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Figure 40: Unheated powder granular size distribution in volume as measured by the QICPIC method
as a function of added lactose, L/P (g lactose/10 g protein). Darkness of curves increases with the
increase in L/P from 0 to 2.09 g/10 g. The arrow is to help the reader to see the distribution slightly
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Figure 41: Residual native whey proteins in powder suspensions, as the sum of Blg and alac contents.
A: contents after different times of dry heating as a function of the added lactose, L/P: Oh ( x ), 1 h ({),
3h(O),36h (@®)and 96 h (L]) of dry heating at 100 °C. B: Comparison of the elution profile of pH 4.6-
soluble fractions of samples; 1: L/P = 0, dry heating (DH) =0 h; 2: L/P = 2.09 g/10 g protein, DH =0 h;
3:L/P=0,DH =3 h;4: /P =2.09 g/10 g protein, DH = 3 h; 5: L/P=0, DH=36 h; 6: L/P=2.09 g/10 g protein,
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Figure 42: Optical density measured at 500 nm (OD500nm) of powder suspensions as a function of
added lactose, L/P. After dry heating at 100 °C for 1 h (<), 3 h (O), 36 h of dry heating (@) and 96 h of
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Figure 43: Micrographs of microparticles present in suspensions as observed by confocal laser scanning
microscopy after dry heating (DH) at 100 °C for 3 and 36 h as a function of added lactose. The
microparticles obtained by DH for 96 h without any added lactose or by DH for 1 h with the highest
level of added lactose are also shown. The bar represented 100 um. Only 2 representative micrographs
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Figure 44: Clarification of suspensions and sedimentation of whey protein microparticles produced by
36 h of dry heating at 100 °C as a function of the added lactose, L/P. A: Rate of clarification of the
suspensions. B: Photographs of powder suspensions after 15 d of sedimentation at 20 °C.............. 167

Figure 45: Yield and moisture content of microparticles evaluated in the pellet obtained by
centrifugation at 10000 g for 15 min at 20 °C as a function of added lactose, L/P. A: dry weight of pellet
for 1 g of powder (in g/g); B: water content of microparticles in g per 1 g of microparticle; C: wet weight
content of pellet for 1 g of powder (in g/g). After dry heating at 100 °C for 1 h (¢), 3 h (O), 36 h of dry
heating (@) and 96 h of dry heating ([). ....ccceceeiie et te e re e e e snae e 168

Figure 46 : Micrographies et aspect des suspensions préparées avec la poudre d’isolat de protéines
sériques sans (A) et avec L/P= 0,21 g/10 g (B) en fonction du temps d’étuvage, obtenues par
microscopie confocale. Les photos des suspensions ont été prises apres 3 j de décantation naturelle
des AMI a 20 °C. Les fleches rouges indiquent le niveau de décantation des AMI dans les tubes. Les
accolades vertes montrent la présence de mousse en surface des suspensions. Les barres représentent

Figure 47 : Micrographies obtenues par CLSM de la mousse prélevée en surface de la suspension de
poudre étuvée 36 h avec L/P= 0,21 g/g, décantée naturellement pendant 24 j, avant (A) ou aprés (B)
addition d’une solution de poudre d’IPS a ~25 g de protéine/100 g de poudre. .......cceeeevveecvveeereenns 176

Figure 48 : Rendements secs (DY) (A), teneurs en eau (WC) (B) et rendements humides (WY) (C) des
AMI en fonction du temps d'étuvage de la poudre d’isolat de protéines sériques sans ajout de lactose
(-lactose ; symboles ouverts) et avec ajout de lactose a L/P= 0,21 g/10 g (+lactose ; symboles fermés).

Figure 49 : Protéines natives résiduelles (NP) dans les suspensions de poudre sans ajout de lactose (-
lactose ; symboles ouverts) et avec ajout de lactose a L/P = 0,21 g/10 g de poudre (+ lactose ; symboles
fermés) en fonction du temps d'étuvage. Les quantités de protéines natives résiduelles ont été
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calculées comme la somme des quantités de Blg et alac natives évaluées par RP-HPLC dans les
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Figure 50 : Indices de brunissement (Bl) des poudres étuvées 0 h (o) et 36 h (0), en fonction de la
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obtenus apres 36 h d’étuvage a 100 °C de la poudre a pH 9,5, en fonction de la proportion en poudre
de caséine. Le cercle rouge correspond a la poudre de caséine micellaire et les cercles bleus
correspondent aux mélanges réalisés avec la poudre d'isolat de protéine sérique et de caséinate de
sodium. L’insert en A montre la corrélation entre le DY et le WC, en fonction de |la proportion en poudre
Lo [l ot 1Y =1 g = | (SRSt 195

Figure 56 : Blg (0) et alac (A) natives résiduelles quantifiées par RP-HPLC a O h (traits en pointillés) et a
36 h d’étuvage a 100 °C de la poudre a pH 9,5 (traits pleins). Les résultats sont exprimés pour 100 g de
PS totales présentes dans (€S POUAIES. ......ccceiiiieiriiieniie ettt e s ree s enees 196

Figure 57 : Gonflement d’une particule de poudre de caséinate de sodium étuvée 36 h a 100 °C et a pH
9,5 dans de I’eau désionisée, observé pendant 20 secondes au microscope a contraste de phase (obj x

Figure 58 : Activités de I'eau (aw) (A) et indices de brunissement (BI) (B) des poudres de Blg (e), de
Blg+lac (e), de Blg+CasNa (@) et de Blg+CaCl2 (®) en fonction du temps d'étuvage. ........cccveeveennnee. 208

Figure 59 : Distribution de taille des particules de poudre avant I'étuvage déterminées au QICPIC des
poudres de Blg (e), de Blg+lac (e), de Blg+CasNa (®) et de Blg+CaCl2 (®) ; distributions de taille des
AMI en suspensions issus de la poudre de Blg+lac étuvée a 100 °C pendant 3 (... ), 12 (---) et 36 h (---)
déterminées a I'aide du Mastersizer. Les inserts correspondent au diameétre moyen en volume ([D4,3])

21



LISTE DES TABLEAUX ET DES FIGURES

des particules de poudre et des AMI en suspension. Les échantillons ayant une lettre différente sont
statistiquement différents (P <0,05). ..cuueeecrieeiiieriee et e ecieeesreesee e sreeesreesteeesreessseeesnseesnseesseeesnseeanns 209

Figure 60 : Densités optiques des suspensions a 500 nm (0D500 nm) en fonction du temps d'étuvage
des poudres de Blg (e), de Blg+lac (e), de Blg+CasNa (e) et de BIg+CaCl2 (®).....ccceevvveeeevrreeeeirreennn. 210

Figure 61 : Photographie des culots P1 obtenus aprés centrifugation de 2 g des suspensions SO
contenant 10 g de poudre/kg de suspension préparées a partir de la poudre Blg+lac étuvée a 100 °C
PENAANT 0, 3, 12 €1 36 . ceviiiiiiiiie et e e e et e e s et e e e e et e e e e e bt ae e e s baaeeeenrtaeeeennes 211

Figure 62 : Micrographies des suspensions d’AMI réalisées avec les poudre de Blg (A), de Blg+lac (B),
de Blg+CasNa (C) et de Blg+CaCl2 (D) étuvées 0, 3, 12 et 36 h observées au CLSM avec un obj x20 (barres
=100 um) entre 0 et 5 um de la lamelle. Les photos sont représentatives de I'ensemble de I’échantillon
ODSEIVE. ittt ettt ettt sttt sa e st be sttt e s be e s bt e e st e e s bt e e shbe e s be e e aba e et e e e a b e e s baeenhbeesabeesbbeenabaenan 212

Figure 63 : Rendement sec (DY) (A), teneur en eau (WC) (B) et rendement humide (WY) (C) en fonction
du temps d’étuvage de [a poudre de BIGHIAc. ..o 214

Figure 64 : Quantités de Blg native résiduelle (A) et d’assemblages et protéines dénaturées solubles
(SDAP) (B) en fonction du temps d’étuvage des poudres de Blg (e), de Blg+lac (®), de Blg+CasNa (@) et
Lo 1N ] = = T 1A ) OO RN 216

Figure 65 : Profils RP-HPLC de la B-lactoglobuline (variant A et B) présente dans les fractions solubles a
pH 4,6, obtenues a partir des poudres de Blg (A), Blg+lac (B), Blg+CaCl2 (C) et Blg+CasNa (D) étuvées a
100 °C pendant 0, 3, 12 et 36 h. L'intensité des couleurs diminue avec I'augmentation du temps de
I’étuvage. La courbe en pointillé correspond a un témoin de B-lactoglobuline initiale non traitée. . 217

Figure 66 : Teneur en eau (WC) des AMI produits avec la poudre Blg+lac (courbe rouge) et avec la
poudre d'IPS (courbes noires) lyophilisée (trait plein) ou pulvérisée (trait en pointillé), en fonction du
10T ] T e I <Y (U AV V=L TSP PT 222

22



INTRODUCTION GENERALE

A.INTRODUCTION GENERALE

23



INTRODUCTION GENERALE

Le lait est un liquide sécrété par les glandes mammaires des mammiféres femelles pour la nutrition
des nouveau-nés. C'est un aliment parfaitement adapté a leurs besoins. Depuis la naissance de
I"agriculture et du développement de I'élevage des animaux, le lait et les produits dérivés du lait tels
gue les yaourts, les fromages et le beurre font partie du régime alimentaire humain, méme a I'age
adulte. La consommation de produits laitiers est trés importante a travers le monde. En France, la
consommation humaine en 2015 par habitant est de 51,5 kg de lait, 26,8 kg de fromages et 8,0 kg de
beurre (Tableau 1). En France, la filiére du lait présente un chiffre d’affaires de 31,9 milliards € en 2014

(CNIEL, 2017), ce qui la classe au 2¢™ rang des industrie agro-alimentaire, juste aprés la viande.

Le lactosérum est un liquide jaune pale issu du caillé lors de la fabrication du fromage au cours de
I’opération d’égouttage. Il est constitué majoritairement d’eau mais contient aussi des protéines et du
lactose. Il est trés pauvre en matiere grasse. Il a longtemps été mal valorisé, en étant soit utilisé pour
la consommation animale, soit jeté ou déversé dans des cours d’eau, alors qu’il est trés polluant, car il
est riche en matiéres organiques. Depuis I'apparition des nouvelles technologies telles que la filtration
tangentielle sur membranes, les principaux constituants du lait peuvent étre fractionnés, permettant
I’élaboration de produits d’intéréts, tels que les concentrés et les isolats de protéines sériques. Par
exemple, le sérum du lait est séparé de la fraction de protéines appelées caséines par microfiltration
sur des membranes et les protéines restantes, appelées protéines sériques, sont concentrées sur des
membranes d’ultrafiltration. Ces protéines sont en effet reconnues pour avoir de bonnes propriétés
nutritionnelles et fonctionnelles (Ha and Zemel, 2003; Kinsella and Whitehead, 1989; de Wit, 1998).
On retrouve parmi les propriétés fonctionnelles des protéines sériques, les propriétés gélifiante,

moussante et émulsifiante.

Une fagon d’améliorer les propriétés fonctionnelles des protéines sériques est de produire des
assemblages protéiques par le biais notamment de la dénaturation thermique. Les conditions de
chauffage permettent de controler les propriétés structurales des assemblages thermo-induits qui
vont leur conférer des propriétés fonctionnelles. De plus, les multi-fonctionnalités de ces assemblages
protéiques semblent prometteuses pour développer de nouveaux produits, par la création de
nouvelles textures par exemple, mais aussi pour substituer les additifs de nos produits laitiers, et ainsi,

tendre vers des produits 100 % laitiers.
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Tableau 1 : La consommation humaine par habitant des principaux produits laitiers dans le monde

en 2015 (CNIEL, 2017).

Chine

Inde (1)
Etats-Unis
Brésil

Russie
Mexique
Japon (1)
Egypte
Allemagne
Iran

Turquie
Royaume-Uni
France

Italie

Afrique du Sud
Corée du Sud
Colombie
Espagne
Ukraine
Argentine
Pologne
Canada
Australie (2)
Chili
Kazakhstan
Pays-Bas

Zimbabwe

Millions

d’habitants

1372
1314
322
204
144
127
127
92
81
79
77
65
64
63
53
51
48
46
45
42
39
36
24
18
18
17
15

Lait liquides
(kg par habitant)

18,7
45,5
69,7
44,7
34,4
28,8
30,5
18,5
54,2
27,2
17,8
102,3
51,5
47,8
35,9
32,5
37,7
80,5
21,5
47,0
38,9
72,8
106,9
24,4
27,8
45,3
2,6

(1) par campagnes laitieéres d’avril a mars de I’'année suivante.
(2) par campagnes laitieres de juillet a juin de I'année suivante.
N.B. : pour la plupart des pays, il s’agit d’un calcul de consommation apparente (production + imports — exports).
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Beurre
(kg par habitant)
0,1
3,8
2,6
0,4
2,3
0,8
0,6
0,8
6,0
1,0
0,9
3,2
8,0
2,4
0,5
0,2
0,2
0,4
2,0
0,9
4,3
2,8
3,9
1,4
1,3
3,0
0,0

Fromages
(kg par habitant)
0,1

16,0
3,8
5,7
3,8
2,2
4,3

24,6
4,7
8,3

12,1

26,8

21,5
2,0
2,6
1,3
8,9
4,2

12,9

16,1

12,6

13,4
9,1
2,6

18,1
0,6

25



INTRODUCTION GENERALE

Les additifs alimentaires sont des substances qui sont ajoutées en petite quantité dans les denrées
pour des raisons technologiques ou pour améliorer certaines caractéristiques. lls sont souvent trés mal

pergus par les consommateurs. lls permettent notamment :

d’aider a la conservation en empéchant le développement des micro-organismes indésirables,

de réduire les phénomeénes d’oxydation qui peuvent mener notamment a des changements

de couleur des produits alimentaires non désirables et au rancissement des matieres grasses,

d’améliorer la sapidité des denrées,

d’améliorer ou de maintenir la texture des denrées.

