gluconod-lactone (GDL).
Formation of the acid gels was monitored at 35°6ingi an AR2000 rheometer (TA
Instruments, Guyancourt, France) equipped with aeqbane geometry and using the
oscillatory mode at a frequency of 1 Hz and a 3tcdi0.1%. The pH was recorded with time
using an Inlab 415 electrode (Mettler-Toledo, agf France) placed in a sample aliquot

incubated in a water bath at 35°C. Gelation time defined as the point at which G’ > 1 Pa.

2.6. Acid gelation behaviour of reconstituted heatémilk systems

2.6.1. Reconstitution of the milk systems

A stock suspension of NMC was reconstituted at &§4in MUF with 0.2 g kgt NaN; at
40°C and stored overnight at 4°C. The NMC suspensiolk-dialysed WPIA complexes and
MUF were mixed as to reach a total protein contéio g kg* and a NMC to complexes ratio
of 80:20 (w/w). The resulting systems were regardedeconstituted models of heated skim
milk with modified or control whey protein heat-inckd soluble complexes.

The reconstituted heated milk systems were egatkor at 35°C and labelled using 0.2 g kg
! thodamine B isothiocyanate solution (4 ¢ RITC in dimethylsulfoxyde, Sigma-Aldrich, St

Quentin Fallavier, France) prior to acid gelation.

2.6.2. Rheological measurement of the formaticacaf milk gels

The reconstituted milk systems at 35°C were aedifusing addition of 18 g KgGDL.
Formation of the acid milk gels was monitored af@5using the same equipments and
methods than for the WPIA. Each reconstituted rsijstem was prepared twice, and acid
gelation was monitored on at least two aliquoteath reconstituted system. The rheological
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properties were then characterised at large detoynsa Final gels (pH 4.5) were subjected to
a dynamic oscillation step at log-increasing str@®s®litudes ranging from 0 to 3.5 kPa. The
yield stress (in Pa) was defined as the point wthenG’ started to decrease. The yield stress
was taken at the intersection between the linegnessions of the viscoelastic domain and of

the breakdown domain.

2.6.3. Compression test of the final acid milk gels

Immediately after GDL dispersion, 5 x 10-mL aligei@f each suspension were aliquoted
and incubated at 35°C until pH 4.5, then immedyateloled to 4°C and kept overnight at that
temperature. Compression tests were performed Gtwith the 4501 INSTRON universal
testing machine using the series IX software (0rs®8A, Guyancourt, France) fitted with a 10
N sensor and a 11-mm diameter, 45-mm height plasfinder geometry. The procedure
involved a penetration step of 10 mm into the samgila speed of 120 mrt.sThe initial
slope of the force versus depth of the cylindethmgel (in N mrit) was used as the apparent

stiffness of the gels.

2.6.4. Image analysis of the acid milk gels mictagtire

Immediately after GDL dispersion, one drop of théT®labelled milk system was
deposited on a concave slide, covered by a coyesashled with nail varnish and incubated at
35°C. When the pH reached 4.5, the slide was intted to a TE2000-E inverted confocal
laser scanning microscope (CLSM) equipped with &oNiCli imaging system (Nikon,
Champigny-sur-Marne, France) with an He-Ne laseitterg at 543 nm. A Nikon 100x oil-
immersion objective with a 1.40 numerical apertwesused. The emitted light was recorded
at 590 = 25 nmThe software used for image acquisition was EZv€fsion 3.40 (Nikon).
Digital images were recorded at b depth into the sample. Dwell time was 10&6per
pixel. Pinhole diameter arall other settings were also kept constant. Imagghtness was
auto-adjustedising the software EZ-C1 FreeViewer, version 3.Rikdgn). Each image was
digitized as a 512 x 512 pixels matrix with greydls coded between 0 (black) and 255
(white). The resolution was 0.249 um per pixel acle direction, resulting in a field of view

equal to 127.3 x 127.3 um.
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Histogram equalization was applied on all imagesetaove illumination variations. Grey-
level granulometric methods from mathematical molply were applied as described by
Devaux et al. (2008). The method consists of apglymage filters (defined by a structuring
element of given shape and size) that make stegtamaller than the structuring element
disappear. By applying filters with increasing sizé structuring element, and by considering
the derivative of the sum of grey levels obtainedach sizes, one obtains a distribution of the
sizes of grey regions in the image. Morphologidalsing was used, making dark regions
disappear. The structuring element was a squaté, side-lengths ranging from 0.75 to 50
microns. Principal component analysis (PCA) wadqgoered on these curves for all images,

using the R package (R 2.9.2. Foundation for SiedisComputing).

3. Results and discussion

3.1. Chemical modification and change in the pl athe heat-induced complexes

The success of each chemical modification reactias evaluated for unheat@eg and WPI
using mass spectrometrg-lg, as the major whey protein in WPI, was usediagpectrum
marker in the intricate mass spectrum signatureshef WPl samples. In agreement with
expectations, the |Vof thep-Ig variants were found to be about 18 368 and&BRa in all
samples, allowing for a standard erroe:6fDa. The mass spectroscopy analysis evidenced the
increase in the M of the genetic variant A and B in increments 00 i 14 Da after the
succinylation or methylation, respectively,fg in pure form and in WPI (Tableau 6). These
results were in agreement with the addition of suref succinic acid (M 100 Da) or
methylamine (M, 14 Da) on the protein. In the case of succinylgttbe mass spectra showed
a range of 7-13 succinic moieties attached to eazmimnt in B-Ilg and WPI, while the
methylated samples were shown to have 0 to 28 adustlyl groups (Tableau 6). These
results confirmed that the succinylation and mettigh reactions were successfully applied to

the native proteins.
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The degree of modification of the succinylated ctaxes was furthermore assayed by the
OPA method. OPA assay of the residgaamino groups in the control and modified
complexes showed that 32-94% of them were conveméd carboxyl groups by the
succinylation reaction (Tableau 6). These levelsewre agreements with mass spectrometry
results for native proteins. The methylation of ivetproteins was checked by mass
spectroscopy, but methylation of complexes was atigerved through the modification of
their pl values (see the following section), due tte difficulty of implementing the
chromatographic separation step of the assay byeKds de Jongh (2003) to heat-induced
complexes. The reactions were thereby presumed snitcessfully applied to the complexes.

After equilibration of the modified and control cphlaxes in MUF at 20°C, their apparent
isoelectric point, pl, was determined. The pl vatfieghe control sample (WPIA 0) was found
to be ~4.9 (Figure 26, Tableau 6; see also Moraiadl €011b). Tableau 6 and Figure 26 show
that increasing the amount of succinic anhydrigenfi0 to 200 mM in the 45 g KgWPIA
suspensions induced a decrease in the apparerittpé @omplexes from ~4.9 to ~3.2. The
maximum shift in pl obtained for the succinylatexnplexes was therefore -1.7 pH units and
was shown to level off on addition of over 40 mMcauic anhydride (WPIA-3: 94%
modification, Tableau 6). The absolute value waly shightly larger than that calculated by
Alting et al. (2002) for the addition of 70 mM sudc anhydride to a solution of heat-induced
complexes of}-lg (96% modification, pl-shift -1.3 pH units). brestingly, the pl of the low
succinylated complex (WPIA-1) was near to that bé tnatural whey proteik/casein
complexes of heated skim milk (pl = 4.5, Jean ¢t28106). In contrast, the pl of the complexes
increased from ~4.9 to ~5.3 with increasing of E&udition (Figure 26, Tableau 6), yielding a
maximum pl-shift of +0.4. The pl increased mostaaidition of 50 mM EDC (pl ~5.1), then
levelled off at larger EDC addition up to 300 mMithdugh these results confirmed that the
methylation reaction succeeded in increasing thef pthe complexes, the amplitude of the pl-
shift was lower than that obtained with succinyatiThis was also observed by Rowley et al.
(1979) or Simons et al. (2002) when they methylatedsuccinylated nativ@-lg. This is
partially explained because methylation only ndisea carboxyl groups on the protein
complex, while succinylation substitutes one acigioup for one amine. Furthermore, as

above mentioned, the level of modified protein wasy low, no matter the amount of EDC
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added. This means that a proportion of the complexay have retained their initial pl of ~4.9
in the treated samples or that only a small amaintarboxyl groups per complex were
neutralized, which may have affected the macroscdeiermination of their apparent pl using
light-scattering.