Il existe un nombre trés important d’additifs alimentaires, qui sont recensés par un code
alimentaire (Exxx). Cependant, de plus en plus d’additifs sont reconnus pour étre néfastes ou
potentiellement néfastes pour la santé. Ajouté a cela, de nombreux scandales alimentaires viennent
entacher la qualité nutritionnelle des produits alimentaires industriels. L'une des tendances
alimentaires actuelles est de se nourrir plus sainement et avec des produits plus naturels, et donc de

réduire I'’emploi de ces additifs.

En 2014, un projet nommé PROFIL, « Assemblages PROtéiques multi-Fonctionnels pour
I'Innovation en industrie Laitiere » a été créé, dans le but de répondre aux enjeux de la transformation
laitiere francaise et d’améliorer la valorisation des protéines laitiéres. Ce projet regroupe des acteurs
du secteur privé et du secteur public dans le domaine des produits laitiers, dans le but d’acquérir et de
capitaliser des connaissances utilisables en entreprises. Il met en lien 10 partenaires industriels
(Sodiaal, Lactalis, Savencia Fromage & Dairy, CF&R, Bel, Laita, Laiterie de Montaigu, Sill, Eurial et
Coopérative d’Isigny) et 5 partenaires académiques (Inra UMR STLO et UR BIA, Oniris, Université de
Bretagne Occidentale, Université du Maine et Université de Rennes 1). Il est supporté financierement

par les Régions Bretagne et Pays de la Loire.
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Les objectifs du projet PROFIL sont :

- de donner de la valeur ajoutée aux protéines laitieres,

- d’exploiter les propriétés multi-fonctionnelles des protéines laitieres pour remplacer les
additifs alimentaires et créer des produits laitiers 100 % d’origine laitiere, afin de répondre aux
attentes des consommateurs,

- de mettre en évidence des pistes d’innovation en vue de créer de nouveaux produits laitiers.

La durée du projet est de 6 ans. Il regroupe 11 théses réparties en quatre grands axes de travail

(Figure 1).
/Créev de nouvelles fonctionnalités Fonctionnaliser les protéines D
a propriétés antifongiques. lait pour améliorer les propriétés
de texture des produits laitiers.

Axe 1 Mill ‘ Axe 3

Axe 2 ' Axe 4
Fonctionnaliser les protéines Concevoir des assemblages
du lait pour améliorer les protéiques fonctionnalisés pour
propriétés émulsifiantes et la vectorisation de molécules

!mussantos des produits laitiers. d'intérét. j

Figure 1 : Les quatre axes de recherche du projet PROFIL (https://www.pole-agro-ouest.eu/projet-
profil/).

Cette thése fait partie de I'axe 3, visant a I'amélioration les propriétés de texture des produits
laitiers. Des assemblages thermo-induits de protéines sériques produits en chauffant ces protéines en
voie liquide, ayant des propriétés fonctionnelles remarquables, telles que des propriétés texturantes,
ont été tres étudiés (Akkermans et al., 2008; Famelart M.H. et al., 2011; Nicolai et al., 2011a;
Vardhanabhuti and Foegeding, 1999). Beaucoup moins d’études ont été entreprises sur le chauffage
des protéines en voie seche, c’est-a-dire en chauffant directement la poudre de protéines. Pourtant, il

a déja été montré que I'étuvage de protéines alimentaires telles que les protéines de blanc d’ceuf et
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de soja améliore leurs propriétés fonctionnelles. Des poudres commerciales de blanc d’ceuf chauffées
en voie séche, c’est-a-dire étuvées, qui possedent de remarquables propriétés de gélification thermo-

induite ou d’émulsification existent déja.

Dans ce contexte, I'objectif de cette thése est de déterminer le mécanisme de formation d’'un
nouveau type d’assemblages de protéines sériques, produits par I'étuvage d’'une poudre d’isolat de
protéines sériques a pH 9,5 et d’étudier certaines des propriétés physico-chimiques et fonctionnelles
de ces assemblages. Ces assemblages sont nommés « assemblages micronique » (AMI) ou en anglais

« whey protein microparticles » (WPM).

Ce manuscrit est divisé en quatre grandes sections :

- La premiére section est consacrée a une revue de la littérature concernant les travaux sur
I’étuvage des protéines sériques.
- La seconde section décrit le matériel et les méthodes utilisés lors de cette these.
- La troisieme section décrit les résultats et discussions. Elle est composée de cing grands
chapitres :
1) Le chapitre 1 présente la formation des assemblages de protéines sériques par
I’étuvage d’une poudre lyophilisée d’isolat de protéines sériques a pH 3,5, 6,5 et
9,5.
2) Le chapitre 2 étudie la formation des assemblages microniques au cours du temps
d’étuvage d’une poudre pulvérisée d’isolat de protéines sériques a pH 9,5.
3) Lachapitre 3 étudie le role du lactose sur la formation des AMI.
4) Le chapitre 4 étudie le role des caséines sur la formation des AMI.
5) Le chapitre 5 vise a approfondir le mécanisme de formation des assemblages
microniques a partir d’'une poudre de B-lactoglobuline pure.
- Finalement, la quatrieme section présente les conclusions générales ainsi que les perspectives

de ce travail.
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1. LES PROTEINES DU LAIT

Du point de vue physico-chimique, le lait est un mélange tres complexe. Il contient notamment
des protéines, les lipides, du lactose, les minéraux et des vitamines (Figure 2). Sa composition est aussi
variable, entre autres selon les espéces animales productrices, selon la saison, selon ['état
zootechnique des animaux et selon leur alimentation. Dans le lait bovin, les protéines représentent 3,2

% (p/p) du poids du lait. Dans ce travail, nous nous limiterons a décrire le lait bovin.

3,2

0,7
3,9

4,6

= Eau

= Lactose
Lipides

= Protéines

= Cendre

Figure 2 : Composition du lait bovin d’aprés Wong, Jenness et al. (1988). Les chiffres sont exprimés
en g/100 g de lait.

Les protéines du lait sont divisées en deux principaux groupes : les caséines et les protéines
sériques (Tableau 2). Les caséines se différencient des protéines sériques par le fait qu’elles précipitent
a pH 4,6 a 20 °C. Les caséines représentent environ 80 % (p/p) des protéines du lait bovin, contre

environ 20 % (p/p) pour les protéines sériques.
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Tableau 2 : Composition en protéine du lait bovin (Wong et al., 1988) et quelques propriétés de ces
protéines (Mathieu, 1998).

Caséines | Protéines sériques

B-caséine
Ols2-caséine
a-lactalbumine

Concentration dans le lait (g/kg)
Poids moléculaire (kDa)

Nombre de résidus d’acide aminé
Nombre de résidus lysine (par mole)
Nombre de résidus cystéine (par mole)

Point isoélectrique (pl)

1.1 LES CASEINES

Les caséines sont les protéines les plus abondantes du lait. Il existe principalement quatre
caséines : caséine s, caséine as, caséine B et caséine k dans les proportions 4:1:3:1. Elles sont
présentes dans le lait sous la forme de particules colloidales, appelées « micelles de caséine » dont le
diametre varie d’environ 30 nm a plus de 600 nm, avec une valeur moyenne d’environ 200 nm.

(McGann et al., 1980) (Figure 3).

Figure 3 : Structure d’une micelle de caséine observée par microscopie électronique (Martin et al.,
2006).
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Les caséines sont des phosphoprotéines. Elles possedent des groupements phosphates liés a la
chaine latérale de résidus sérine. Ces résidus de phosphosérines permettent aux caséines de se lier
avec des ions calcium ou d’autres métaux alcalino-terreux. Un assemblage de calcium et de phosphate
sous forme de nanoclusters est aussi lié aux phosphosérines et serait impliqué dans la structure de la
micelle de caséine. La teneur en proline des caséines est particulierement élevée, ce qui limite la
formation d’hélice a et de feuillets B (Mathieu, 1998). De plus, les caséines contiennent peu de résidus
cystéines, limitant le nombre de ponts disulfures intramoléculaires. La structure des caséines est
ouverte et flexible et rappellerait celle d'une protéine dénaturée (Holt and Sawyer, 1993; Mathieu,

1998).

2 S RO B N S S R S et ess s eeeees s ess s ees s enees s
Contrairement a la caséine, les protéines sériques (PS) sont solubles a pH 4,6. Les deux protéines
sériques les plus abondantes sont la B-lactoglobuline (Blg) et I'a-lactalbumine (alac), deux protéines

de structure globulaire synthétisées par la glande mammaire. D’autres protéines sériques sont issues

du compartiment sanguin et sont présentes en quantités mineures dans le lait.

1.2.1 B-LACTOGLOBULINE

La Blg est la protéine majeure des PS du lait. Elle est présente dans le lait a une concentration de
3,1 g/kg. Sa masse moléculaire se situe autour de 18,3 kDa et elle est composée de 162 acides aminés.
Il existe plusieurs variants génétiques de la Blg, mais les isoformes A et B sont les plus communes. Les
Blg A et B se différencient seulement par la substitution de 2 acides aminés. La Blg présente un haut
degré de structuration, du fait d’'une présence importante de feuillets B (Figure 4). Elle possede 5
résidus cystéines, dont 4 sont impliqués dans des ponts disulfures (SS). Les ponts SS sont aux positions
66-160 et 106-121 ou 106-119 (Papiz et al., 1986). La fonction thiol de la cystine qui n’est pas impliquée
dans un pont disulfure, se trouve prés du corps hydrophobe de la protéine, et n’est pas accessible dans

la Blg native.

Au pH du lait, la Blg se présente sous la forme de dimére. Les deux monomeres sont maintenus
entre eux par des interactions non-covalentes. En fonction du pH, elle est dans différents états

d’oligomérisation. A pH 2, elle est sous la forme de monomere. Entre pH 2 et 3, elle se dimérise, entre
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pH 3 et 5 elle se tétramérise et conduit a la formation d’octaméres, et entre pH 5 et 7,5 la forme

dimérique est prédominante (Casal et al., 1988a).

Au-dela de pH 7,5, la Blg se dissocie en monomeéres. A un pH proche de 7,5, la Blg native subit un
changement de conformation réversible (Tanford et al., 1959). Cette transition est connue comme la
« transition de Tanford ». Elle induit I'exposition et I'ionisation du groupement carboxyle du résidu
glutamate en position 89, une augmentation anormale de la réactivité du groupement sulfhydryle du
résidu cystéine en position 121 et un changement de I’environnement d’un résidu tyrosine (Brownlow
et al., 1997; Dunnill and Green, 1966; Qin et al., 1998). Différents auteurs relatent un déplissement de
la Blg pour des pH supérieurs ou égaux a 9. Monahan et al. (1995) relatent un déplissement extensif
de la Blg a pH 9 et 11 a température ambiante. Taulier et Chalikian (2001) mentionnent un
déplissement irréversible mais partiel de la Blg pour des pH supérieurs a 9, ainsi qu’une perte de la

structure tertiaire de la Blg, augmentant la flexibilité de la chaine carbonée.

A pH 2 9, la dissociation des dimeres de Blg en monoméres devient irréversible et des
polymérisations sont probables du fait du caractere nucléophile du groupe sulfhydryle a ces pH (Cayot

and Lorient, 1998).

Figure 4 : Structure secondaire et tertiaire d’'un monomeére de B-lactoglobuline (Brownlow et al.,
1997). Les hélices a sont colorées en bleu et les feuillets B en rouge.
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1.2.2 oa-LACTALBUMINE

L’alac est la deuxiéme protéine majeure des PS. Elle est présente dans le lait a une concentration
~1,2 g/kg. C’est une protéine globulaire de 123 acides aminés, de masse molaire de 14,2 kDa et de pl
~4,3. C'est une protéine monomérique. Elle possede 8 résidus cystéine, tous impliqués dans 4 ponts
SS et ne possede donc pas de groupement thiol libre. Les ponts SS se retrouvent aux positions 6-20,
28-111, 77-73 et 61-91. La structure de I'alac est représentée dans la Figure 5. Elle est stabilisée par la
présence des ponts SS, mais aussi par la présence d’un ion bivalent, I'ion calcium. L'alac peut étre
présente sous deux formes, holo et apo, avec ou sans ion calcium, la forme holo étant la plus
abondante dans le lait. A pH < 4, le résidu aspartate est protoné et perd son aptitude a lier le calcium

(Boland, 2014; Cayot and Lorient, 1998).

La structure de I'alac est trés semblable a celle du lysozyme de blanc d’ceuf. Le nombre d’acides
aminés est quasiment identique et il est possible d’identifier 40 acides aminés communs et 27 autres
qui sont similaires. Les 4 ponts disulfures qui structurent ces 2 protéines sont aussi dans des positions

identiques (Brew et al., 1967; Cayot and Lorient, 1998).