At pH 6.7, clear differences between the surfacargd of the control and modified
complexes could also be observed (Figure 26). Theisylated samples were more negatively
charged, with a maximum electrophoretic mobility aifout -1.54 um cm V¥ s?, than the
control WPIA 0 (electrophoretic mobility of -0.92rucm V* s%) and the methylated samples
(electrophoretic mobility of -0.87 um cm™\s?). These observations further confirmed that
negative charges have been added on the complg)>@gbinylation and that negative charges

have been removed by methylation.
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Figure 26 : Electrophoretic mobility of heat-inddcerhey protein complexes measured at
different pH in acidified Ca-MUF by zetametry. Thess represents the control complexes,
the full circles the succinylated ones (WPIA-) akn circles the methylated ones (WPIA+).
Dotted, dashed and solid lines are respectivelyoier(WPIA-1 or +1), intermediate (-2 or +2)
and extremely modified complexes (-Jymbols indicate the values of the electrophoretic
mobility of the complexes at the pH of gelatiortlod suspensions of complexes)(and at the
pH of gelation of the milk systemElj
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3.2. Physico-chemical properties of the modified la¢-induced complexes

In agreement with the findings of Alting et al. (&), the hydrodynamic diameter, Df the
complexes increased with the intensity of modifarat While the control WPIA 0 exhibited an
average [ value of 86+ 5 nm, low modification levels (e.g., WPIA-1, -2cal) induced an
increase in the Pof the complexes to ~1H530 nm (P<0.05) and extreme modification levels
(e.g. WPIA-3 and+2) could increased this value up to ~24@0 nm (P<0.01, Figure 27).
These values were somewhat larger than the maxiBwaf 176 nm reported by Alting et al.
(2002) for 93% succinylated WPIA complexes. On sudation of ~70% of the totad-amino
groups in raw skim milk, Lieske (1999) also obsdnam increase in theDof the casein
micelles of ~15% at pH 6.7. In their paper, Altiegal. (2002) suggested that the increase in
the D, of the succinylated complexes was caused by tbeease in electrostatic repulsion
within the particles, which would loosen their stire and increase their voluminosity.

Previous reports have suggested that larger cormplgirlded firmer acid gels (Guyomarc'h
et al., 2003a; Puvanenthiran et al., 2002). The sfzhe heat-induced complexes is also quite
likely to play a role in the final microstructuré the acid gel, e.qg., by affecting pore size and
connectivity (Kalab et al., 1983; Parnell-Clunié¢sike, 1987). Since these changes are therefore
likely to introduce a bias in our study, it was idiec to only use complexes of maximum

diameter 130 nm, i.e., having modified pl in thega 3.8-5.4 (Figure 27, hatched zone).
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pl of the complexes
Figure 27 : Hydrodynamic diameter of the heated yvpetein mixtures (P in nm) as a
function of the pl of complexes. The crosses reprethe control complexes, the full circles
are for succinylated complexes and the open cirfdesnethylated complexes. The hatched
area represents the samples withriderior to 130 nm, selected for acid gelation.
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The surface hydrophobicity index (PSH) of the camwpbk was determined using the
PRODAN probe. The calculated PSHBIues did not show any significant difference lbestw
samples whatever their gP>0.05, not shown). Broersen et al. (2007) algb ribt report
significant changes in the surface hydrophobicityetther on succinylated or methylated
ovalbumin using PRODAN.

The total cysteine content of all samples was a86t+ 40 pmol g total protein and, as
expected, did not show significant differences leetw samples and control whatever the
modification (P>0.05). The total free thiol conteBH, was about 13, 8 and 3 + 2 pmdl g
total protein for the control, the most succinythtend the most methylated complexes,
respectively. It is possible that succinylationuted to some extent on sulfhydryl rather than
amino groups (Aitken & Learmonth, 2002b). On thkeothand, SH groups also represented
less than 5% of the total cysteine content in lal samples. This result indicates that the
majority of the cysteines were involved in disudfidridges. In conclusion, regarding the large
amount of disulfide bridges, the thiol compositiohthe modified complexes as evaluated
using the Ellman method was not considered diftet@that of the control, WPIA 0.

Secondary structures of the control and modifiedexes were studied by FTIR and PCA.
PC1, PC2 and PC3 accounted for 40.6, 34.4 and 18f6¥e variance, respectively. Figure
28A shows that the spectral pattern of PC1 predemtgmall positive peak at 1562 ¢rim the
amide Il band (1480-1575 ¢thand a small negative peak at 1633"dimat are assigned to CN
stretching or NH bending and to intramolecytasheets, respectively (Carbonaro & Nucara,
2010) in association with heat-induced denaturatibthe -Ig (Boye et al., 1996). The score
on PC1 was well correlated with the pl of the commpk (P<0.01, Figure 28B) with a higher
positive peak at 1562 c¢mand a higher negative peak at 1633*cfor the succinylated
complexes. Since Boye et al. (1996) also foundsa laf the 1635 cthband as the pH of
heating was increased (i.e., when fisg was most electronegatively charged), one could
suspect that increased negative repulsions maytraken up some intramoleculgsheets in
the succinylated complexes. However, the maximuettspm variation obtained at 1633 ¢m
represented only about 4% of the total intensityhef mean spectrum at 1633 tnNo major

peak could be identified on PC2 or PC3 (not shown).
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Figure 28 : (A) The mean spectrum (in grey) andsihectral pattern of PCland (in solid and
dashed black lines, respectively) weighted by thstandard deviations of the samples
characterized by FTIR analysis in the amide | drladahds. The scales of mean spectrum and
PC are on right and left axis, respectively; (Bpi®s on PC1 of the samples as a function of
pl. The crosses represent the control complexeduthcircles are for succinylated complexes
and the open circles for methylated complexes.imberted figure shows the linear regression
equation and the squared linear correlation caefftqr?)

In conclusion, the surface charge and the pl ottmaplexes were significantly modified by
succinylation or methylation. The other propertigamnely the size, the surface hydrophobicity,
the thiol composition and the secondary structurerewmarginally affected by these
modifications. It therefore seemed possible to poaeda range of heat-induced whey protein
complexes with varying pl from 3.8 to 5.4, withaatroducing any major bias that could

otherwise affect their acid gelation behaviour.
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3.3. Effect of heat-induced complex modificationsroacid gelation of milk

3.3.1. Acid gelation of suspensions of complexaseal

The influence of electrostatic interactions in twairse of acid gelation was first evaluated
on the complexes alone. Figure 29 shows that thefpgelation of 20 g kg-1 suspensions in
MUF was well correlated with the apparent pl of pdexes (P<0.01). As a result, reducing the
pl of the complexes from 5.4 to 3.8 induced a dataye pH of onset of acid gelation from 5.8
to 4.8 (Tableau 6 and Figure 29). However, thetgekinetics for these systems did not obey
similar relationships. Instead, it seemed that angdification (either succinylation or
methylation) accelerated the increase in G’ onificadion (Figure 29A). At pH 4.5, whatever
the type and level of chemical modification, theoGGthe modified complex gels (between 100
and 300 Pa) was higher than that of the contro(J@d Pa). Only the final G’ of WPIA-2 (50
Pa) was lower than the control, but as it onlyepekt pH 4.8, gel formation was not completed
at pH 4.5. At pH 4.5, the tah of the control gels was lower than that of thecaudated or
methylated ones (P<0.01). For the same reasoneaopsly, the final ta of WPIA-2 was
higher than 0.2. This result indicated that thenuical modifications induced firmer but
somewhat more viscous-like gels. The grafted granag have induced steric obstruction that
disturbed the organisation of the gel. Also, théeed modifications may have affected the
organisation of the surrounding hydrogen bonds emasequently the cohesiveness of the
protein structures and/or the binding of wateri® protein. In conclusion, modifications of the
surface charge of the complexes induced correspgnrshifts of the pH of gelation of the
acidified suspensions. The modifications furtherene@emed to accelerate the formation of the

gel and to yield firmer but more flowable gels.
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Figure 29 : Development of the elastic modulusif@a) (A) and loss tangent (tan(B) of
heated whey protein mixtures adjusted at 20 §ikdMUF, in the course of acidification by 17
g kg* GDL at 35°C
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3.3.2. Acid gelation of recombined model milk syste

The modified and control heat-induced whey proteomplexes were introduced into
reconstituted whey protein-free skim milk to yieldodel heated milk systems, Figure 30
shows the resulting acid gelation behaviour of mijktems as a function of the pl value of the
complexes. The results clearly showed that reduthiegpl of the complexes from 5.4 to 3.8
induced a delay of the onset of the acid gelatromf5.8 to 5.2 when introduced to the milk
systems (Figure 30, Tableau 6, P < 0.01). Thisltreswerlined the relevance of the heat-
induced whey protein complexes as driving elemésntsnitiation of the building of the acid
milk gel. The modification of the pl of the compéss however, generated lower shifts in the
pH of gelation of the milk systems than of the sursgons of complexe&pHgelaion0f 0.6 and
1.0 pH unit, respectively, for&pl of 1.5 pH unit, Figure 30 and Tableau 6).

Milk with WPIA-1 complexes exhibited the higheshdi G’ value, reaching about 1000 Pa
at pH 4.5 (Figure 30A). Although the acid gels witlethylated complexes had more time for
rearrangement on acidification (since they gelladyg, their final G’ values were lower than
that of the control (less than 200 Pa compared@-Pa, P < 0.05). The final G’ value of the
milk with extremely methylated complexes (WPIA+2gasy for instance, only about 60 Pa.
Extensive succinylation (WPIA-2) also seemed taibfavourable to final G’ (170 Pa). In the
gels with complexes alone, modification of the ctemps increased the G’ values at pH 4.5
(apart for WPIA-2) while, in milk systems, only tNéPIA-1 led to higher G’ values at pH 4.5
than control milk. The absence of any similarityvieen the relationship between the final G’
value of skim milk gels (Figure 30) or of the capending gels of complexes (Figure 29) and
the pl of the complexes indicated that electrostatieractions between the complexes (e.g., as
micelle-bound complexes) do not account for thalfiirmness of the acid milk gels. Indeed,
while the cancelation of repulsive interaction®lédectrostatic repulsion increases the chances
for contact between the casein particles, attraghteractions or bonds are probably needed to
actually build and sustain the gel network, andsegiently to have a significant effect on the
final G’ of gels. In opposition to Roefs & Van Mi€1990) who added NaCl to milk acidified
at 2°C then warmed, the present results indicdtatiglectrostatic attractions (between groups

of opposite charges) do not contribute to the faionaof acid milk gels. In their review,
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Morand et al. (2011a) rather proposed that thesrotdhydrophobic interactions and disulphide

bonds should be evaluated using the present agproac
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Figure 30 : Development of the elastic modulusi(@a) (A) and loss tangent (tar(B) of
reconstituted 50 g Kgskim milk systems containing 40 gkgative phosphocaseinate (NPC)
and 10 g kg heat-induced whey protein complexes, during aciatibn by 18 g kg GDL at
35°C
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The final tand value of milk with modified complexes reached ab®:27 = 0.00 and were
slightly higher than that of the control (0.25, F38). This result indicated that the chemical
modifications induced somewhat more viscous-likéknaicid gels, in agreement with the
observations for the acidified suspensions of cexgs. Moreover, the presence of casein
micelles in the milk systems, as compared to tmoade of heat-induced complexes alone, led
to more viscous-like behaviour of the acid gelgbably due to a less rigid structure of the
micelle as compared to complexes.

Final gels at pH 4.5 were then characterised usarge deformation rheology and
penetrometry. The yield stress point of the gelguife 31A) indicates the difficulty in
breaking protein strands, while the initial slodetlte penetration force in the gel (stiffness,
Figure 31B) indicates the rigidity of the gels. Tiesults suggested two groups of samples,
namely the gels with WPIA-1 complexes and the ath&he yield stress point as well as the
initial slope were significantly higher in acid gehcluding this complex (P<0.05 for the two
parameters), than for the other samples. The sesudicated the distinct behaviour of milk
gels with WPIA-1 complexes (pl ranging 4.0 to Ahdiched zone). Considering the pl values,
WPIA-1 was the closest to the natural complexdseiated milk (pl ~4.5, Jean et al., 2006). In
fact, at pH 4.5, the methylated and control comgdewere already positively charged, while
the WPIA-2 complexes were still negatively charged the WPIA-1 complexes bore almost
no charge (Figure 26). At pH 4.5, both WPIA-1 ardain micelles were therefore close to
neutrality, which could be favourable to the estdivhent of interactions between proteins.

Granulometric characterisation of the final gelsifeoned the observation that WPIA-1
differed from the other samples. Confocal imageshefacid gels are shown on Figure 31C.
The granulometric curves showed a mean mode gird,lrepresenting the characteristic size
of dark zones; this value was interpreted as thannpmre size of the gel. The PCA analysis
showed that the gels with WPIA-1 complexes hadgadr frequency of smaller pores than the
other gels. The acid gel of milk systems contairgogplexes with almost the lowest surface
charge at pH 4.5, due to a low level of succinglatiseemed to be more homogeneous due to a
reduced pore size. These facts could explain whyntlk gels with WPIA-1 complexes were

the firmest at pH 4.5.
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It is interesting to notice that, at pH 5.6, thdknsamples with methylated complexes were
the only systems that had already gelled. At pH thdir G’ values were still higher than that
of the control. Unfortunately, their G’ values & g.5 were also undesirably low. However,
methylation (or increased pl of the complexes) dotilerefore be a good way to obtain

satisfactory acid milk gels with a high final pHH{».4vspH 4.5).
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Figure 31 : Effects of modification of pl of compgks on rheological properties of the milk
gels at pH 4.5. Panel A shows yield stress at ldefermation (in Pa) while panel B shows
stiffness after overnight holding at 4 °C, illus&@ by the initial slope of the measured force
versus depth of the cylinder during compressiothefgel (in N mm-1). The crosses represent
milk systems with the control complexes, the fultles are with succinylated complexes and
the open circles with methylated complexes. Thehet zone corresponds to the firmer gels
with complexes with pl value ranging between 4.d 44 (WPIA-1). Microstructure of the
different milk systems at pH 4.5 was observed hyf@cal laser scanning microscope (C, scale
bar 20 pum)
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3.4. Surface charge of complexes at the gelationipbof the two systems

The values of the electrophoretic mobility of themplexes at the pH of gelation of each
type of systems (suspensions of complexes or nyiitesns) were estimated on Figure 26
(open triangles and open squares, respectivelye Tésults clearly showed that the
electrophoretic mobility of the complexes at thé gaint was the same in the two systems
(P>0.01). This result strongly suggests that theebof acid gelation of the skim milk systems
depended on the stability of the heat-induced wirelein complexes throughout acidification.
Possibly, the casein micelles do not take parhéndarly destabilisation of heated milk, other
than to bear the complexes on their surface aaddamass to the precipitating particles.

Interestingly, Figure 26 also showed that the diffieé complexes did not initiate gelation at a
constant value of their surface charge (electrogimrmobility). At the gelation point,
complexes with a high pl, for instance, had anted@bhoretic mobility of -0.39 +0.7 um cm'V
! 51, whereas complexes with a low pl still exhibitededactrophoretic mobility of -0.76 +0.7
pum cm V! s*and intermediate complexes (the control) -0.60 £Quén cm V* s*. Whatever
the systems (milk or WPIA suspension) and the natibn (succinylation or methylation), a
reduction of 0.5 um cm Vs? of the electrophoretic mobitity of the complexesswaquired
for the onset of gelation. It therefore seemed tetreasing the pl of the complexes using
succinylation allowed them to destabilize at a bighesidual net charge. It is otherwise
possible that succinylation favoured attractiverogegn bonding more than methylation, since
carboxyl groups are significant hydrogen bond ergess. Alternatively, variation of the net
charge of the complexes on gelation may result fegperimental artefacts due to the transient
ionic conditions applied during acidification, wéithe electrophoretic mobility measurements

are made in equilibrium conditions.

4. Conclusions

It was possible to modify the pl of model heat-ioed whey protein complexes with limited
variation of their other physico-chemical propesti€he introduction of such modified soluble
complexes into model whey protein-free milk cleaslyow that the pl of the heat-induced

complexes determines the onset of acid gelatiomoflel heated milk systems. The near
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neutralisation of their repulsive net charge seetogarovoke the destabilisation of the whole
protein system, i.e., including the casein miceewever, there were also indications that
electrostatic repulsion/attraction is essential bot the only interaction that delays/initiates
acid gelation. Also, the pl of the heat-induced pteres had no effect on the final G’ value of
the acid gels, probably because the building ofrteevork clearly depends on constructive

attractive interactions or bonds rather than orotlg cancelation of repulsions.
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V.3. Résultats et discussion complémentaires

V.3.1. Mesure du rayon de gyration et de la masse molécula

des complexes

Dans l'article 3, nous avons rapporté une augmientatu diameétre hydrodynamique {)D
des complexes succinylés (Figure 21), accompaginée gerte |égére perte de leur structure
(rupture de feuillet§ intramoléculaire). Les valeurs du rayon de gyra(By) et de la masse
moléculaire (M,) des complexes, obtenus par SEC-MALLS, n’étaieas pignificativement
différentes d’un complexe modifié a I'autre et étdirespectivement de 28 + 4 nm et 6.106 +
2.106 g mol-1(Figure 32), En revanche, les compexetrémement succinylés (pl > 3.5),
n'ont pas pu étre analysés en SEC-MALLS du faitede trop grande taille (P> 200 nm),.
Ces résultats suggerent le gonflement des compkaxies a la succinylation plutdt que leur
suraggrégation, ce qui confirme I'hypothése émimesd’article 3 d’'une augmentation de la

voluminosité des complexes.
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Figure 32 : Rayon de gyration {RA) et masse moléculaire ()1 (B) des complexes thermo-
induits en fonction de leur point isoélectrique)(2omplexes témoins<(, complexes succinylés
(®) et complexes méthyléo)
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V.3.2. Comparaison des mesures de [I'hydrophobie des

complexes obtenues par les méthodes de fixation I8&NS ou du Prodan

En continuité avec la partie 1, les premiéres nessute I'hydrophobie des complexes
thermo-induits succinylés et méthylés ont été séak, dans un premier temps, par la méthode
de fixation de I'ANS (PSkhks). Les résultats, illustrés par la Figure 33A, maient une
diminution du PShls avec la diminution du pl des complexes. Or, larghanégative des
complexes succinylés a été augmentée par la maiiific et la sonde ANS étant elle-méme
chargée négativement, les répulsions électrostegigumplexes-ANS pourraient inhiber leurs
interactions hydrophobes. Alizadeh-Pasdar & Li-CK2000) avaient observé la dépendance
de la mesure de I'hydrophobie des protéines adagehdes protéines et de la sonde utilisée. La
diminution de I'index PSH par cette méthode pouanc refléter les modifications de charge
de complexes.