Figure 5 : Structure secondaire et tertiaire de |'a-lactalbumine en présence de d’ion calcium
(Bushmarina et al., 2005). Les hélices a sont colorées en bleu et les feuillets B en vert. Les quatre
ponts disulfures sont représentés en jaune, I'ion calcium en rouge et les chaines latérales impliquées
dans la liaison du calcium en orange.
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1.2.3 LES PROTEINES MINEURES

Ces protéines sont dites mineures car elles ne sont présentes qu’en faible quantité dans le sérum
de lait. Il n’en reste pas moins qu’elles jouent des roles importants. On y trouve parmi elles les
immunoglobulines, la sérum albumine bovine, la lactoferrine et des enzymes telles que la
lactoperoxydase, la phosphatase alcaline, la plasmine et la catalase. Les immunoglobulines sont des
glycoprotéines avec des activités d’anticorps (Ribadeau-Dumas, 1981). La sérum albumine bovine est
connue pour transporter les acides gras insolubles dans le sang (Morr and Ha, 1993). La lactoferrine
est une glycoprotéine qui peut fixer deux ions Fe*. Elle permet le transport du fer, mais jouerait aussi
un réle bactériostatique dans le lait en privant certains micro-organismes du fer disponible (Cayot and

Lorient, 1998).

2. LE CHAUFFAGE DES PROTEINES SERIQUES

L’application d’un traitement thermique a une température supérieure a la température de
dénaturation de la protéine conduit a sa dénaturation. La dénaturation des protéines, au sens stricte,
consiste en la rupture des liaisons de faible énergie, entrainant une modification des structures
guaternaire, tertiaire et secondaire des protéines. Mais le terme « dénaturation » peut aussi s’étendre
a d’autres types de modifications des protéines, comme I’établissement de liaisons intra- et inter-
moléculaires donnant lieu a une réticulation ou la fixation d’éléments étrangers aux protéines. Dans
ce cas, il y a modification des structures primaire et secondaire, mais la conformation des protéines

n’est pas forcément modifiée.

Dans la suite de cette these, la dénaturation sera prise au sens large et concernera I'ensemble des

modifications qui ont lieu sur les structures primaire, secondaire, tertiaire et/ou quaternaire.

2.1 CHAUFFAGE EN VOIE LIQUIDE e eeesresemessssseessssssssssssmsssssssssmmssssssssmmssssssesssmmssasss

Les PS sont moins stables face au traitement thermique que les micelles de caséines. En effet, ces
derniéres n’ayant pas de structure a proprement parler, elles ne sont pas dénaturables. Par contre, le
traitement du lait au-dessus de 60 °C provoque des changements conformationnels des PS, menant a

la perte de leur structure native. La dénaturation de la Blg devient irréversible au-dessus de 65 °C a pH

7 (Boland, 2014). La température de dénaturation de l'alac est de 65 °C a pH 6,7. Cependant, la
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dénaturation de I'alac est réversible jusqu’a 80 °C. De ce fait, I'alac est la protéine sérique la plus

résistante a la dénaturation thermique (Cayot and Lorient, 1998).

La premiere étape de la dénaturation de la Blg est la dissociation du dimére en monomere. Ensuite,
les monomeéres se déploient partiellement, entrainant une exposition en surface de la molécule du
groupement sulfhydrile (SH) et des groupements hydrophobes enfouis au cceur de la molécule native.
Ces démasquages entrainent la formation de liaisons hydrophobes et des échanges de groupes SS/SH

intermoléculaires conduisant a la formation d’agrégats (Sawyer, 1968).

La température et le taux de dénaturation de la Blg varient selon la vitesse de chauffage, la
concentration en protéine, le pH et la force ionique (Croguennec et al., 2004; Law and Leaver, 1997,
2000; Nicolai et al., 2011a; Qi et al., 1995). A pH basique, la réactivité des groupements thiols est
augmentée, facilitant les échanges SS/SH, du fait de la proximité du pK d’ionisation de la fonction SH,
qui est de I'ordre de 11 (Kella and Kinsella, 1988). La force ionique joue aussi un réle sur la stabilité
thermique des PS. En effet, les sels peuvent diminuer les répulsions électrostatiques entre les
protéines et ainsi favoriser leur agrégation par interactions entre les groupes hydrophobes démasqués

(Cayot and Lorient, 1998).

En fonction des conditions de chauffage, il est possible d’obtenir une variété d’agrégats de
structures, propriétés physico-chimiques et techno-fonctionnelles différentes (Nicolai et al., 2011a).
La Figure 6 illustre différents types de structures d’agrégats de PS thermo-induits obtenus a différents
pH : des agrégats de PS thermo-induits correspondant a des longs brins rigides a pH 2,5, des petits
brins courbés a pH 5,8 et des spheres a pH 7,0. L’association des petits brins courbés peut mener a des
agrégats de grandes tailles, de 50 a 200 nm, couramment nommés agrégats fractals (Donato et al.,

2009).
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Figure 6 : Micrographies d’agrégats de Blg formés a pH 2,5 avec un traitement thermique a 90 °C
pendant 300 min (A), a pH 5,8 avec un traitement thermique a 85 °C pendant 15 min (B) et a pH 7,0
avec un traitement thermique a 85 °C pendant 15 min (C), obtenues par microscopie électronique a
transmission a coloration négative (Jung et al., 2008).

2.2 CHAUFFAGE EN VOIE SECHE
Tandis que beaucoup d’études ont été dédiées au chauffage des protéines en solution, beaucoup
moins d’études se sont intéressées au chauffage des protéines par étuvage. Pourtant, depuis que Kato

et al. (1989) ont démontré que I'étuvage des protéines de blanc d’ceuf permet I'amélioration des

propriétés fonctionnelles de ces protéines, ce procédé est tres commun dans I'industrie de I'ceuf.

2.2.1 REVUE BIBLIOGRAPHIQUE : « DRY HEATING OF WHEY PROTEINS »

Cette partie présente les études scientifiques qui ont été menées sur I'étuvage des PS, en
mettant I'accent sur les propriétés fonctionnelles qui en résultent. Dans un premier lieu, nous nous
sommes concentrés sur les conditions d’étuvage favorisant la glycation des PS avec de faible taux de
dénaturation, puis dans un second temps, nous nous sommes focalisés sur les conditions d’étuvage

favorisant la dénaturation et I'agrégation des PS.

Cette revue a été publiée dans le journal « Food Research International » (article 1).
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ARTICLE INFO ABSTRACT

Keywords: Whey protein products are of widespread use as food ingredients because of their high nutritional, biological and functional
Dry heating properties. Whey proteins are important structural components in many foods as used in their native form, for example for their
Whey protein heat-induced gelation abilities. Furthermore, they also offer reliable functionalities when modified by heating processes as
Functiona}ity denatured or aggregated proteins. Heat treatment of whey proteins in a liquid state has received much attention in recent years.
2;21;21:1? While dry heating of whey proteins, say heating whey proteins in the dry state, is frequently cited in the literature as a potential
Glycation and efficient means to improve the functional properties of proteins, it has received very little attention. We report first on the

dry heating of whey products as applied to promote glycation of whey proteins with a low denaturation, and second, to promote

their denaturation and aggregation and on their consequences on the functional properties of whey proteins.

1. Introduction

Dry heating of whey proteins or heating a whey protein powder has received
very little attention, while dry heating of hen egg white is very commonplace
in the egg industry. It was first applied on egg white at 55-65 °C for 3-5 days
for its pasteurisation, because it allows reaching higher temperatures for egg
white than in a liquid state without destabilization. But, since Kato, Ibrahim,
Watanabe, Honma, and Kobayashi (1989) demonstrate that it improves the
functional properties of egg white, the food-processing industry widely uses
the dry heating of hen egg white at 65-85 °C for 7-14 d (Nau, Guérin-Dubiard,
Baron, & Thapon, 2010). It is mostly applied in rooms at a regulated
temperature and relative humidity (RH) to avoid an excessive decrease in the
powder moisture.

The temperature and time of the dry heating are essential parameters, as the

content in saccharides, the pH and the water activity (aw) of the powder. While
heating in solution is applied at relative high temperature for short time (60-95
°C less than one h), dry heating uses generally lower temperatures (50-80 °C)
for longer time (h to days). However, some dry heating studies use higher
temperatures (100—130 °C) for shorter time (O'Mahony, Drapala, Mulcahy, &
Mulvihill, 2017). In research studies, pH and composition of the reactants are
adjusted in the liquid state, the mixture is generally freeze-dried and the powder
is usually adjusted at a known initial RH or aw, by storage in selected saturated
salts, for example. The power is then dry heated in an oven, in tightly sealed
glass tubes. In that process, only the initial aw is controlled and can evolve, due
to the potential accumulation of water by the Maillard reaction. In some studies,
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the whole equipment controlling the aw is introduced in the oven and the aw is
controlled all along the process. We will report once on dry heating applied on
mixtures of whey protein isolate and saccharide powders (Hiller & Lorenzen,
2010). Moreover, it has been said that dry heating produces a limited protein
denaturation (Augustin & Udabage, 2007; Morgan et al., 1999) at a temperature
lower than the glass transition temperature (Tg) range (~75 to 120 °C for whey
protein isolate (WPI) or Blactoglobulin (Blg) at aw from 0.64 to 0.23, respec-
tively (Zhou & Labuza, 2007)) and this is why an increasing number of studies
are devoted to the dry heating as a mean to increase the functional properties
of milk proteins. According to Zhou and Labuza (2007), denaturation
temperature (Td) at low water contents of WPI or Blg are from 96 to 180 °C at
aw 0.85 to 0.11, respectively, a much higher value than in the liquid state.

As the dry heating of whey proteins is an efficient way to produce glycated
proteins, and as Maillard type-glycated proteins could carry biological and
techno-functional benefits, we report on that technology as studied on whey
proteins in scientific papers. To our knowledge, there are no recent reviews that
deal with the dry heating of whey proteins and their consequences on functional
properties of proteins.

We report first on studies on dry heating applied for glycation reaction.
Moreover, we report on studies of dry heating as a process that induces
aggregation of whey proteins, either as detrimental or desired. Although the
processes of glycation and aggregation are intimately related, because glycation
is generally the first step of both, the former studies are conducted with added
reducing sugar with the aim to limit the structural modifications of whey
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proteins, such as their aggregation and the production of brown colour, while
the latter are conducted in conditions promoting denaturation and aggregation
of proteins, generally without adding sugar and at higher temperature and time
of dry heating. We have divided these parts in a section presenting the con-
ditions applied during the dry heating and a section on consequences of dry
heating on the functional properties of proteins. To help the reader, the section
on the conditions applied during glycation is also divided in treatments at

"

1999; Morgan,

temperatures lower and higher than 50 °C. Regardless of the aw or RH value of
the experiment, temperatures lower than 50 °C are lower than the Tg of the WPI
powders, and protein mobility and reactions rates are significantly reduced and
vice versa (Zhou & Labuza, 2007).

1999; Morgan et al.,

2. Dry heating in conditions promoting the glycation of whey
proteins

2.1. Generalities

Moll¢, & Bouhallab, 1999French,Harper Kleinholz,Jones, & Green-Church, 200

Heating proteins in the presence or with traces of a reducing sugar often leads
to Maillard reactions (Augustin & Udabage, 2007). These reactions constitute
a very complex network of reactions with diverse pathways. At the beginning,
a reducing sugar such as lactose condenses with a compound possessing a free
amino group, like the e-group of lysine or the a-amino group of terminal amino
acids, to form N-substitute glycosylamine. Then, glycosylamine undergoes the
Amadori re-arrangement to form ketosamines known as early glycation
products. Many further ways are then possible, leading either to reductones and
dehydroreductones, which are powerful antioxidants or to the Strecker
degradation or to the Schiff's base/furfural pathway with formation of water
and brown nitrogenous polymers and copolymers called mela-noidins that
constituted advanced glycation end-product or AGE (Martins, Jongen, & van
Boekel, 2000). As one of the products of the reaction is water, a high content
of water inhibits the reaction, and the reaction occurs most rapidly at

Medrano, Abirached, Panizzolo, Moyna, & Anén, 2009
Matsuda, Kato, & Nakamura, 1991

Corzo-Martinez, Moreno, Olano, & Villamiel, 2008
Yajima, Onodera, Takeda, Kato, & Shiomi, 2007

Luz Sanz, Corzo-Martinez, Rastall, Olano, & Moreno, 2007
Sun, Hayakawa, Puangmanee, & Izumori, 2006

Boland, Hill, Higgs, Haggarty, & Campanella, 1999

Morgan et al., 1998; Morgan et al.,
Enomoto et al., 2007 & 2009

References

Léonil,

RH (%)
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5
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50 & 100 (mol/mol)
10 & 100 (mol/mol)

1:1 (w/w)
1:1 (w/w)
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Ratio saccharide/
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13:1 (mol/mol)
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protein

intermediate value of aw, 0.5 < aw < 0.8, say for dried and intermediate-
moisture products (Ames, 1990).

An increasing number of studies reports on increased functional properties of
glycated proteins. Some recent reviews (Liu, Ru, & Ding, 2012; O'Mahony et
al., 2017) report on glycation of dairy proteins, by solid state or liquid heating
processes, but none on dry heating whey proteins for other aims than protein
glycation.

Prebiotic galactooligosaccharide (GOS)

Saccharide
Lactose
Lactose
Lactose & glucose
Lactose & lactulose
Galactose & tagatose
Xylobiose
Maltopentaose
Allose, fructose & glucose
Lactose

2.2. Conditions of dry heating and changes induced in the physicochemical
properties of proteins

2.2.1. Glycation at low or medium temperatures (T < 50 °C)

According to Martins et al. (2000), an increasing reactivity between sugar and
the nucleophilic amino groups is obtained at high temperature and in an alkaline
environment, as the amino groups are deprotonated and so, more nucleophilic.
Maillard reactions take place in solution or in solid state, provided a little
moisture is present, typically 60-80% RH (Kato, 2002). The number of
condensed sugars, the size of the polymers, the nature of the intermolecular
protein bonds and the properties of the protein polymer-sugar conjugates
depend on the nature of the sugar (Chobert, Gaudin, Dalgalarrondo, & Haertle,
2006). Many temperatures, adjusted pH, sugars, protein mixture and time of
dry heating have been tested, as shown in Table 1 and we will describe in more
details some of the physicochemical changes induced by these dry heating
experiments in the following.

Heat treatment of Blg B in the dry state at 50 °C in the presence of 100 mol
lactose/mol Blg leads to a family of conjugates with different numbers of bound
lactose. The mean number of bound lactose is dramatically higher in the dry
treatment than in the liquid treatment, even with higher lactose to Plg ratios or
longer heating times (French et al., 2002; Morgan et al., 1998; Morgan et al.,
1999; Morgan et al., 1999; Morgan et al., 1999). Indeed, the mean numbers of

Protein powder
WPI, WPC & milkpowder

Plg

plg

Blg or alac
plg

Plg

plg

Plg

Blg& alac
alac

<mediumtemperature( 50 °C)
pH adjustment before the

dry heating
7.0&7.2

9.
6-8

72
7

5
7
7.8
7
8.0

2-48 h
1-96 h
51&96h
0-10d
6d

23d

3d
12-48 h
18h-36d

Conditions of glycation at low or
Temperature (°C) Time

Table 1
50

50

50

50

40 & 50
4017d
40

50

50
30-75
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bound lactose are 7.7 mol/mol in 48 h and 2.2 mol/mol in 130 h, respectively
(Morgan et al., 1999; Morgan et al., 1999). One group (French et al., 2002) has
also tested an interesting way of glycation, first a dry heating step at 50 °C for
96 h, followed by a liquid state at 50 °C for up to 96 h that leads to very few
changes of protein glycoforms during the second heat treatment.

While the liquid treatment leads to the formation of high molecular weight
(Mw) species, the dry heating do not modify the polymerisation state of plg.
Only a slight increase in the sulfhydryl content and a modification of the
conformation of the AB loop region of the protein are reported after dry heating
(Morgan et al., 1998; Morgan et al., 1999; Morgan et al., 1999).

While by RP-HPLC/ESI-MS/MS 15 amino residues of Plg are found as
glycated (the Nterm and all the 15 lysine residues, apart the Lys101 that is hard
to analyse) (Morgan et al., 1999), by MALDI-TOFF, Leu| (NH2 terminal) and
the Argi24 are also found modified, and even the Argqo, Argi54 and Argi4s

and Lys47, Lys7s5 that can be di-alkylated with galactose (Fenaille, Morgan,
Parisod, Tabet, & Guy, 2004). Binding a sugar to lysine leads to a decrease in
the pKa of Blg, but again very few structural modifications are observed as
compared to the treatment in a liquid state (Fenaille, Morgan, Parisod, Tabet,
& Guy, 2003).

Medrano et al. (2009) tested the glycation of Blg with lactose or glucose by dry
heating at 50 °C. The degree of glycation increases with reaction time and sugar
molar ratio, with glucose only. These 2 factors have no effect with lactose as
sugar. Maximum surface hydrophobicity (SH) is lower for the glucose-lg,
while lactose-Blg and free Blg have close SH. The number of lactose bound on
Blg is 7 and 8, for 51 and 96 h of dry heating, respectively, in accordance with
the studies of Morgan et al. (1999) and Morgan et al. (1999), while they are 15
and 19 with glucose. Dry heating in the presence of lactose and glucose forms
oligomers. Blg can also be conjugates with lactulose, but at a lower rate than
with lactose (Matsuda et al., 1991) and with xylobiose (Yajima et al., 2007).
Plg was conjugated with aldose or ketose, i.e. galactose or tagatose, to study
the role of the position of the CO group on the sugar on the conjugation, the
property and the functionality of conjugates (Corzo-Martinez et al., 2008). The
reactivity of galactose in the early stages of the reaction is higher than that of
tagatose, as a larger number of galactose than tagatose bound to Plg, because
probably the aldehyde group of galactose is more electrophilic than the keto
group of tagatose. The conjugates are heterogeneous and have higher
hydrophilic characteristics due to the sugar bonding. They also have a higher
negative charge than native plg, due to the blocking of the basic group. They
also show a lower SH, but that can be due to the blocking of lysine and/or
arginine residues by the saccharides and as ANS, the hydrophobic probe used
to measure SH, has a slight affinity for these amino acids by electrostatic
interactions. Some additional aggregates also form during the conjugation, that
are more numerous and in higher amount with tagatose than galactose when the
conjugation is conducted at 40 °C. At 50 °C, a similar number of different
aggregates form with galactose than tagatose. A slight change in the
conformation is seen between native and conjugated forms of Blg at 50 °C,
while no changes are noticed at 40 °C, as observed by the intrinsic fluorescence
spectra of Blg.

Blg was glycated with prebiotic galactooligosaccharide (GOS) (Luz Sanz et al.,
2007). The level of free amino groups decreases to 20% in 12 d, while the
furosine - i.e. a compound formed by the hydrolysis of Amadori compound
(AC) used as an indicator of heat damage of dairy products - content increases
to 2.5 mg/100 mg of Blg in 16 d and then remains constant and the browning
begins to be significant after the 16th day. One trisaccharide, 2 tetrasaccharides
and a pentasaccharide are suspected to bind to Blg. The mean Mw of Blg
increases by 21% by glycation, and more dimers, and a trimeric form appear,
due to either an incomplete reduction of proteins with dithiothreitol during the
SDS-PAGE analysis or to polymerisation by bonds other than disulfide bridges.
The isoelectric pH value (pl) of conjugates decreases from 5.2-5.3 to almost
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pH 4.5 after 23 d of dry heating, with a larger charge heterogeneity than before
the dry heating and the hydrophilicity increases. Indeed, the pI ranges from pH
53t04.5.

When olactalbumin (olac) is dry heated at 50 °C in the presence of
maltopentaose (MP), 4 additional alac conjugates appear, with different
numbers of conjugated MP (Enomoto et al., 2009). The secondary structure of
alac is not modified by glycation, and only a slight increase in the Td was
reported. Glycation of alac with D-allose, a rare sugar, is faster than with p-
fructose or p-glucose (Sun et al., 2006). The main conjugates contain 2, 6 and
8 sugars for fructose, glucose and allose, respectively.

The patent from Boland et al. (1999) show results on the use of lactose as the
reducing sugar in the glycation of whey proteins. The glycation of protein is
not limited to whey protein concentrates or isolates as they also report on the
production of furosine from the storage at aw = 0.33 to 0.79 at 3040 °C for 6
to 36 days of a milk protein concentrate, or of whole or skim milk powder.

In conclusion, we would say that dry heating at temperature < 50 °C induces
the formation of a family of heterogeneous glycated conjugates of protein, and
to very few structural changes, as compared to the treatment in a liquid state
and that the level of glycation depends on the saccharide and the conditions
used during the treatment. Main consequences of this glycation are the re-
duction in the pI of the proteins and their increased hydrophilicity.

2.2.2. Glycation at high temperatures (T 2 50 °C)

Conditions of dry heating are summed up in Table 2. Many poly-saccharides
have been tested: mono, di, oligo, polysaccharides such as dextrans or
maltodextrin (MD) and even more complex gums, like acacia or corn syrup
gums.

The efficiency of sugars in Blg glycation is as follows: aldopentose >
aldohexose > disaccharide, with galactose > glucose, and lactose being the less
efficient sugar (Fenaille et al., 2003; Fenaille et al., 2003). While a significant
difference of efficiency is observed between glucose and galactose in the dry
state (Fenaille et al., 2003), it is not so different when the glycation is performed
in solution. Moreover, this difference between glucose and galactose observed
during solid-state glycation is rather hard to explain as the only difference
between these 2 hexoses is the position of the hydroxyl on the C4 carbon.
According to Fenaille et al. (2003) the reactivity of reducing sugars increases
with the level of mutarotation and the decrease in the carbohydrate size.

Increasing the aw during the dry heating of whey protein concentrate (WPC)
leads to an increase number of glycated lysine residues (Morgan et al., 2005).
Many studies aim at producing only partial glycation of proteins, or optimizing
the content in AC with the minimum powder browning and protein
polymerisation. Wang et al. (2013) characterize the modifications of protein
structures in WPI as induced by a partial glycation say with 1.4% loss in free
amine groups with 10 kDa dextran. Protein structures are characterized by high-
sensitivity surface enhanced Raman spectroscopy (SERS) and principal
component analyses. Spectra are significantly modified by this very low
glycation: a new sharp band is found for the conjugate at 983 em™ ! assumed by
the authors to be a marker of the early stages of the Maillard reaction, but
further investigations are needed to attribute this band to any vibration. More-
over, glycation leads to many changes in the protein conformation, first
disulfide band disappearance, second an increased exposure of tryptophan and
tyrosine to the polar environment, a reduced ionisation of tyrosine and less
hydrogen bonding between tyrosine and aspartic or glutamic acids, changes in
the polar environment of hydrocarbon chains, and finally an increase in B-sheet-
like structures. The disappearance of the protonated form of the carboxylic
group in the conjugate suggests a higher net negative charge, a greater
interaction with the aqueous environment and a higher structural stability.
Another study aims at optimizing the maximum formation of furosine with the
lowest browning by the dry heating Plg in the presence of high Mw
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Table 2
Conditions of glycation at high temperature (= 50 °C).

AUTHOR’S PERSONAL COPY

Temperature (°C) Time pH adjust. Protein powder Saccharide Ratio sugar/protein RH (%) References
before dry
heating
60 0-8.25h 7.1 Blg Lactose, galactose & glucose 200:1 (mol/mol) 44 Fenaille et al., 2003; Fenaille, Campos-Giménez, Guy,
Schmitt, & Morgan, 2003; Fenaille et al., 2004
60 1-7.5h NS Skim milk Lactose 51:35 & 23:60 (w/w) 21-50 Morgan, Nouzille, Baechler, Vuataz, & Raemy, 2005
powder, WPC
60 96 h 7 WPI 10 kDa dextran 4:1 (w/w) 49 Wang, He, Labuza, & Ismail, 2013
50 to 60 2-15d 7 Blg. alac & BSA 10, 20 & 43 kDa dextran 2:1-6:1 (W/w) 44-79 Jiménez-Castaiio, Villamiel, Martin-Alvarez, Olano, & Lépez-Fandifio,
2005; Jiménez-Castailo, Lépez-Fandino, Olano, & Villamiel, 2005;
Jiménez-Castaiio, Villamiel, & Lépez-Fandifio, 2007
50-60 48-144 h 7 WPI 10 kDa dextran 4:1 (w/w) 49 Wang & Ismail, 2012
80 2h 7 WPI Glucose, lactose & 1 kDa 1:1 (w/w) 80 Liu & Zhong, 2013
maltodextrin (MD)
60 & 65 1-96 h 7.2 Blg Lactose 100:1 (mol/mol) 65 French et al., 2002
60 & 130 24 & 48 h for 60 °C; 7 WPC Lactose” 64:35 (w/w) 79 Liu & Zhong, 2014
20 & 30 min for 130 °C
60 1-7d NS WPI Glucose 1:1 (w/w) 60 Liu, Kong, et al., 2014
50 & 60 24 & 48h NS WPI 1.7 kDa MD carbonyl to amino ratio 1:1 & 2:1 50 & 80  Martinez-Alvarenga et al., 2014
(mol/mol)
65 5-10d NS WPI 6—42 kDa dextran 0.1:1-0.8:1 (mol/mol NH2) 79 Wooster & Augustin, 2007
100 2h 3.5 WPC Lactose” & 35—45 and lactose 70:13 & dextran 1:2 (w/ NS Lillard, Clare, & Daubert, 2009
100-200 kDa dextran w)
60 14d 4.2 Blg Acacia gum 1:2 and 2:1 (w/w) 79 Schmitt, Bovay, & Frossard, 2005
75 2d NS Blg & WPI Corn fiber gum 3:1 (w/w) 79 Yadav, Strahan, Mukhopadhyay, Hotchkiss, & Hicks, 2012
60 1-5h 5-8 Blg Glucose & fructose monosaccharide to primary 65 Broersen, Voragen, Hamer, & Jongh, 2004
amino group 6.5:1 (mol/mol)
60 15d 7 WPC Pectin 1:1 (w/w) NS Mishra, Mann, & Joshi, 2001
80-100 1-2h NS WPI 2 to 280 kDa MD 1:1-4:1 (w/w) 79 Akhtar & Dickinson, 2007
50 0—-40h 7.2 Blg Lactose 100 (mol/mol) 65 Bouhallab, Morgan, Henry, Molle, & Leonil, 1999
50 3d 8.1 WPI Maltopentaose 0.3:1 (w/w) 65 Li, Enomoto, Ohki, Ohtomo, & Aoki, 2005
80 2h 6.0 WPL MD (dextrose equivalent = 18) 1:1 (w/w) 65 Wang & Zhong, 2014
50 51 &96h 7.0 Blg Glucose & lactose 10 & 100 (mol/mol) 65 Medrano, Abirached, Moyna, Panizzolo, & Aién, 2012
50 &75 1-7d NS Blg 20 to 2000 kDa dextran 1:1 (mol/mol) 81 Dunlap & Coté, 2005
60 48-150 h 7.5 Blg 20 to 440 kDa dextran 1:1 (mol/mol NH2) 76 Wooster & Augustin, 2006
80 2h NS WPI 488 kDa dextran 3:1 (w/w) & 1:2.7-1:21.7 (mol/ 79 Akhtar & Dickinson, 2003
mol)
60 3&5w 7 WPC Carboxymethylcellulose 1:3 (w/w) 76 Kika, Korlos, & Kiosseoglou, 2007
60 2,5&9d 7.0 WPI 6-70 kDa dextran 0.3:1-0.9:1 (w/w) 63 Spotti et al., 2013a, 2013b, 2014a & 2014b
60 7d NS WPI 150 kDa dextran 1:1 (w/w) 79 Sun et al., 2011

NS: not specified.