Afin de vérifier si I'hydrophobie des complexes t& énodifiée par la succinylation, nous
avons choisi de poursuivre les mesures par la rdétte fixation du Prodan. Cette sonde étant
non-ionique, son interaction avec les complexesera pas perturbée par la modification de
leur charge. Les résultats sont illustrés par ¢mfe 33B. Avec cette méthode, on constate que
I’'hydrophobie des mémes complexes que sur la FigBleest constante quel que soit leur pl.

Dans la partie 1, nous avions observé une diminwtiopl des complexes riches en caséine-
Kk sans que leur hydrophobie, par la méthode dex#idn de I'ANS, ne soit modifieée. Les

mesures avec la méthode du Prodan n’ont pas diseesa
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Figure 33 : Hydrophobie de surface des complexesnmb-induits déterminée par la
méthode de fixation de 'ANS (PSkk)(A) et par la méthode de fixation du Prodan (Bsdd)
(B) en fonction de leur point isoélectrique (pl)
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V.4. Bilan de la partie 2

= modification de la proportion en caséinelans les complexes

e o modification du pl des complexes
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Figure 34 : pH de gélification des systemes latiGsuspensions de complexes ou laits
reconstitués avec les complexes) en fonction dotpedélectrique (pl) des complexes thermo-
induits

Dans cette partie de résultats, nous avons coasigénent élargi la gamme de variation du
pl des complexes thermo-induits par rapport au itleaprécédents(, Figure 34). Grace aux
réactions de méthylation et de succinylation, lelgg complexes a été modifié entre 3.8 et 5.3,
sans que les autres propriétés physico-chimiquesormnt significativement affectées. La
diminution du pl des complexes entraine la dimowtdu pH de gélification des systémes
laitiers (suspensions de complexes et laits reitaastavec les complexes, Figure 34). La
gélification des systemes nécessite donc la rémuctes répulsions électrostatiques entre les
complexes. Pour un complexe de pl donné, les pHgéldication des suspensions de
complexes et des laits reconstitués correspona@nsent pas tres éloignés. Ce résultat met en
évidence que malgré leur faible proportion danddis reconstitués (20% w/w des protéines),
les complexes thermo-induits imposent leurs progsié la micelle de caséines. Ce phénomene

peut étre expliqué par la fonctionnalisation desuaface de la micelle par les complexes au
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cours de l'acidification. Dans le cas général di, laette fonctionnalisation intervient

également au cours du traitement thermique (foonatie complexes micellaires). Dans ce
chapitre, nous avons également montré qu’il persiste charge négative résiduelle sur les
complexes au pH de gélification des systemes. Gealtad met en évidence la contribution

d’autres interactions attractives dans la déstatibn des systemes.
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Chapitre VI.

Résultats et discussion — Partie 3

Role de [hydrophobie des complexes thermo-induits
sur la déstabilisation par acidification et la
construction de systémes laitiers
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VI.1. Introduction

D’aprés les résultats de la partie précédente, agims conclu que la neutralisation des
répulsions électrostatiques au cours de I'acidificacontribue a la déstabilisation du lait, mais
que d’autres interactions attractives doivent pgrtir a la formation du gel acide. D’'aprées
I'étude bibliographique (8I11.6.2), les interactiohgdrophobes sont nos premieres candidates.
Nous souhaitons donc tester le réle de I'hydropbala@ surface des complexes thermo-induits
sur la déstabilisation du lait et la constructiom gel acide. Selon la stratégie du projet,
I'nydrophobie des complexes a été modifiée paréastions d’acylation de chaines carbonées
de longueurs croissantes (entre 2 et 6 carbones)lesu lysines, apportant donc une
hydrophobie croissante.

Cette troisieme et derniére partie de résultaitd’dbjet un stage de 6 mois de master 2,
réalisé par Assiba Dekkari, étudiante a l'univérdfaul Cezanne de Marseille. Les travaux
réalisés ont été présentés lors d’'une conférenamans du congres « les rencontres du grand
ouest », RBPGO 2011 a Rennes, France en juin 201 &rticle a recemment été soumis pour
publication dans le journahternational Dairy Journal L'intégralité de l'article est proposée

dans ce chapitre pour présenter les résultats wbttrieur discussion.
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VI.2. Article 4

Increasing the hydrophobicity of the heat-induced whey protein

complexes improves the acid gelation of skim milk

Marion MORAND®_ Assiba DEKKARI®, Fanny GUYOMARC’H#®, Marie-Héléne

FAMELART?-*

ABSTRACT

The formation of whey protein complexes during heptis known to enhance the acid
gelation of milk. Hydrophobic interactions have beeggested to play an important role in the
acid gelation of milk or milk protein ingredientslo investigate this, the surface
hydrophobicity of model heat-induced whey proteimplexes was modified using acylation
with various carbon chain lengths. It was checlked the size and thiol/disulfide distribution
of the complexes were unaffected, and that thegdhai their apparent isoelectric point could
be restricted within 0.5 pH unit. These complexesenadded to whey protein-free skim milk
systems and the resulting acid-gelation behaviduthe milk samples was measured. The
results showed that increasing the hydrophobiditthe heat-induced whey protein complexes
significantly increased the pH of gelation of thdknsamples and strongly affected the final
properties of the acid gels. This demonstrated kbt importance of the heat-induced
complexes and the relevance of hydrophobic intenastin the acid-induced gelation of

preheated milk.

1. Introduction

The heat-treatment of milk at 85-95 °C for severahutes has long been reported to
increase both the pH of gelation and firmness ad acilk gels. These changes have been
attributed to the formation of heat-induced whegtgink-casein complexes in the milk. In

their review, Donato & Guyomarc’h (2009) have prepd that the heat-induced whey
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proteink-casein complexes alter the acid gelation behaviduihe casein micelles through
interacting with their surface on heat-treatmenticé@the-bound complexes) or early on
acidification (soluble complexes), thus modifyinglloidal interactions such as electrostatic
repulsion or hydrophobic attraction. Heat-denatumetley protein ingredients can be
substituted to the whey protekxatasein complexes (Morand et al., 2011b; O'Kenr&#elly,
2000; Schorsch et al., 2001) and may be used asrsg¢o modify the acid gelation behaviour
of skim milk (Morand et al., 2011a). In line witli$ hypothesis, Morand et al. (2012)
chemically modified the apparent isoelectric poim) of heat-induced whey protein
complexes in order to assess the role of electrogtpulsion on the acid gelation of skim
milk. The results showed that the increase of fhy@aeent pl of the complexes significantly
increased the pH of gelation of milk. It was comlgd that neutralisation of the repulsive net
charges of the complexes on acidification contelduto the destabilisation of heated milk.
However, modification of the pl did not induce sfgrant changes in the texture of the final
gels. It was therefore suggested that attractivieractions other than electrostatic are
responsible for the actual building of the netwdrke present paper reports on how changes in
the surface hydrophobicity of heat-induced wheytgirocomplexes affect the acid gelation
behaviour of skim milk. The surface hydrophobiafymodel complexes was increased using
acylation with a range of carbon chain lengths. Tedified complexes were characterised

then introduced in whey protein-free milk, whos&lagelation behaviour was measured.

2. Materials and Methods

2.1. Materials

Native micellar casein (NMC, 870 g k@f proteins on dry basis, whey protein level: ®P6
the total protein) was prepared as described byicchkt al. (1994). Briefly, raw milk was
skimmed at ~50°C then microfiltered at that tempeethrough 0.1 pm cut-off membrane,
diafiltered, evapo-concentrated and spray-driece fificrofiltration permeate, containing the
native whey proteins, was concentrated by ultratibn at ~50°C, diafiltered and freeze-dried
to yield a native whey protein isolate (WPI, 97@&gj of proteins on dry basis). The protein

composition of the WPI as given by reverse phagé-iperformance liquid chromatography
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(RP-HPLC) was, in % of the total area: ~80% whegtgins, ~10%f3-casein and minor
amounts ofk-, as;- and asxcaseins. The milk ultrafiltration permeate (MUEsulting from
UF-concentration of the whey protein fraction wallected and stored at 5°C after addition of

0.2 g L* sodium azide. All other reagents were of analyticade.

2.2. Preparation of the heat-induced complexes

A model whey protein complex (WPIA 0) was prepassddescribed by Vasbinder et al.
(2004). Briefly, a 90 g Kk§ solution of WPI in deionised water with 0.2 g ké&laN; was
adjusted at pH 7.5 then heated at 68.5°C for zhk.Reat-induced complexes were then diluted
to ~30 g kg with deionised water and subsequently acylatedguanhydrides derivatives of
various chain lengths as described by Gerbanowski €1999). Acylations were performed at
pH 8 with acetic, butanoic, hexanoic or succinibyatride at concentrations ranging from 1 to
3 anhydride molar equivalents per lysine for 2 he Teactions yielded the modified complexes
WPIA-C2, -C4, -C6 or -C4 respectively. The acylation reaction involves ttleemical
conversion of lysine residues of the complexesedtilts in the elimination of the basic group
of the lysine residue (Figure 35A). Depending & kength of the anhydride carbon chain, the
hydrophobicity of the complexes can be modulatedil@&ion with succinic anhydrides results
in the replacement of the basic group of the lysipehe carboxyl group of one aliphatic acid

(Figure 35B).
A
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Figure 35 : Schematic diagram of the acylation &yl succinylation (B) reactions used to
modify the surface hydrophobicity of whey protegahkinduced complexes. Three anhydrides
were used for acylation (A): acetic (R = gHbutanoic (R = (Ch),CH3; and hexanoic (R =
(CH2)4CHy)
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After the reaction period, the solutions were estesly dialysed (6-8 kDa, Medicell
International Ltd., London, UK) against deionisedter adjusted at pH 7.5 and 0.2 g'kg
NaN; as preservative, to eliminate by-products anddtedireactants. The final total protein
content of the complexes solutions was determingidguabsorbance at 280 nm and an

extinction coefficient value of 1.046 '*gm* for the WPIA (Morand et al., 2011b).