% The lactose contain naturally present in powder.
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dextran (Jiménez-Castafio et al., 2005). The optimum is reached under high

temperature, low aw and low proportion of dextran (60 °C, aw = 0.44 and R =
2:1) and corresponds to ~50% of Blg being bound to one dextran molecule. Dry
heating for 4 d in this condition promotes a quick conjugation of dextran on plg
that then slowed down. A lower temperature, higher aw and higher proportion
of dextran promotes more flg aggregation and a brown colour development,
but polymerisation that is partly due to disulfide bonds is present in the 2 stu-
died conditions (Jiménez-Castafio et al., 2005). A similar conformation of the
protein around the tryptophan residues is observed for the conjugates and the
native Blg, but the fluorescence intensity decreases for the conjugates. This
decrease is explained by a shielding effect of the polysaccharide chain on the
protein.

In conditions of high glycation and low browning, the glycation of whey
proteins is higher with 10 kDa than with 20 kDa dextran and the highest level
of glycation is reached faster for alac than for the 2 other proteins Jiménez-
Castario et al., 2007 compared.

Wang and Ismail (2012) also conducted a study to optimize the maximal
amount of AC with minimal browning from WPI and dextran. After heating at
60 °C for 96 h, a high amount of AC is seen, with only a slight browning. The
authors identified one site of glycation for an oligosaccharide containing 5
glucose units at lysine 87 located in the EF loop of the B-barrel on Blg and one
site for an oligosaccharide of 25 glucose units located at the very first loop of
the first a-helix structure of alac.

For authors not taking care of advanced Maillard products and brown colour,
significant changes in protein structure and protein polymerisation are reported.
Liu and Zhong (2013) prepared WPI conjugates with mono, di- and
oligosaccharides (glucose, lactose and MD). In the SDS-PAGE, the band of
alac disappears, while Blg and BSA shift to a higher Mw after dry heating, due
to the conjugation with the carbohydrate molecule and a new component at 40—
50 kDa forms by covalent cross-linking of proteins as reported for the Maillard
reaction. When the glycation is performed with MD, the shift for the protein
Mw is larger and the Mw distribution is less uniform than for the other sugars.
The smaller the sugar, the higher its reactivity, probably due to a higher access
of the aldehyde group to the amino acids and the higher the number of bound
sugars, the lower the number of residual lysine residues in the WPI and the
lighter the yellowness of the suspension. Dry heating causes cross-linking of
proteins. Secondary structure of proteins in the WPI is modified by the
glycation, with a reduction in ordered structure contents and a concomitant
increase in aperiodic structure contents.

According to Liu, Kong, Han, Sun, and Li (2014), dry heating of WPI in the
presence of glucose leads to the formation of brown nitrogenous polymers and
copolymers observed by the increase in the redness and yellowness of the
powder. While dry heating without glucose leads to no change in the size of the
WPI, dry heating with glucose leads to the formation of large polymers of Mw
> 200 kDa and to the concomitant disappearance of the monomers of alac, flg
and BSA. These proteins participate in the Maillard reaction and the formation
of cross-linked polymers during the advanced stages of the Maillard reaction.
Complicated cross-linking or aggregation of whey proteins occurs between
proteins and glucose, leading to significant changes in the amide I, IT and III
bands. The absorption spectra of WPI during dry heating in the presence of
glucose showed increasing absorption at 220 and 280 nm, explained by the
formation of the Schiff base and a red shift of the peak at 280 nm concomitant
to the appearance of the yellow colour in the powder. The intrinsic fluorescence
emission increases with the glycation, due to exposure of tryptophan residues.
The maximum fluorescence is obtained after 4 d of dry heating, because
florescence is associated to early Maillard products and not to final brown
pigments, as shown by Benjakul, Lertittikul, and Bauer (2005).

Glycation of WPC was conducted with the residual lactose content of the WPC
at 60 °C for 24 and 48 h or at 130 °C for 20 and 30 min (Liu & Zhong, 2014).
Brown colour development increases with the time of dry heating and was
significantly lower at 130 °C than at 60 °C, while the time of dry heating
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and was significantly lower at 130 °C than at 60 °C, while the same amount of
free amino groups was measured at the 2 temperatures of dry heating and the
number of attached lactose was a little bit higher at 130 °C than at 60 °C. In
another study on the glycation of WPI with 1.7 kDa MD, available amino
groups are positively correlated with the colour development in powders
(Martinez-Alvarenga et al., 2014). The maximum rate of glycation of WPI with
1.7 kDa MD is ~ 8 at the highest temperature, RH, time and amino to carbonyl
ratio, R (60 °C, 80% RH, R = 1:2) and ~2.5 for their lowest levels (50 °C, 50%
RH, and R = 1:1) (Martinez-Alvarenga et al., 2014). The studied factors are all
significant and in decreasing order: temperature > RH > time > R.

Wooster and Augustin (2007) conjugated WPI with 642 kDa dextran. The
number of attached dextrans are from 0 for the control to 5.7 mol/mol of WPI
at the highest dextran to protein ratio after 10 d dry heating. The denaturation
of WPI is larger when 5.7 mol dextran/mol protein attach than when heating
the WPI alone in the same condition and proteins adopt mainly a random coil
structure. As compared to heating without dextran, the presence of dextran
vastly increases the protein unfolding, either by attachment or by changing the
solvation environment.

Lillard et al. (2009) studied glycation of a modified WPC. Colour changes and
loss in amino groups are found in decreasing order: lactose > dextran 100-200
kDa > dextran 35-45 kDa. As the reaction was more pronounced with the
largest dextran than with the smallest, that is also present at a smaller molar
concentration, the authors suspect that the highest concentration in polymer
could cause diffusion limitation and prevent the Maillard reaction.

Some authors report on protein glycation in the presence of even more complex
polysaccharides, acacia gum (AG) (Schmitt et al., 2005), pectin (Mishra et al.,
2001) or corn fiber gum (CFG), mainly containing arabinoxylan (Yadav et al.,
2012).

While some studies report large structural modifications of whey proteins by
dry heating at temperatures > 50 °C, Broersen et al. (2004) dry heated plg with
glucose and fructose at 45 or 60 °C and report only some structural
modifications such as an increase in Mw and SH content of Plg, without any
other structural changes or advanced Maillard products. Even, glycated Blg
retains its dimeric structure. The degree of glycation increases as pH,
temperature and incubation time increase and with glucose as compared to
fructose. The highest degree of glycation of 14 glucose moieties versus 6
moieties for fructose attached to Blg is reached after the dry heating treatment
at ~60 °C for 5 h and pH 8.

In conclusion, some studies are conducted at temperatures > 50 °C, but as the
temperature and the time of dry treatment increase and without cautiously
limiting the formation of AGE, progressive changes in whey protein
conformation and their cross-linking can occur, together with the colour
development in the powder.

2.3. Consequences on the functional properties of proteins

Boland et al., 1999 claimed for an industrial process for producing a whey
protein powder and even a dairy powder with a controlled level of glycation for
its use as an ingredient of high functionality and nutritional content, and of
particular interest for acid beverages. Many improvements of the functional
properties of dry heated glycated proteins are reported.

2.3.1. Solubility

Glycation of whey proteins increases the protein solubility far from their pl,
and even more worthwhile near their pl: for WPC conjugated with pectin
(Mishra et al., 2001), for WPI conjugated with glucose, lactose and MD (Liu
& Zhong, 2013), or with MD of 2-280 kDa (Akhtar & Dickinson, 2007) or 1.7
kDa (Martinez-Alvarenga et al., 2014) or with dextran (Wang & Ismail, 2012)
or for Blg conjugated with dextran 10 and 20 kDa (Jiménez-Castaiio et al.,
2007). Glycation improves the solubility of alac on the whole pH range (3—7),
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or shifted the minimum solubility of Blg and BSA toward a more acidic pH
value (Jiménez-Castailo et al., 2007). Blg and BSA are more soluble at pH 5
and less soluble at pH 4 after their glycation than before, as WPI glycated with
1.7 kDa MD (Martinez-Alvarenga et al., 2014). The solubility at pH 7 of plg,
alac or WPI dry heated at 50 °C in the presence or ab-sence of MP is close to
99% (Enomoto et al., 2007, 2009; Li et al., 2005). The complexation of WPC
with pectin allows to maintain a high solubility of WPC at acidic pH values as
compared to native WPC and WPC dry heated without dextran (Mishra et al.,
2001). Solubility of conjugates of Blg and AG shows a shift of pH for the
minimum of the solubility toward 4 at the Blg/AG ratio 2:1 and even toward
lower values in the presence of more AG. After 2 d of dry heating, the loss in
solubility is lower in the presence of AG as compared to dry heating of Blg in
the absence of AG (Schmitt et al., 2005). These results are explained by a shift
of the pI of protein conjugates toward more acidic values as compared to the
native form (Jiménez-Castafio et al., 2007; Liu & Zhong, 2013). This shift in
pl of glycated proteins is due to the reduced content in lysine having a high pK
value. The pI of WPI decreases with glycation with MD and glucose from 4.8
to 4.2 (Liu & Zhong, 2013), while that of WPI conjugated with dextran de-
creased from 4.86 to 4.28 (Wang & Ismail, 2012).

2.3.2. Heat stability

A very interesting fact is that glycation of whey proteins increases their stability
toward heat-induced denaturation and aggregation (Boland et al., 1999;
Bouhallab et al., 1999; Broersen et al., 2004; Enomoto et al., 2007; Jiménez-
Castario et al., 2007; Li et al., 2005; Liu et al., 2014; Liu & Zhong, 2013, 2014,
Medrano et al., 2009; Mishra et al., 2001; Wang et al., 2013; Wang & Ismail,
2012; Wang & Zhong, 2014). Heat stability is usually studied by comparing
the solubility of protein conjugates to native proteins after a preheating process,
or comparing calorimetric data.

An increase in the Td of whey proteins has been first reported after glycation.
The Td rises from 77.5 to 80.9 °C after glycation with lactose (Boland et al.,
1999), from 73 to 78-80 °C by the binding of 15-19 glucose residues per plg
monomer and even to 80-85 °C by binding 7-8 lactose residues (Medrano et
al., 2009), from 81 to 89 °C for WPI-MD conjugates (Wang & Zhong, 2014)
and from 84.4 to 90.2, 90.7 and 90.6 °C after the glycation by dry heating of
WPI in the presence of glucose at 60 °C for 1, 4 and 7 d, respectively (Liu et
al., 2014). Blg and olac have Td increased by 15.5 and 18.7 °C by dextran
conjugation, respectively (Wang & Ismail, 2012). alac dry heated with MP
shows a slight increase in its Td (Enomoto et al., 2009). Glycation with glucose
is more efficient to increase the Td of Blg than fructose (Broersen et al., 2004).
In the same time, authors report a decrease in denaturation enthalpy, H. H
decreased from 1.64 to 1.48, 1.38 and 1.33 J~g71 after 1,4 and 7 d of dry heating
WPI in the presence of glucose, respectively (Liu et al., 2014), from 0.66 to

0.60J ~g7l for WPI dry heated for 10 d with lactose (Boland et al., 1999) and

from 21 to 15 kcal-gfl for WPI-MD conjugates (Wang & Zhong, 2014).

Due to the increase in Td, the stability of conjugates was remarkably improved.
The heat stability of flg or WPI dry heated with MP is significantly increased
(Enomoto et al., 2007; Li et al., 2005). A heat treatment at 100 °C for 10 min
at pH 7 reduced the solubility of native WPI to 42%, while the solubility was
67% after dry heating with MP at 50 °C for 3 d. Results for Blg are even more
promising, as native Blg is totally insoluble at pH 7 after a 95 °C-10 min
treatment, while conjugation with MP increased the heat solubility to 43%
(Enomoto et al., 2007).

Even more promising is the thermal stability of protein-saccharide conjugates
at pH values close to the pI of whey proteins. For example, the solubility of plg
slightly increases after its conjugation with dextran 10 and 20 kDa after a 15
min heat treatment at T > 80 °C and pH 5, as compared to the native form and
even increases more after a treatment at 60-95 °C-15 min, as compared to the
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protein dry heated without dextran (Jiménez-Castailo et al., 2007). No such
effect of an increased solubility after conjugation are reported for alac by these
authors, while conjugates of BSA and dextran are slightly more soluble after a
heat treatment at 70-95 °C for 15 min at pH 7, and dramatically more soluble
at pH 7 for a heat treatment at 60-95 °C. The solubility of WPI conjugated with

dextran after a treatment at 7075 °C for 30 min at 40—-100 g~L71 protein
concentration at pH 4.5 and 5.5 is maintained at its level before heating, say >
90%, while that of the native WPI decreases dramatically (Wang & Ismail,

2012). Even at 80 °C, a solution at 50 g-L_1 of WPI-dextran conjugates keeps
soluble after a heat treatment at 80 °C for 30 min, while native WPI solubility
is only 4%. Glycation of WPI with glucose, lactose and MD increases the
solubility of proteins after a heat treatment near their pI (Liu & Zhong, 2013).
While the glycation binds more glucose molecules on proteins than lactose or
MD, the WPI glycated with lactose is less stable after heat treatment at pH 5
and 6. These authors suspected a stabilization of glycated proteins at their pl
more by steric repulsions due to both the number and the length of the sucrose
chain, than by their electrostatic repulsions. By dry heating WPC at 60 °C or
130 °C, protein conjugates with lactose are obtained that have close conjugation
levels (Liu & Zhong, 2014). They are more stable than un-glycated WPC after
a heat treatment at 88 °C for 2 min or 138 °C for 1 min, at pH 3—7 and with
added NaCl from 0 to 150 mM, but the improvement was the same at the 2
temperatures of dry heating.

Wang et al. (2013) study the changes due to a heat treatment at 75 °C for

30 min in the conformation of WPI before and after a partial conjugation with
10 kDa dextran at pH 3.4-7.0 by SERS. They reported significant changes in
the spectra of WPI at all pH values, while no difference are seen for the
conjugate regardless of pH. The conjugated protein shows no unfolding, no
exposure of buried groups and no change in the B-sheets or in disulfide groups.
They explain these results by the alteration of the protein structure upon
glycation, leading to an increased rigidity of the protein chain. Besides, the
increase in heat stability of protein conjugates is explained by the cross-linking
of proteins induced by the Maillard reaction, that increases the thermal sta-
bility of conjugates (Liu et al., 2014). Another explanation for improved heat
stability of conjugates with high Mw polysaccharides arises from the repulsive
steric repulsion provided by the grafted polysaccharide (Liu & Zhong, 2013).
Liu and Zhong (2013) showed that conjugates of WPI with MD still have a pH
dependant zeta-potential and are stable after heat treatment at pH 3—7 and with
addition of NaCl, and thus suspected that the heat-stabilization of glycated
proteins at their pI is more provided by steric repulsions, than by electrostatic
repulsions. According to Wang and Ismail (2012), the remarkable increased
stability of partially glycosylated conjugates toward heat treatment at pH values
close to the pl of proteins arises from an increased net charge and overall
hydrophilicity of proteins and from a reduced SH content and exposure of
sulfhydryl groups that delay the denaturation and aggregation processes. When
WPI is heat-treated at acidic pH values, turbidity and reduction of solubility
occur, due to hydrophobic, electrostatic and hydrogen bonding (Wang &
Ismail, 2012). As partially glycosylated WPI remain soluble, these authors
concluded that partial glycosylation reduces the non-covalent intermolecular
interactions of whey protein during their heat-treatment, thus maintaining them
in a soluble state.

Regarding the reduction of enthalpy of conjugates, it means that less energy is
needed for the denaturation of conjugate than for native proteins. Saccharides
could reduce the steric distance between proteins and would promote their
aggregation (Liu et al., 2014). These authors also suggest that disruption of
intramolecular force of proteins due to dry heating could explain this reduction
in H. Boland et al., 1999 suggest that lower H values could relate to the folding
and aggregation state of Plg conjugates. It has also been suggested that
aggregation and disruption of hydrophobic interactions that take place during
dry heating are exothermic reactions that can reduce the observed endothermic
peak (Liu et al., 2014).
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Interesting results on the heat-induced denaturation of lactose-Blg conjugates
were also reported (Bouhallab et al., 1999). Lactose-Blg conjugates with
increasing amount of bound lactose were analysed for their thermal stability
toward heat treatment at pH 7.4 at 65-90 °C for 10 min and compared to a
control (Blg dry heated without lactose). While the control is insoluble after
heat treatment, the conjugates with 9 bound lactose molecules keeps soluble.
While after the heat treatment at 65 °C only a dimer of the conjugated flg
forms, at temperatures > 65 °C the dimer is progressively replaced by 2 new
soluble species having apparent Mw > than the dimer. All these species are
soluble at pH 4.6 and the higher the number of bound lactose, the higher their
solubility in acidic conditions. The higher solubility of Blg conjugates at pH 4.6
is explained by the high amount of lactose that could stabilize an intermediate
state of the denaturation process either by increasing the hydrophilic properties
of these species or by steric hindrance. These species could be unfolded stable
dimers of Plg.

2.3.3. Interfacial properties

Regarding the surface properties at the air-water interface, dry heated whey
proteins show no impressive improvements as compared to native whey
proteins. This could be the result of the size increase of proteins due to polymer
conjugation that could hinder, first, their diffusion to the air-water interface
and, second, their adsorption, due to steric hindrance or could be due to protein
structure changes induced by the heat treatment that could alter their ability to
undergo conformational changes and develop interactions to stabilize the
interface. For instance, glycation of Blg with lactose or glucose does not really
change the surface tension of the air-water interface, but samples glycated with
both sugars for 96 h at a Blg/sugar molar ratio = 1:10 and for 51 and 96 h at the
ratio 1:100 have lower rate constants of adsorption (Medrano et al., 2009). As
these samples are shown to bind the highest number of bound sugars of the
study, this decrease may be due to a lower diffusion rate for the largest
conjugates. Increasing the size of the polysaccharides for the glycation of whey
proteins leads to the same conclusion that protein-saccharide conjugates do not
have improved surface-active properties at the air-water interface. Using
surface shear and dilatational rheology, WPI conjugates with 642 kDa dextran
were studied at the air/water interface (Wooster & Augustin, 2007). Attach-
ment of 29 and 42 kDa dextran reduces the elastic modulus of films as
compared to native proteins and the higher the level of attachment, the lower
the modulus. Moreover, with a high number of grafted dextrans, the film turns
to be “viscous-like”, while it is “solid-like” for native WPI or with moderate
grafting. Films with 6 kDa conjugates only show a moderate loss of film
strength at medium level of conjugation. As results are similar for 29 or 42 kDa
dextran, the authors concluded that film properties are more dependent on the
number of attached dextran than on their Mw. The film dilatational modulus
also decreases with the increase in size of the attached dextran and even more
considerably with the number of attached dextran molecules. Reduction of film
rigidity with dextran conjugates is assumed to be due to unfolding and to the
loss of structural rigidity of protein chains.

It has been reported that, in some conditions, conjugates of Blg and AG could
slightly decrease the surface tension (Schmitt et al., 2005). Conjugates formed
at a Blg to AG weight ratio, R, of 1:2 and 2:1 were studied at air/water interfaces
by using a dynamic pendant-drop Tracker tensiometer. The conjugates formed
at R =2:1 give a lower surface tension than Blg incubated alone. This difference
could be interpreted by the fact that R = 2:1 favours the conjugation of AG and
Blg, while incubation of Blg alone leads to Blg polymerisation. Polymerisation
of Blg leads to fewer surface-active molecules. Increased interfacial properties
could also be explained by charge neutralisation of lg by glycation, and thus
by lower repulsions between adsorbed conjugates and probably more
favourable spreading conditions at the interface. Conjugation at R = 2:1
only slightly increases the solid-like properties of the films, while at R = 1:2, it
even renders the film significantly more “liquid-like”. Nevertheless, the
fact that bulk mixtures still contain Plg monomers, oligomers and
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conjugates must be pointed out, so that the species adsorbed at the interfaces
are unknown.

Regarding interfacial properties, Medrano et al., 2012 measured the interfacial
protein concentration in emulsions prepared with native Blg, Blg dry heated
without saccharide and Plg glycated with either glucose or lactose.
Concentrations in glycated Blg are significantly higher for all glycated samples,
apart for the sample glycated at the higher ratio of glucose to Blg (100 mol
glucose per mol Blg) and at the longest duration of glycation (96 h). Moreover,
the concentration of Blg-lactose conjugates are higher than that of plg-glucose
conjugates, and interfaces formed with lactose conjugate could be made of
protein multilayers. Changes in the structure of Blg induced by dry heating,
such as unfolding and packing properties, are suspected to lead to increased
interactions between proteins and to this larger accumulation of material at the
surface of oil droplets. These authors also reported higher interfacial tension
and lower elastic modulus of the film for a given value of interfacial pressure
for interfaces made with glycated Blg than for those with un-glycated Blg.
Dunlap & Coté, 2005 also measure the interfacial protein concentrations in
emulsions prepared with native Blg and Plg dry heated with 20-2000 kDa
dextrans. The concentrations are constant for conjugates with dextrans from 20
to 87 kDa and equal to the value for an emulsion prepared with native plg and
then decreased for higher Mw. For an emulsion prepared with Blg-2000 kDa
dextran conjugates, the concentration in protein is 6 fold lower than for native
Blg, probably because of the significant size increase of conjugates.
Blg-dextran conjugates were adsorbed onto monodisperse polystyrene latex
beads (Wooster & Augustin, 2006). The thickness of the adsorbed conjugate
layer increases with the Mw of the attached dextran, from 18.5 to 440 kDa,
probably due to the hydrodynamic diameter increase of the conjugate and the
protein surface coverage also decreases, by a steric crowding of dextran
molecules. Furthermore, one can also assume a mechanism of rearrangement
of conjugates, through either reorientation of conjugates or protein unfolding
inside the layer.

2.3.4. Foaming properties

Although the surface properties of whey proteins at the air-water interface are
hardly improved by dry heating, foaming properties, capacity and stability are
significantly improved after dry heating of whey proteins in the presence of
saccharides. In foams made with Blg glycated with lactose and glucose, the
maximal retained liquid volume and the initial rate of liquid to foam transfer
were higher than in foams with untreated plg, and mostly for the shorter time
of treatment and with lactose (Medrano et al., 2009). Blg glycated by lactose
and glucose form foams with increased stability against drainage, and mostly
after lactose conjugation. The same is reported by Mishra et al., 2001 for WPC
glycated with pectin. Foam overrun increases in the foam made with WPC at
pH 4.6 and pH 7.0 at 10 and 30 °C, slightly with the mixture of WPC and pectin
without dry heating and much more after 15 d of dry heating the mixture, as
compared to WPC alone, either dry heated or not. Foam stability also increases
after complexation, and even at 1 M ionic strength, due to a higher viscosity of
the liquid phase. Improvement of foaming capability and stability are also
reported for WPI glycated with 1.7 kDa MD (Martinez-Alvarenga et al., 2014).
Moreover, the best foaming properties are obtained with the highest level of
glycosylation, corresponding to ~8 bound MD per WPI molecule. While the
dry heating of Blg alone at 60 °C decreases by 30% its foam capacity, the
presence of AG during the dry heating allows maintaining the foaming capacity
to its values before incubation (Schmitt et al., 2005). The presence of AG
during the dry heating can reduce the drainage as compared to dry heated lg
without AG, but dry heating does not increase the foam stability as compared
to native Plg. If the foam stabilization is needed, dry heating at Blg to AC at a
weight ratio of 2:1 and pH 5.3 gives the more efficient complexes that also have
the highest capacity to retain the liquid in the foam.

Authors relate these improved foaming properties to an increased adsorption of
conjugate at the air-water interface, due to structural modifications
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of Blg such as increased SH, molecular unfolding and the presence of more
monomers or polymers of protein (Medrano et al., 2009) and to increased
solubility and molecular flexibility of proteins, that can help form thicker and
more viscous films (Mishra et al., 2001).

2.3.5. Emulsification properties

As proteins unfold by dry heating treatments in the presence of carbohydrates,
itis very likely that such changes will affect the properties of emulsions formed
from glycated proteins (Wooster & Augustin, 2007). Moreover, protein-
carbohydrate conjugates can be considered as 2 blocks, a carbohydrate moiety
being responsible of the solubility in the hydrophilic solvent, and a protein
moiety, being the surface active part that adsorbs at the interface (O'Mahony et
al., 2017). The carbohydrate moiety of the conjugate can stabilize O/W
interface by protruding into the continuous phase, but conjugation of very large
carbohydrate could impair the diffusion and adsorption of proteins, due to steric
effects (Akhtar & Dickinson, 2003).

In fact, it has been widely reported that conjugation of proteins with
carbohydrates increases the stability of emulsion prepared with whey proteins
(Akhtar & Dickinson, 2003, 2007; Boland et al., 1999; Dunlap & C6té, 2005;
Kika et al., 2007; Lillard et al., 2009; Medrano et al., 2012; Mishra et al., 2001;
Yadav, Parris, Johnston, Onwulata, & Hicks, 2010).

Finer emulsions are reported after lactosylation of WPI as compared to non
lactosylated WPI in emulsions made at pH 4 (Boland et al., 1999), after
glycation of Blg by lactose or glucose (Medrano et al., 2012), for conjugates of
WPI with dextran (Akhtar & Dickinson, 2003), for conjugates of WPI prepared
by dry heating in the presence of MD (Akhtar & Dickinson, 2007) and for Blg
and WPI conjugates with CFG. In the case of lactosylated WPI, a drastic
reduction of fat droplet size is shown at pH 4 as compared to non lactosylated
WPI, while only a small reduction is reported at pH 3.6 and no reduction at all
at pH 6.8 (Boland et al., 1999).

However, in a study on dry heated Blg with dextran of size 20-2000 kDa, size
reduction of fat droplets is not seen for emulsions prepared with conjugates as
compared to emulsion prepared with native Blg (Dunlap & Coté, 2005). Even
an increase is shown with increasing sizes of dextrans, due to the increase in
the size of conjugates and in the thickness of interfacial layers.