2.3. Evaluation of the degree of modification

The degree of acylation of the samples was assas®ed ortho-phthaldialehyde (OPA) as
described previously by Morand et al. (2012). Irgence of 2-dimethylaminoethanothiol
hydrochloride (DMA), OPA reacts with the free primmamino groups of proteins and yields
alkyl-iso-indole derivates that absorb light at 3#0. The degree of modification was given as
a percentage of the total primary amino groups dointhe control model complex WPIA 0.
Each determination was performed twice on an Uvi@®2 spectrophotometer (Kontron, Paris,

France).

2.4. Physico-chemical properties of the complexes

The physico-chemical properties of the WPIA compkex namely their surface
hydrophobicity, their apparent isoelectric poihgit size and their contents in surface and total
free thiol groups and in total cysteine residuesewmeasured using the routine methods
described by Morand et al (2012; 2011b). Brieflye fprotein surface hydrophobicity index
(PSH) was determined in phosphate buffer at pHugig a constant concentration of the non-
ionic 6-propionyl-2-(N,N-dimethylamino)-naphthalepeobe (PRODAN, Molecular Probes).
The PSH was taken as the initial slope of the #soence versus the protein concentration.
The apparent isoelectric point (pl) of the heatdicetd whey protein complexes was determined
in MUF adjusted at various pH ranging ~2 to 6.7 aadected for ionic calcium. The pl was
taken as the interpolation to 0 of the experimemi@asurement of the electrophoretic mobility
of the complexes (in pm cm™\&%) using a Zetasizer nanoZS Malvern (Malvern Inseunts,
Orsay, France). The hydrodynamic diametgroDthe complexes was determined at 20°C in
MUF using dynamic light scattering at a fixed angtel73° on the same Zetasizer equipment.

The accessible thiol groups (surface SH), the fogal thiol groups (SH) and the total cysteine
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residues (S) of the WPIA complexes were assayetjube 5,5'-dithio-bis-2-nitrobenzoic acid
(DTNB) reagent method (Ellman, 1959) on aliquotspestively diluted in non-dissociating
Tris buffer at pH 7.4, in dissociating urea-citratedium dodecyl sulphate-Tris buffer at pH 7.4
or in dissociating buffer in presence Bmercaptoethanol (Morand et al., 2011b). The TNB

product was assayed using absorption at 412 nm.

2.5. Acid gelation behaviour of the WPIA

First, the whey protein complexes were extensivbalysed (6-8 kDa MWCO, Medicell
International Ltd., London, UK) at 4°C against coarmal ultra-high temperature (UHT) half-
fat milk in order to replace their solvent phasdehwmnilk permeate. The resulting protein
concentration was determined spectrophotometricdlyen each WPIA suspension was
standardized at 20 g Rgotal protein using MUF. The suspensions were aguilibrated at
35°C prior to acid gelation using 17 gkgluconod-lactone (GDL). The formation of the gels
was monitored using an AR2000 rheometer (TA Insamts, Guyancourt, France) equipped
with a cone-plane geometry and using the oscijatoode at a frequency of 1 Hz and a strain
of 0.1%. The pH was recorded simultaneously (Moratdal.,, 2012). Gelation time was

defined as the moment when G’ > 1 Pa.

2.6. Acid gelation behaviour of the reconstituted éated milk systems

A mother suspension of NMC was reconstituted ag &5~ in MUF with 0.2 g kg" NaN; at
40°C and stored overnight at 4°C. The NMC suspensi@lysed WPIA complexes and MUF
were eventually mixed as to reach a total proteimtent of 50 g kj and a NMC to complexes
ratio of 80:20 w/w. The resulting systems were rdgd as heated skim milk models with heat-
induced soluble whey protein complexes. The heatikl systems were equilibrated at 25°C
and labelled using 0.2 g Rgrhodamine B isothiocyanate solution (85 @ RITC in
dimethylsulfoxyde, Sigma-Aldrich, St Quentin Failty France) prior to acid gelation. The
formation of the acid gels was induced by addidrl9 g kg* GDL and was monitored at
25°C using the same method as for the WPIA suspess{section 2.5). Preliminary
experiments have showed that an acidification teatpee of 35°C as used in Morand et al.

(2012; 2011b) induced contraction and whey separatf the acid gels involving the modified
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complexes. For that reason, the lower incubatiomperature of 25°C was chosen to minimise
slippering of the gel against the geometry. Thes ge¢lpH 4.5 were eventually subjected to a
stress sweep test from 174 1 000 Pa in log increment. The yield stressP@) was defined
as the point when the G’ started to decrease. Ralkhsystem was prepared twice, and each
preparation was analysed twice. In complement, cesgon tests were performed at 4°C on
10-mL aliquots of milk sample incubated separa#!25°C until pH 4.5 then kept overnight at
4°C (4501 INSTRON, Instron SA, Guyancourt, Frangsing a 10 N sensor and a 11 mm-
diameter, 45 mm-height plastic cylinder geometiye Bpparent stiffness of the gels (in N mm
') was defined as the initial slope of the forcesusrdepth on penetration of the cylinder in the
gel at a speed of 120 mm rirFive aliquots were measured by this method.

Immediately after GDL dispersion, one drop of RITEDelled milk sample was deposited on
a sealed conclave slide and incubated at 25°C pHtil.5. The slide was then imaged at 543
nm using a TE2000-E Nikon C1li inverted confocaklascanning microscope (CLSM, Nikon,
Champigny-sur-Marne, France). All the settings waesan Morand et al. (2012). Each image
was digitized in grey levels as a 512 x 512 pixaltnr (127.3 x 127.3 pufiL A grey level
granulometric method from mathematical morphologswapplied as described previously by
Devaux et al. (2008). The method consists in settplgnapplying image filters (defined by
squares of side lengths ranging 0.75-50 um) thietel®bjects smaller than the filter at each
step. By considering the derivative of the sumrefygevels obtained at each step, one obtains
a curve of the distribution of the sizes of gregioas in the image. Morphological closing was
used, making dark regions to disappear, and it adapted to measure the 2D size of
pores in the gels. A principal component analyBSA) was performed on these curves for all

images, using the R package (R 2.9.2. FoundatioStttistical Computing).

3. Results and discussion

3.1. Rate of acylation of the complexes and changem their surface
hydrophobicity and pl

The OPA assay showed that 13 to 100% ofethenino groups found in control WPIA were
converted into carbon chains in the modified comgieWPIA-C2, C4, Cdand C6 as a result
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of acylation (Figure 36). The rate of acylationreased with increasing the molar ratio of
anhydride to whey protein (not shown). Figure 3GAws the surface hydrophobicity (PSH) of
the complexes as a function of the type of anhydiided and of the acylation rate. As
expected, the PSH of the complexes increased hnedh the acylation rate of the WPIA-C2,
C4 and C6 complexes (P < 0.02, 0.01 and 0.01, c&sphy). Furthermore, the longer the
grafted carbon chain, the higher the slope of itteal regression. The PSH of these modified
complexes varied between ~5000 and 16000 and vigméicantly higher than the WPIA-O
controls (P < 0.002). On the other hand, the meation of the WPIA-O complexes with
succinic anhydride yielded WPIA-Cdomplexes with similar PSH values than those of the

WPIA-0 complexes (P > 0.7). This result was in agrent with Morand et al. (2012).

PSH of the complexes
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Figure 36 : (A) Modification of the surface hydratticity (PSH) and (B) of the apparent
isoelectric point (pl) as a function of the rate afylation of the complexes with acetic
anhydride (C2), butanoic anhydride (C4), hexanaitydride (C6) and succinic acid (T4C)
pl value of the complexes as a function of theiHP®ata points are labelled as “carbon
chain/acylation rate”. A selection of 4 groups afmples with a pl of 3.7 £ 0.2 (hatched zone)
and similar PSH values are shown: PSH ~3200 (—508&--), ~11000 £—--), ~15000 4=).
Sample points are located in the centre of theldadoed lines are for linear regressions

Since the acylation reaction transforms basic argmeps into either neutral carbon chains
(for C2, C4, C6) or carboxylated carbon chains (@), it is expected that it reduced the
apparent isoelectric point (pl) of the complexaguFe 36B shows the measured pl values of
the complexes as a function of the reaction tygkamylation rate. In agreement with previous

reports (Morand et al., 2012; 2011b), the pl of ¢batrol complexes was ~4.8 and decreased
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linearly down to below 3.5 as the rate of acylatiohthe complexes increased96%
modification; P < 0.01).

Alting, et al. (2000) or Morand et al (2012; 2011lfgve shown that the electrostatic
properties of the whey protein complexes signifigaaffect their acid gelation behaviour. In
order to study the only effect of the surface hpthabicity on acid gelation, 4 groups of
samples were therefore selected that had pl vahtes 3.7 £ 0.2 (hatched zone, Figure 36C)

but different PSH values.

3.2. Other physico-chemical properties of the compkes

Changes in the size and thiol/disulfide distribntiof the heat-induced whey protein
complexes are likely to affect acid gelation (Dan& Guyomarc'h, 2009; Morand et al.,
2011a). Therefore, these properties were measoreallfthe control and modified samples in
order to anticipate possible bias. The mean hydradyc diameters, of the selected WPIA-

0, WPIA-C2, WPIA-C4 and WPIA-C6 complexes were a@nm + 13 nm. The mean, Df
WPIA-C4 samples was significantly different from the oteamples (=120 £ 12 nm, P <
0.01). This size increase of the succinylated cengd has previously been observed for rates
higher than 70-94% (Alting et al., 2002; Lieske999Morand et al., 2012). According to these
authors, electrostatic repulsions between prothains may increase in the particles, which
would increase their voluminosity. However the selary structure of the complexes is hardly
modified during succinylation and an increase @fup to 130 nm has no effect on the acid
gelation of milk (Morand et al., 2012).

The total cysteine content of all samples was ~t520 pmol ¢ total protein and, as
expected, did not show significant differences lesmvsamples (P > 0.4). The total free thiol
content was found to be about 11 + 2 and 5 + 3 pgiidbtal protein for the WPIA-0 and the
modified complexes, respectively. It is possiblatttine binding of the carbon chains occurred
to some extent on the sulfhydryl groups rather tiathe primary amines, as can occur during
succinylation (Aitken & Learmonth, 2002a). On thhey hand, the free SH represented less
than 7% of the total cysteines in all the samphdso, surface SH were negligible in all the
complexes (< 3 pmol Y. These results indicate that the majority of tysteines were

involved in disulfide bridges.
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In conclusion, neither the size or the thiol/digldf composition of the modified complexes
was considered different to those of the contrahplexes, with respect to the acid gelation

behaviour of the complexes.

3.3. Effect of the surface hydrophobicity of heatriduced complexes on acid

gelation

3.3.1. Acid gelation of suspensions of complexaseaht 35°C

The influence of the surface hydrophobicity wasstfistudied on the acid gelation of
suspensions of complexes alone. Figure 37 showmd#an profiles of the changes in elastic
modulus G’ and in tamthroughout acidification of the 4 groups of samsghaving PSH values
ranging from 320@o 15000 and a constant pl of 370.2. Some samples with high PSH
values expelled whey at the bottom of the gel adifacation, so that G’ could not be reliably
measured at pH values below ~5.0. For that redbergata were analysed with respect to the
maximal value of G’ obtained during acidificatio®’fa,) rather than G’ at pH 4.5 (usually
taken as final G’). Figure 38 shows the experimerdabues of the pH of gelation and of {3«
as a function of the PSH of the heat-induced corgdeThe results showed that both the pH
of gelation and the Gjx of the acid gels increased linearly from 4.7 8@, and from 45 to 835
Pa respectively, as the PSH of the complexes isecktom 3200 to 15000 (P < 0.01). At the
pH of gelation, the electrophoretic mobility of cplexes having PSH values increasing from
3200 to 15000 was found to increase in absoluteeviilbom -0.7 to -1.0 um cm¥/s? (not
shown). This observation showed that the partictesd interact in spite of significant residual
negative charge, probably thank to their incredsgttophobic attractivity. When modifying
only the net charge and pl of the complexes, Morendl (2012) found that a maximum net
charge of -0.8 pm cmVs* could be overcome with complexes of similar PSH.tfe other
hand, changes in the @amf the systems with pH did not differ across tlaenples. Tad
decreased rapidly on gelation then tended towdnelsimilar final value of ~0.18 + 0.02 (P <
0.1 — Figure 37B).

These results indicated that complexes exposinge niydrophobicity gave earlier and

firmer acid gels, up to showing propensity to caation and whey separation. Similardan
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indicated that the mechanical structure of thewgd reinforced by the increase in PSH of the
complexes, rather than modified e.g. in the natun@/or energy of the bonds involved. These
results were in agreement with Roefs & van VIi€d9Q) who found that the elastic modulus of
acid dairy gels at pH 4.6 increased with the intiobatemperature, while the values of dan

hardly differed. They respectively inferred fromesie observations that hydrophobic
interactions were important to the formation ofdagels and that favouring hydrophobic

attraction results in the increase of the numbédyaoids established in the gel. This proposition
fits well to the present model of chemically moeifiheat-induced complexes, which probably

have an increased number of hydrophobic sites @n ghrface.

3.3.2. Acid gelation of the recombined model militesm at 25°C

The 4 groups of modified complexes with PSH valaasging from 3200 to 15000 and a pl
value of ~3.7 were introduced in whey protein fragk. As presented previously for the
complexes alone, Figure 39 shows the mean pradflése elastic modulus G’ and of tawith
time throughout acidification of the 4 groups ofrgdes. Again, samples with high PSH values
sometimes exhibited whey separation at pH valuéswbe5.0 so that their G’ could not
always be reliably measured. Figure 40 shows tiperaxental values of the pH of gelation
and of Gnax as a function of the PSH of the heat-induced cergd. Figure 39A and Figure
40A show that increasing the PSH of the compleras fabout 3200 to 80G@duced a linear
increase of the pH of gelation of the reconstituteitk systems from 4.9 to 6.1 (P < 0.01).
However, as the PSH value exceeded 8000, the pgelation of the milk samples did not
increase anymore and the G’ decreased. In factiadtie initially rapid drop in pH induced by
the GDL, the systems with complexes at high PSidevakobably started to gel before the first
value of G’ was recorded at about pH ~6.2. Theeefohanges in the pH of gelation of the
milk samples can not be observed above that value.

Figure 39A and Figure 40B show that as the PSHh@fcomplexes increased from 3200 to
~8000, the Grax of the acid milk gels increased significantly (®.85; dG’/dPSH = 0.368 Pa)
from 80 to 2100 + 500 Pa. For complexes of PSHeshigher than ~8000, expelled whey and
visible fractures in the gel led to a decrease in.©values. Therefore, increasing the PSH

value of the heat-induced complexes from 2000 @08tad significantly increased both the

176



VI.Résultats e discussion — Partie 3- Rjle de [hydrophobie — Article 4

(=)

000ST~ ‘(=7 000TT~ ‘@699~ ‘(—) 00zZE~ sanfen AuoiqoydoipAy adepns pue
/'€~ JO 1UIGuBM@DS| JULISU0D B pey saxa|dwod ayl "D.5¢ ¥e 1a9 X b 6T Aq
©OQIPIO® JO 9SIN0J 8y} Ul ‘saxa|dwod padnpul-realy 6 0T pue sa||@d1w ulesed
6. 6 o Buiureluod swaisAs Mjiw wif® 6 0§ paINiIsuodal Jo suoisuadsns jo
(gler ‘uabue) sso| pue,y)sninpow anseja ayl Jo Juawdolaaaq : 6€ ainbi4

Hd
9t 8t 0¢ (Y ¥e 9°¢ 8¢ 09 9
__ Lo
- ==\ =
- =
~ s
1 ] ] ] o« —
ol...o.ti:cc — o
\Ar\ o.oo-onoc \\\
ooo \
~. ”~
. P e
V||'\\
7
\ -~/ s
- T s - 00F
~ s Q
X, =3
5 N
g - 009
.... vl 008

/'€ 1euiod 21109|90SI paxly

e yum pue (HSd) AuoigoydoipAy aodepns Buisealoul

yum sdnoub ¢ 01 Buojag saxajdwod padnpul-jeaH

‘'saxa|dwod paosnpul-leay T-6y 6 QT pue soj@aIW

ulesed 1-63 6 o Buiureluod swalsAs Mjiw [apow

woJj paureiqo s|ab pioe Jo (g) .9 ‘sninpow 21se|d
[ewixew pue (y) uoneeb jo HA : ot ainbi4

saxajdwod ayp Jo HSd
000S 1 00001 000§

—— 1 1

(@) °

+ 0001

. - 0002
g |

®

(d)

uonead jo Hd

177



VI.Résultats e discussion — Partie 3- Rjle de [hydrophobie — Article 4

gel strength and the pH of gelation. Figure 39Bnghthat in all the system studied except for
WPIA-C4 milk sample (with PSH ~ 3200), t@anlecreased abruptly below 1 on gel formation,
showed a local maximum at pH ~5.05 then decreagauh @0 tend towards 0.24-0.30 at pH
4.5. This pattern is typical of acidified heatedkn{Lucey & Singh, 1998). WPIA-C4milk
sample gelled at lower pH values than 5.0 and thexeonly showed a decrease towarddtan
~0.30. As in gels of complexes alone, similadtaalues were measured in all the acid gels at
pH 4.5, no matter the PSH value of the complexethervalue of the G As discussed
above, it seems that the constancy ofdtacross samples reflected the importance of the
number of bonds, rather than their nature(s), eniribrease in G’ (Roefs & Van Vliet, 1990)
Tand at pH 4.5 is also relatively independent on therastructure of the particles inside the
gel, while it is likely to account for the mechaalicesistance and whey retention capacity of
the protein network (Lakemond & Van Vliet, 2008).therefore seemed that increasing the
surface hydrophobicity of the whey protein compkeaéfected the building of the acid milk
gels through increasing the number of possible ectiwns in the 3 dimensions of space, thus
affecting also the microstructure. This will bether discussed below.