Conjugates of whey protein and saccharides present increased emulsion
stability: a) as shown by a reduction in the creaming process after glycation of
Blg by lactose or glucose as compared to either untreated or heat treated Plg
without sugar (Medrano et al., 2012); b) as shown by WPI conjugates prepared
at a protein to dextran as compared to native WPI or to the gum Arabic, used
as a reference for acidic emulsions (Akhtar & Dickinson, 2003); ¢) as shown in
emulsions prepared at neutral pH values with WPI conjugated with 8.7 kDa
MBD as compared to emulsions prepared with either native WPI or gum arabic
(Akhtar & Dickinson, 2007); d) as shown for emulsion prepared with
Plg-dextran and WPC-carboxymethylcellulose conjugates (Dunlap & Coté,
2005); e) as shown for Blg and WPI conjugates with CFG as compared to
emulsions made with the polymers separately (Yadav et al., 2010). Emulsions
prepared with conjugates of WPI with dextran are stable for up to 2 months of
storage, even at acidic pH values and high salt contents (Akhtar & Dickinson,
2003). Blg-dextran conjugates with dextrans of molecular sizes 20-2000 kDa
were tested for stabilization of neutral emulsions (Dunlap & Coté, 2005).
Stability of emulsions prepared with the 20 kDa-dextran conjugate are poor and
close to that of emulsion prepared with native Blg, while it increases for
emulsions prepared with the dextran 87 to 150 kDa and stay at very high levels
for larger dextrans (Dunlap & Co6té, 2005). Emulsions prepared with Blg dry
heated in the presence of 150-2000 kDa dextrans did not show any droplet size
increase during their storage for 90 d at 22 °C, while emulsions prepared with
native Blg begin to cream shortly after emulsification. Stability of emulsion
increased after the dry heating of WPC at 100 °C for 2 h in the following
sequence: glycated with 35—45 kDa dextran > glycated with 100—200 kDa >
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glycated with the lactose present in the WPC powder > unheated WPC (Lillard
etal., 2009). This sequence is inversely correlated to the glycation intensity and
Maillard reaction as evaluated by the loss in amino groups and powder
browning observed during dry heating.

The stability of emulsions made with conjugates of flg and WPI with CFG dry
heated for 1 or 2 days are higher after 14 d of storage than those made with the
polymers separately. For 4 and 7 d of dry heating, although the stability of the
emulsion made with the conjugates appears higher than the control after 1 d of
storage, this stability is not maintained after 14 d of storage (Yadav et al.,
2010).

Some authors also report increased stability of emulsion prepared with glycated
whey proteins at either acidic condition, or after salt increase or even following
a heat treatment of emulsion. While emulsions made with Blg are not stable
after addition of 10 mM calcium, emulsions prepared with Blg-dextran
conjugates are considerably more stable against flocculation by calcium
addition (Wooster & Augustin, 20006).

Akhtar and Dickinson (2007) compared the emulsification properties of
conjugates of WPI with 2—-280 kDa MD obtained at different dry heating
time/temperature (80—100 °C/1-2 h) and different WPI to MD weight ratios, R
(1.1 to 1.4). Conjugation at 80 °C for 2 h or 90 °C for 1.5 h of the intermediate
MD (8.7 kDa) at R = 1:1 or 1:2 gives emulsion with the smallest size of oil
droplets. Emulsions prepared with conjugates of WPI with 8.7 kDa MD at
acidic pH values are much more stable for 40 d than emulsions prepared with
either native WPI or gum arabic. Glycation of whey proteins with MD at RH
of 79% at 80 °C for up to 2 h with weight ratio 1:2 to 1:3 leads to stable
emulsions at low pH and at high salt concentration using low emulsifier/oil
ratio.

Regarding explanations for the increased emulsion stability with glycated
proteins, authors mentioned the model of a bi-block polymer, each block
having affinity for oil and water phase (O'Mahony et al., 2017). Medrano et al.
(2012) assumed that the increased stability is mainly due to a reduction in the
creaming process, as flocculation and coalescence are not influenced by the
glycation of Blg. This increased stability has been related to the decrease in the
droplet size and to the increased concentration of proteins at the fat droplet
interface. The steric repulsive effect of large grafted polysaccharides has also
been reported to stabilize emulsion, as the bulky hydrophilic polysaccharide
moiety can prevent interactions between neighbouring fat droplets (Akhtar &
Dickinson, 2007; Kika et al., 2007; Wooster & Augustin, 2006). Moreover,
glycated proteins show a larger flexibility with consequences on the film
reorganization, elasticity and on emulsion stability, but flocculation and
coalescence of the emulsions are not influenced by the glycation.

2.3.6. Flow behaviour

Solutions of 50 g~L71 of WPI glycated with 1.7 kDa MD at 20 °C behave as
Bingham fluids (Martinez-Alvarenga et al., 2014). Thickening is observed for
the highest glycation levels, with increased consistency coefficients and lower
yield stress values. According to the authors, this could be due to a higher
hydrodynamic volume of glycated proteins and to fewer interactions between
proteins that makes the solution easier to shear. Lillard et al. (2009) performed
a glycation of WPC at 100 °C for 2 h with either the lactose naturally present

in the powder or added dextran of 35-45 kDa or 100-200 kDa. napp increases
only for the lactose conjugates. Regarding the behaviour in a low amplitude

oscillation, the solutions at 70 g~L71 of WPC glycated by lactose or dextran
show a viscous semi-solid behaviour. Viscoelastic moduli increase for both
conjugates, but the increase is much larger for the lactose one. The authors
related the changes in rheological properties to the colour changes and the loss
in amino groups that are also more pronounced during lactose conjugation than
with dextrans. Curiously, the water holding capacity of powders decrease with
dry heating following this sequence: nonheated WPC > glycated with 100-200
dextran > glycated with 30-35 dextran > glycated with lactose.
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2.3.7. Heat-induced gelation

Contradictory results are reported on the ability to form heat-induced gels.
Some studies have reported improved heat-induced gelation of dry heated whey
proteins. For instance, complexes between WPC and pectin have increased
heat-induced gelation ability (Mishra et al., 2001). While the solution made of
controls (WPC without pectin before and after dry heating) form gels only at
200 g-kg_1 protein at pH 6.5, solution of complexes are able to gel at 120
g~kg71. Moreover, at pH 8.5, solutions of control WPC gel at 200 g~kg7l and
at 80 g-kg{1 after complexation. Besides, gels formed from solution of
complexes at 80 g-kg71 protein remain stable after a subsequent heat treatment
at 90 °C/10 min. Also, WPI glycated with MP has higher gelling properties
such as higher hardness, recovery and water-holding capacity than the control
WPI (Li et al., 2005).

However, according to other authors, protein-carbohydrates conjugates are less
prone to heat-induced gelation. First, the attachment of carbohydrate generally
increases the Td of proteins as compared to untreated proteins and denaturation
is observed at a higher temperature. Second, conjugation can modify the
secondary structure of proteins, and that could hinder the formation of new
interactions. Finally, grafting a hydrophilic and bulky moiety on protein can
weaken hydrophobic interactions between protein chains that play a major role
during the heat-induced gelation and bring some steric hindrance. For example,
Spotti et al. (2013b) dry heated WPI with 15-25 kDa dextran at 60 °C. Intense
Maillard reaction was observed at a higher dextran concentration and a long
time of heating. The authors reported that heat induced gels obtained with
conjugates (80 °C-30 min-pH 7) show a deep weakening and no more fracture
during compression as compared to controls made of the same untreated
mixtures. When the Mw of dextran varied from 6 to 70 kDa, the lowest the Mw,
the highest the Maillard reaction and the lowest the gel firmness (Spotti et al.,
2013a). Even with the dextran of 6 kDa, the gels were no more self-supporting

after 5 d of dry heating in the presence of dextran above >72 g~kg71. The gels
form later and at a higher temperature and were less “rigid-like” when made
from conjugates than for the control gels (Spotti et al., 2014b, Spotti et al.,
2014a). The hypothesis was that conjugation modifies sulfhydryl group
availability and SH of proteins that are both responsible for the aggregation and
gelation of proteins. Similarly, WPI-dextran (mean Mw = 50 kDa) conjugates
lead to final heat-induced gels with storage modulus being a tenth of the value
for untreated WPI (Sun et al., 2011).

2.3.8. Protein digestibility

Dry heating of whey proteins and their glycation could alter their digestibility.
No change in the in vitro gastric digestion is reported after the dry heating of
Blg with prebiotic galactooligosaccharide (GOS), but the glycated Blg is
slightly slower hydrolysed in the intestinal step than the native form (Luz Sanz
et al., 2007). The Blg-GOS conjugates could form stable glycated peptides
surviving the in vitro gastrointestinal digestion. Liu & Zhong, 2013 prepared
WPI conjugates with glucose, lactose and MD. After glycation, WPI shows a
reduced in vitro digestibility as studied during the gastric phase and an
increased digestibility during the intestinal phase.

The enzymatic digestion of whey protein partially glycosylated with dextran
has also been reported to be slightly greater than that of WPI, possibly due to
the protein unfolding during the Maillard reaction, and to an increased number
of available sites of enzyme binding (Wang & Ismail, 2012).

2.3.9. Biological activities

It has been suggested that Maillard reaction products exhibit a significant
antioxidant activity (Boland et al., 1999; Manzocco, Calligaris, Mastrocola,
Nicoli, & Lerici, 2000; Sun et al., 2006). Brown melanoidins are supposed to
be the major contributors of this antioxidant activity, but heated mixtures of
casein with lactose or glucose show no correlation between antioxidant
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properties and browning, suggesting that some colorless intermediates of the
Maillard reaction could also contribute (McGookin & Augustin, 1991). An
increased antioxidant activity has been reported for Blg glycated with xylobiose
using a scavenging activity test based on a lower optical density of a DPPH
after its scavenging with the antioxidant (DPPH for 2-diphenyl-1-
picrylhydrazyl) (Yajima et al., 2007) and for WPI glycated with glucose as
measured by the reducing power using potassium ferricyanide and ABTS
radical scavenging (ABTS for 2,20-azino-bis(3-ethylbenzothiazo-line-6-
sulfonic acid)) (Liu et al., 2014). Conjugation of Blg with xylobiose gives
higher antioxidant activity than with lactose. However, surprisingly, these
authors (Liu et al., 2014; Yajima et al., 2007) report no effect of glycation when
using another method of characterization of their antioxidant properties, that
needs further investigations.

alac glycated with D-allose shows the highest antioxidant activity when
compared with fructose and glucose, as tested by the reducing power and the
ABTS scavenging method (Sun et al., 2006). As the nature of the sugar
determines the amounts and types of Maillard reaction products, the antioxidant
activity produced by conjugation depends on the used sugar. These authors did
not find a correlation between the content in reactional amino groups and the
scavenging activity, while a high positive correlation was found with the
fluorescence intensity. These results evidence that the antioxidant activity is
more related to the formation of high Mw fluorescent products formed at the
late stages of the Maillard reaction than to the early stages of the reaction.

An increase in the anti-inflammatory activity, a reduction in the antigenicity
and in the apoptotic activity were also noted after the glycation of alac with MP
as compared to the native alac (Enomoto et al., 2009).

2.3.10. Conclusions

Maillard reactions have been considered as detrimental for the quality of food,
say for their nutritional and functional properties, but if the reaction is well
controlled and limited to the first steps of glycation, they can constitute a natural
alternative to modification of proteins for the production of targeted
ingredients, as compared to chemical modifications (Augustin & Udabage,
2007). The fact that protein unfold could favour rearrangements of proteins
adsorbed at interfaces and stabilize them more efficiently then native proteins.
Moreover, conjugating large polysaccharides on proteins can lead to a bi-block
structure, with the protein and the carbohydrate having affinity for the
hydrophobic and hydrophilic phase, like surface-active
molecules.

respectively,

3. Dry heating in conditions promoting the aggregation of whey
proteins

3.1. Generalities

When the temperature of dry heating, or the water content of the powder
increase, an increasing polymerisation of whey proteins appears. When the
content in moisture increases at low moisture contents, like in powdered
proteins, water molecules act as a plasticizers, the Tg decreased, and the
amorphous glassy structure tends to the rubbery state, so that diffusion and
reactions can proceed at a lower tempera-ture than with a high water content
(Sherwin & Labuza, 2003; Zhou & Labuza, 2007). Moreover, some small
molecules like sugars can also decrease substantially the Tg so that the product
can easily become unstable at low temperatures, with consequences on the
powder quality. The Td of proteins decreases with the increase in water content
for high concentrated products such as powders or protein dough (Zhou &
Labuza, 2007). Studies performed on such conditions are summed up in Table
3.