The confocal images taken at pH 4.5 in the set gelsl are shown in Figure 41A, B and C.
The protein network appears in white, while theegoappear dark. Image analysis using
morphological closing to estimate the characterisize of the pores showed that gels
involving complexes of high PSH values (> 8000) lzathigher mean mode of 4.1 um as
compared with all the other samples (£.9.3 um; P > 0.5, not shown). The ACP analysis
confirmed that the scores of the various sampleshenfirst component PC1 evidenced a
reduction in the frequency of small pores (at 2 |amj an increase in the frequency of large
pores (at 7 um) as the PSH values of the complaasased (Figure 41D and E). These
results indicated that larger pores were formedjets that involved complexes with high
surface hydrophobicity values, which probably aected for their increased propensity to
whey expulsion. These gels are also coarser, withenelusterized particles and less thin
chains of particles, as compared to gels with cemgs of medium PSH (Figure 41B and C).
Unfortunately, we were not able to analyse therithstion of protein chains in the

micrographs, as unexpected fields of high fluoreseeof size 5-15 um were visible in the gels
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containing WPIA-C4complexes (Figure 41A). This probably resultedrfrihe decantation of
insoluble material.

Interestingly, the present results bear some relsgod to those obtained when pre-
renneting unheated or heated skim milk prior todagelation. The rennetting creates
hydrophobic sites on the surface of the casein llageas the binding of the modified heat-
induced complexes on the micelles is supposed tdndagreement with our findings, studies
also reported the significant increase in gelapbh final gel strength and porosity of the
resulting acid gels (Gastaldi et al., 2003; Li &l@aish, 2006; Lucey et al., 2000; Lucey et al.,
2001; Niki et al., 2003).
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Figure 41 : Microstructure of the gels obtainedrfrmodel milk systems at pH 4.5 observed
by confocal laser scanning microscopy with compdeé increasing hydrophobicity (PSH):
gel with complexes of (A) low PSH, (B) medium PSktigC) high PSH values. Scale bar is
15 um. (D) Mean size distribution of the pore sirethe gels (—), PC1-() and PC2{-) as
analysed by granulometric method. (E) Scores ofsdrmaple gels on PC1 as a function of the
PSH of the complexes

Final gels at pH 4.5 were eventually characterigethg large deformation rheology and
penetrometry. The initial slope of the penetrafiorce in the gel indicates the stiffness of the
gels. The stiffness of gels involving complexesihgWPSH values of ~6500 (240.7 N mm

1) was higher than that of the other gels @ @3 N mm*; P < 0.01)That result confirmed the
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high G’ value of the acid gels of the reconstituteitk samples with medium PSH complexes.
The yield stress point indicates the resistanah®fgel to fracture. The gels presented a mean
resistance to fracture of 3731 Pa, without any difference between the varmmaplexes, due

to the low sensitivity of the method at that ordémagnitude In the light of the discussions
by Roefs & van Vliet (1990a) or van Vliet et al9@Il), the fact that all the gels resisted in a
similar manner to large deformation while havinffetent G’ values at pH 4.6 indicated that
the consequences of modifying the number of hydvbph sites on the whey protein
complexes must be considered at various lengtlescBbssibly, gels with larger pores resulted
from either the pre-aggregation of complexes or mleres/micelles into less numerous and
larger adhesive particles, in the course of aaddifon, or from the local fusion of close protein
strands inside the formed network, which would éase the mesh size, i.e. pore size, as fusion
proceeds. Either way, the thickness and strengtthefstrands would increase and result in
higher G’ values. Macroscopically, the energy refifer rupture at large deformation may
however remain the same because all the gels arected 3D-networks built with the same
amount of the same type of material (similar bonds)y that the bonds are evenly distributed
in space or not. To gain insight on the exact seceef gel formation and rearrangement,

kinetic studies should be envisaged using e.gidumetry or confocal microscopy.

3.4. Balance of electrostatic repulsion and hydropbbic attraction on the pH of

acid gelation

In order to cross the effects of the electrostatid hydrophobic interactions on the pH of
gelation of the suspensions of complexes and ofriltle systems, all the samples shown in
Figure 36, with pl values ranging 3.5-4.4, are raomsidered. In order to further increase the
degree of freedom of the analysis, we also decidedonsider preliminary data obtained
during acid gelations at 35°C, even though the pHetation of acidified skim milk is known
to somewhat depend on the temperature (Horne, 200 values of pH of gelation of all
these systems were reported on Figure 42 as aidanat the PSH of the complexes. In this
figure, four groups of complexes are identifiedadmg to their pl (< 3.5; 3.5 to 3.9; 3.9 to

4.0; > 4.4).
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Figure 42 : pH of gelation of acid gels made froeatinduced complexes at 35°C (A), or
from model milk systems containing heat-induced plaxes at 35°C (B) and at 25°C (C) as a
function of the surface hydrophobicity of compleXB$SH) and of their isoelectric point (pl):
pl < 35 (~l=), 35<pl <39 (@), 39<pl<44{@®--)andpl>4.4{A-). The
curves are for the linear regressions for eacts @égl

Figure 42A evidences that the pH of gelation of ¢henplexes alone depended both on the
PSH and on the pl of the heat-induced complexese&oh pl-group of complexes, the pH of
gelation increased as the PSH was increased, aed ednsidering all the 4 groups, the pH of
gelation increased as the pl was increased (Moeamdl, 2012). However, the slopes of the 4
regressions were quite similar to one another, @xtm@ the group with high pl (pl > 4.4)

which showed a higher dependence of the pH of igelatn PSH than the other groups. But
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the PSH range of this group was very small (400BSH < 6000). This evidences that an
interaction may exist between electrostatic repualsind hydrophobic attraction in driving the
destabilisation of the whey complexes alone, asrtbeease in PSH at a low or high pl had
quantitatively not the same effect on the gelatibn

Figure 42B and C show that the pH of gelation dkraystems either at 35°C or 25°C also
increased as the PSH value of the added complegssinereased. However this time, the
slopes of the regressions were the same acrogsuhel-groups, i.e, no interaction could be
observed between electrostatic repulsion and hydrap attraction. Unfortunately, we did not
have enough data points to accurately evaluatentbeaction between electrostatic repulsion
and hydrophobic attractions.

According to Morand et al. (2012), changing a propef the complexes generates slightly
lower shifts of the gelation pH in milk systemsmnha the suspensions of complexes. This is
probably due to the 80% w/w of casein proteindhm milk systems that obviously take part in
the gelation process. This result confirmed thatpde the lower proportion of the heat-
induced complexes relative to the casein micelleey have a highly significant role in
determining the stability of the milk systems.

In the literature, the stability of casein miceadl@loids is usually discussed using the theory
developed by Deryagin, Landau, Verwey and Overbselgalled the DLVO theory, which
calculate the resultant free energy between aitteagtin der Waals and repulsive electrostatic
interactions, as a function of the distance awaynfthe particle surface. In the case of casein
micelles, steric repulsion by the negatively chdrgand hydratedk-casein brush is also
reported to significantly contribute to colloidahbility at pH> 6.0 (de Kruif, 1999; de Kruif,
1997; Tuinier & de Kruif, 2002; Walstra, 1990). Ing acidification, ionisation of the charged
groups on the protein chains decreases, which esdtiee repulsive steric and electrostatic
interactions to the extent that aggregation caa fdéce. This model accounts very well for the
pH of gelation of milk (Tuinier & de Kruif, 2002)}owever, the possible contribution of
hydrophobic interactions to the attractive forcestm affecting the energy barrier is not
considered, even when studying the effect of pregeng milk on the acid stability of casein
micelles, probably because the actual origin ofrbgtobic force is still unknown. Models to

describe hydrophobic interaction usually refer t@mrmges in the organisation of the water
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molecules in the vicinity of the hydrophobic sites two facing particles, leading to either
local water depletion or to dipole-dipole hydrogeonds mediated by the water molecules
(Israelachvili, 2011). In that respect, the linklwDLVO theory could be through the solvent
quality parameter that strongly affects the freergy profiles (Walstra, 2003b). In the present
study, a constant solvent phase, e.g. the MUF, beay good solvent for the un-modified
particles (whey protein complexes or micelles coatéh complexes) but a poor solvent when
the surface hydrophobicity of the same particles baen increased through chemical
modification. This would then account for the higheH of gelation of the casein micelles

when in presence of complexes with a high surfackedphobicity.

4. Conclusions

The results clearly showed that increasing theaserihydrophobicity of the whey protein
heat-induced complexes increased the pH of gelaimh the gel strength of acid gels of
complexes or of model milk, although the effect gal strength was counteracted by the
increasing porosity and whey expulsion of gels hgvcomplexes of excessive surface
hydrophobicity. A balance between attractive aruligve forces determines the stability of
milk particles and the gelation point. We have dwahthis balance by tuning both the pl and
the PSH values of the complexes. Unfortunately, dick not have enough data points to
accurately evaluate the interaction between elsttic repulsion and hydrophobic attractions.
Further research is also needed to evaluate theilmaion of other forces on determining the
pH of gelation of acidified skim milk, like van d&vaals interaction, hydration and hydrogen

bonds and steric repulsion, with respect to elstata repulsion and hydrophobic attraction.
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V1.3. Bilan de la partie 3

Dans cette partie de résultats, nous avons largemediifié I'hydrophobie de surface (PSH)
des complexes thermo-induits (entre ~2000 et ~16880s que les autres propriétés physico-
chimiques ne soient modifiées. L’augmentation dtl 8s complexes entraine I'augmentation
du pH de gélification des systemes laitiers (susioeis de complexes et laits reconstitués avec
les complexes, Figure 43). De plus, augmenter néoaént I'nydrophobie des complexes
(PSH ~5000-8000) permet une augmentation signifieate I'élasticité des gels acides
Figure 43). Toutefois, une hydrophobie des com@drep importante (PSH > 10000) aboutit

a la fragilisation des gels acides et I'expulsiersérum.

G’'max des gels acides (PapH de gélification

5000 10000 15000

Hydrophobie des complexes

Figure 43 : (A) pH de gélification des systemesides (suspensions de complexes &
35°C ou laits reconstitués avec les complexdsa( 25°C) et (B) Gnax des gels acides en
fonction de I'hydrophobie des complexes thermo-itsdu

Des complexes plus hydrophobes permettraient lone@ment de la structure des gels
acides par 'augmentation du nombre d’interactioypdrophobes. Nous avons mis en évidence
une interaction (faible) entre les répulsions étestatiques et les attractions hydrophobes dans
la déstabilisation des suspensions de complexessdpére, cette interaction n’est pas visible

dans le cas des laits.
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Nous avons réussi a moduler, a facon, les progridtécharge et d’hydrophobie de surface
des complexes thermo-induits sans que les autrepri@res physico-chimiques (taille,
structure secondaire et groupements thiols) nensdmgnificativement altérées. Ces deux
propriétés se sont avérées fortement influentesasdéstabilisation des systemes laitiers (pH
de gélification des suspensions de complexes etaitssreconstitués avec les complexes) et
sur les propriétés des gels acides, dont une BN schématique est proposée sur la
Figure 44. L'augmentation du point isoélectriques deomplexes ou l'augmentation de
I'hnydrophobie des complexes ont permis d'obtenis dqeH de gélification plus élevés.
L’augmentation de I'hydrophobie des complexes tleemduits semble un bon moyen pour
augmenter le pH de gélification des systémes taitieut en augmentant la force des liaisons
constitutives des gels acides laitiers. Toutefotgjs avons observé I'expulsion du sérum dans
les gels acides de laits reconstitués avec deslegamptrés hydrophobes, ce qui ne nous a pas
permis de mesurer les G'. Néanmoins, ces gelsnétadmtractés et élastiques, nous supposons

donc des forces de liaisons plus importantes desigels acides.

0
Q
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Point isoélectrique des complexes

Figure 44 : Schéma général illustrant I'influencepaint isoélectrique et de I'hydrophobie
des complexes thermo-induits sur les propriétégétication des systémes laitiers
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Nous n’avons pas exploré la zone correspondans &almplexes trés hydrophobes avec un
pl élevé. Pour cela, il faudrait, par exemple,is&aldes greffages de chaines carbonées sur des
groupements non chargés des complexes. D’autresnaitves sont envisageables: des
réactions d’estérification de molécules d’alcoal lms complexes, la succession des réactions
d’acylation et de méthylation des complexes... Lation du rouge de Nile sur les complexes,
envisagée dans la revue bibliographique (811.6.28Wrrait constituer un autre moyen
d’augmenter I'hydrophobie des complexes. Elle raadilirait pas de facon covalente mais
nécessiterait de vérifier sa stabilité apres leamgd avec les micelles de caséines ou encore
pendant l'acidification. En effet, le rouge de NBe fixe sur les zones hydrophobes des
protéines et pourrait donc se décrocher des coraplprur aller se fixer sur les micelles de
caseéines. Il reste également a tester des moyemgatibles avec I'alimentation pour modifier
le pl et/ou I'hydrophobie des complexes, commegample I'ajout de protéines non laitieres
ou la Maillardisation qui apporteraient de nouvglpEopriétés aux complexes, par fixation de

sucres réducteurs neutres ou chargés.

Nous avons observé que l'effet des modificatiorss @emplexes testées est plus marqué sur
les propriétés de gélification des suspensiondegptexes que sur celles des laits reconstitués.
Les effets observés sur les suspensions complesfétent des interactions complexes-
complexes au cours de l'acidification tandis quaxcsur les laits reconstitués refletent des
interactions complexes-complexes et complexes-fegeles effets refletent aussi de la plus
grande complexité du lait par rapport aux suspessae complexes seuls, notemment si on
considere que la micelle de caséines n’a pas @ansation macrocopique constante au cours
de l'acidification. Quoi qu’'il en soit, les tendascobservées sont les mémes dans les deux
systémes et il apparait que les complexes ont infEss propriétés a la micelle de caséines
malgré leur faible teneur dans les laits reconssit{20% w/w des protéines). Cette avancée va
dans le sens de I'hypothese de la fonctionnalisate la surface de la micelle par les
complexes thermo-induits au cours du traitemennifgaie d’une part (complexes micellaires)

et au cours de l'acidification et ce avant la ggdifion (complexes solubles).
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Les résultats de cette étude participent a la céhgmsion des mécanismes de déstabilisation
du lait et de la construction des gels acides. Nooags sommes limités aux interactions
électrostatiques et hydrophobes mais d’aprésté&diure, d’autres facteurs, en particulier, les
échanges thiols/disulfures, les liaisons hydrogesides génes stériques (taille et forme des
complexes), devront étre étudiés pour complétectdel mécanisme de gélification du

lait proposé ci-dessous :

1. Fonctionnalisation de la micelle de caséines pacdenplexes thermo-induits

Au cours du traitement thermique ou au début deidification, les complexes et la
micelle de caséines interagissent et les complexapissent » la surface de la micelle.
Les complexes fonctionnalisent la micelle, lui ap@ot leurs propriétés physico-

chimiques.

2. Gélification
La réduction des répulsions électrostatiques aidification permet le rapprochement
des particules et I'établissement d’interactionsdrbphobes qui jouent un réle

significatif, ainsi que d’autres intéractions gestent a élucider.

3. Réarrangements des liaisons du gel acide

Au cours de l'acidification et apres la gélificatides particules peuvent établir / rompre
des interactions avec leurs voisines. Lorsque taefales liaisons est trop forte, les
réarrangements induisent la contraction localeaegl’ouverture de pores, ce qui peut

conduire a la fragilisation du gel et a I'expulsa& sérum.

4. Fermeté apH 4.5

Le gel final acide final résulte de 'ensemble dgsractions intra et interparticulaires.
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L’hypothese de la fonctionnalisation de la surfdeela micelle par les complexes thermo-
induits au début de I'acidification reste encordgr@atout a étre vérifiée. En particulier, suite a
la modification des propriétés de surface des cexrgd, leurs interactions avec la micelle
peuvent étre modifiées. Une approche similaireli cgilisée par Guyomarc’h et al. (2009)
pourrait étre envisagée. Elle consiste a marquparééent la micelle de caséines et les
complexes thermo-induits par des sondes fluoresseat# spectres d’excitation différents et de
suivre la localisation des sondes dans le réseatéigue au cours de la gélification en
microscopie confocale. Cette approche permettrgidleénent de veérifier I'interaction
complexes-micelles par la méthode de transfertedga de résonnance (méthode de FRET)
de 2 sondes distantes de 1 a 10 nm.

En perspective, nous pourrons bientot enrichir éeanisme par les résultats d’'une these
actuellement en cours dans le groupe Fonterra enélle-Zélande portée par Nguyen Nguyen
et co-dirigée par Skelte Anema et Fanny Guyomasatle rble de la composition en thiols
des complexes thermo-induits sur les propriétégétiécation acide du lait. Un nouveau projet
de these débutera en novembre 2011 a 'lUMR STLQ awe étudiant Indonésien, Robi
Andoyo, sous la direction de Marie-Hélene FamedarFanny Guyomarc’h, qui poursuivra
cette étude. Ce nouveau projet abordera égalemedliel de la taille et la forme des complexes
thermo-induits et les autres propriétés des coneglecomme I'aptitude a former des ponts

hydrogenes sur les propriétés de gélification adigéait.
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