Most of these studies are conducted without added carbohydrate, mainly
with  WPL, but WPI usually contain residual lactose, but less than
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Conditions promoting aggregation of whey proteins.
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Temperature (°C) Time pH adjustment Protein powder Saccharide Ratio sugar/ RH (%) References
before the dry protein
heating
4 & 37 2&24h 7.3-9.0 BSA, Blg & ovalbumin - - NS (addition of 1 to 20 YL of Liu, Langer, & Klibanov, 1991
aqueous phase at 10 mg of
protein powder)
23 & 45 2 weeks 7-8 Blg, WPI & whey protein - - 0to 85 Zhou & Labuza, 2007
hydrolysate
4-45 0-3 mo 7 WPI - - NS (addition of 4 g of Zhou, Liu, & Labuza, 2008a, 2008b
aqueous phase at 6 g of
protein powder)
4-60 0.5-12 mo NS WPI - - 23 and 36 Norwood et al., 2016
20 & 40 0.5—15 mo NS WPI - - 23 Norwood et al., 2016
40 & 60 0.5-3 mo NS WPC & WPI Lactose™ 0.001:1-0.2:1 (w/ 25to 36 Norwood et al., 2017
w)
50-100 25 min of NS WPI - - 50% moisture content Qi & Onwulata, 2011
extrusion
80 3-10d NS Blg & alac - - 7.5% moisture Ibrahim et al., 1993
80, 100 & 120 1h-6d 25,45&6.5 WP, Blg & alac - - 23,32 &52 Gulzar, Bouhallab, Jeantet, Schuck, & Croguennec, 2011; Gulzar,
Bouhallab, & Croguennec, 2011; Gulzar, Lechevalier,
Bouhallab, & Croguennec, 2012; Gulzar, Bouhallab, Jardin, Briard-
Bion, & Croguennec, 2013
60 2-14d 4.2 Blg Acacia gum 2:1 & 1:2 (w/w) 79 Schmitt et al., 2005
70 4-240 h NS WPI, sodium Glucose, lactose, 2:1 (w/w) 65 Hiller & Lorenzen, 2010

caseinate & total milk
protein

pectin, 40 and
500 kDa dextran

NS: not specified.

a The lactose contain naturally present in powder.
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~10%.

3.2. Storage of high concentrated whey protein mixtures at low or medium
temperatures

Moisture-induced aggregation during storage at 37 °C of freeze dried powders
of proteins was studied as a function of storage temperature and moisture
content (Liu et al., 1991). Increasing the storage temperature from 4 to 37 °C
and the time of storage from 2 to 24 h increases the content in aggregates during
incubation of BSA and the lower the pH, the lower the content in aggregates.
The dependence of the extent of aggregation on the moisture content is close
to that observed for the Maillard reaction: a first increase with the moisture
increase due to a mobility increase and then a decrease due to dilution. In the
case of Plg and ovalbumin, non-covalent and disulfide bonds due to
disulfide/sulfhydryl interchanges are responsible for aggregation, while only
the later are involved for BSA. This is probably due to the presence of a higher
content in thiolates. Adding salts like NaCl or sodium phosphate reduces the
aggregating tendency.

Zhou & Labuza, 2007 compared the aggregation in WPI, whey protein
hydrolysate (WPH) and Blg powders and correlated the aggregation of proteins
with the Tg of powders. For WPI and Blg, contradictory to the study of Liu et
al., 1991, no aggregation is observed in all storage conditions, while for WPH
half of the proteins becomes insoluble at 23 °C and 85% RH or at 45 °C and
RH > 73% in 2 weeks. The Td measured in WPI and Blg decreased with the
increase in water contents, according to a linear Td versus log(water content)
equation. Again, disulfide bonds are the major interactions in aggregates.
Increased water contents in WPH powders leads to decreased Tg values, to in-
creased mobility of proteins and to their aggregation.

Zhou et al. (2008a) tested the effect of moisture contents on protein aggregation
in high concentrated whey protein matrix. At 45 °C for 3 months, 70% of
insoluble particles of diameter 100-200 nm form. Proteins partially lose their
tertiary structure. By FTIR, two main peaks increase: one attributed to the alpha
helix at 1650 cm ™! and one for intermolecular aggregation at 1681 em L In
2008, the same authors (Zhou et al., 2008b) studied the effect of 3 factors, the
water content, the pH and the NaCl contents on the storage of the same mixtures
at 35 °C. The water content appears to be an important factor for the aggregate
formation as no aggregate are formed below 30% of water (aw < 0.84) and the
maximum aggregation appears at 70-80% water. Aggregation increases
slightly when pH values increase above 7, probably because of the increase in
thiolate contents. At pH values > 7, non-covalent interactions increase, but
disulfide bonds are the main interactions found in aggregates. Addition of NaCl
decreases the amount of aggregates.

Norwood et al. (2016) studied lactosylation and denaturation/aggregation of
proteins, free thiol contents, browning of powders and foaming properties of
stored WPI powder at different aw and temperatures. While, no structural or
functional —modifications are detected at 4 °C, lactosylation,
denaturation/aggregation and powder browning increase in powders with the
temperature and the aw during storage. At 60 °C, changes are very rapid and
lead to a significant aggregation of proteins. With powders stored at aw = 0.23,
very few changes are seen at 20 °C apart a regular increase in lactosylation of
monomeric Blg from 10 to 27% (Norwood et al., 2016). At 40 °C, Blg
lactosylation increases up to 30% in 15 d, remains at this level till 6 mo and
then decreases, while denaturation/aggregation becomes detectable after 3 mo
and increases to 32% at 9 mo. The intensity of powder browning and of protein
modifications such as lactosylation, denaturation and aggregation increases
during the storage with increased lactose contents (Norwood et al., 2017).

As just shown, glycation can progress significantly during the storage of
powders, depending on the temperature-RH history and these changes have to
be evaluated more carefully, because they could have outstanding issues on the
functional behaviour of whey proteins. Contents in aggregates increase with
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pH and RH of powders, and decrease in the presence of sodium salt.

3.3. Dry heating at high temperatures: Conditions and physicochemical
consequences

Very few studies are concerned by heating whey proteins in a screw extruder,
say at high temperatures and low moisture contents, although it is a very
widespread technology for dairy ingredients. Extrusion of WPI at 50%
moisture content and temperatures between 50 and 100 °C shows that until 35
°C, no loss in protein solubility is seen, but that solubility decreases at
temperatures > 50 °C (Qi & Onwulata, 2011). At 75 °C, heating during
extrusion decreases more the protein solubility than heating in a 200 g~l<§{1
WPI solution at the same temperature. Blg is more affected by this decrease in
solubility than alac. Extrusion leads to a loss in primary and secondary amines,
while heating in a solution does not. Above 75 °C, extrusion leads to a higher
loss in free sulfhydryl residues than heating the 200 g~kg_1 'WPI solution and
to large modifications in secondary and tertiary structure.

Ibrahim, Kobayashi, & Kato, 1993 dry heated Blg and olac at 65-90 °C and
reported best functional properties after dry heating at 80 °C. The solubility of
both proteins is maintained after a heat treatment at 80 °C for 5 d, and only
decreases to about 85% in 10 d. The SH content increases and decreases for
alac and lg, respectively. Fluorescence of tryptophan residues shows an
intensity increase and a red shift of the spectra. RP-HPLC shows a large amount
of soluble aggregates during dry heating for 7 d of Blg, while alac stays in the
monomeric form. Dry heating induced a protein denaturation, may be the
formation of an unfolded and more flexible “molten globule” structure, as
compared to the native structure. Gulzar et al., 2011 studied the dry heating of
WPI at pH 2.5-6.5. The turbidity of suspensions of dry-heated powders
increases with the time of dry heating, the content in native proteins decreases,
soluble and insoluble aggregates of protein form, the reactions being faster and
larger at pH 6.5 than at pH 2.5. Aggregates are made of covalent bonds,
identified as disulfide bonds at pH 2.5, while disulfide bonds and other types
of bonds form at pH 4.5 and 6.5. The intermolecular disulfide bonds are formed
both from oxidation of sulfhydryl groups and sulthydryl/disulfide inter-
changes.

After 24 h of dry heating at 100 °C of pure Blg at pH 2.5 and 6.5, Gulzar et al.,
2011 find: a- ~35-40% of aggregates, irrespective of the pH during dry heating;
b- 35% at pH 2.5 and 50% at pH 6.5 of residual native Blg; c- 24% at pH 2.5
and 9% at pH 6.5 of a non-native Blg characterized by a Mw loss of 18 Da. Dry
heating induces conformational modifications, such as an increase in exposed
sulfhydryl and SH, and some secondary structure modifications of proteins
leading to a more flexible structure. These modifications are more substantial
at pH 2.5 than at pH 6.5. A residual monomeric non-native alac also shows a
loss of mass, that could be a loss of 1 or 2 water molecules per protein, due to
the formation of either a pyroglutamic acid from glutamic acid or an
intramolecular cyclic imide from an asparagine residue (Gulzar et al., 2013).
In pure protein systems, only dimers or small oligomers form, while in WPI,
large aggregates were formed (Guyomarc'h et al., 2014), due to the presence of
<04 g-kg71 of residual lactose. Indeed, if lactose is added to a pure solution
of alac and Plac at pH 6.5 in the same proportion than in the WPI, large
aggregates are obtained by dry heating. Results are different at pH 2.5, because
addition of lactose to the pure solution of proteins does not lead to the formation
of large aggregates by dry heating at pH 2.5. This is explained by the fact that
the added lactose is free, while in the WPI, lactose is probably already bound
to proteins, and by the fact that the condensation of lactose to protein is
probably the limiting step for the formation of aggregates at pH 2.5. The authors
suggest that condensation products could be decomposed by the dry heating at
pH2.5.

Blg solution was dry heated at 60 °C. A 20% loss of available NH»
groups appears at ~ 10 d, followed by a plateau till 14 d, and Blg polymers
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made of covalent bonds other than disulfide ones and hydrophobic bonds are
evidenced (Schmitt et al., 2005). Soluble polymers larger than 94 kDa form and
50% of the monomeric Blg disappear. If the coacervates suspension is brought
to pH 6.8 before freeze-drying, only a 10% increase in the fraction of soluble
polymers is found.

Hiller and Lorenzen (2010) compared the oligomerisation of WPI, caseinate
and total milk protein as obtained by a dry heating at 70 °C with various
carbohydrates. The content in total free amino acids de-creases, the Mw of

proteins increases to polymers of size > 2.10° g-mol_1 and the sulfhydryl
content does not significantly change during the dry heating of WPI with
glucose, lactose and pectin, while very few modifications are observed in the
presence of dextran. Three amino acids decrease during the reaction with all
the carbohydrate, lysine, leucine and methionine, the first due to the
modification of the e-amino groups upon initial steps of Maillard reaction, the
others either to the reaction with N-terminal amino acids or to complex
cascades in the advanced steps of Maillard reaction.

3.4. Consequences on the functional properties of aggregates

Ibrahim et al. (1993) tested the emulsifying properties of Blg and alac dry
heated at 65-90 °C. Best functional properties are found at 80 °C. Foaming
power, foam stability and emulsifying activity increase with the time of dry
heating. Emulsion stability increases for ala and decreases for Blg with time of
dry heating. Increased flexibility of proteins by dry heating could explain these
functional improvements.

Heat stability of oligomers and polymers of WPI obtained by dry heating in the
presence of different carbohydrates was reported to widely decrease in the case
of glucose, lactose or pectin, while it increases in the presence dextran up to
200%, probably because of steric hindrance brought by the branched
carbohydrate (Hiller & Lorenzen, 2010). Foam overrun also increases, but only
significantly for the reaction with pectin (up to 107% increase), and slightly (5—
50% increase) with dextrans. No clear results are shown for the foam stability.
Emulsification activity increases after the reaction with dextrans or pectin.
Emulsion stability increases after the reaction with dextrans only. Large
increases of viscosities are reported after 4 h of dry heating of WPI with glucose
or after lactose 96 h with lactose. Dry heating with pectin for 5 or 24 h strikingly
increases the viscosity to almost 500%. Large increases in antioxidant activity
are reported with all the tested carbohydrates, and mainly for long-term dry
heating. Apart for the foam stability measurements, the same results are
observed if the dry heating is applied on mixtures of powders of WPI and
carbohydrate or on powders obtained by freeze-drying the mixtures. It points
out an easier way to apply dry heating processes on powder mixtures. In vitro
digestibility with pancreatin significantly increases after Maillard reaction in
the presence of dextran, for short-term (48 h, + 127%), and even more for long-
term (240 h, + 546%) reaction.

Gulzar et al. (2012) have correlated the contents in soluble and insoluble
aggregates formed by dry heating to the ability to give heat-induced whey
protein gels. The best gelling properties are observed in the presence of soluble

aggregates and for high pH values, temperature and aw. Residual native

proteins and 30—40% of soluble aggregates give the highest gel firmness, while
excessive insoluble aggregates decrease it.

Norwood et al. (2016) study the foaming properties of WPI powders stored in
different conditions. Only powders with large modifications, i.e. stored at T >
40 °C, show improved foaming properties, probably because of the coexistence
of both monomers and aggregates. The consequences of protein modifications
induced during the storage of WPI powders at 20 and 40 °C for 15 mo on the
heat-induced aggregation of whey proteins have also been studied (Norwood et
al., 2016). The size of heat-induced aggregates formed after a heat treatment

(80 °C for 1 h) at pH 5.8-6.6 in WPI solution reconstituted at 40 g-L_l

decreases with the time of storage only for powders stored at 40 °C and mostly
at the lower pH value. The shape of aggregate is also modified by the
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storage of the powders at each pH value of the heat treatment. This could be
due to a reduced availability of native monomers after storage at 40 °C, to the
presence of AGE or to a decrease in the flexibility of proteins and a resulting
lower reactivity.

In conclusion, it has been shown that dry heating at high temperature can cause
aggregation of whey proteins. While most studies on dry heating aim at
maintaining a relative solubility of proteins and have tried avoiding this
polymerisation, dry heating could be a new way producing whey protein
aggregates having potential functional properties. In order to further progress
on that issue and on its comprehension, we can cite a study involved in the
polymerisation of lysozyme, due to dry heating with glucose (Cho, Okitani, &
Kato, 1984). These authors suggest that the Maillard reaction only produces
functional sites on proteins and that the further cross-linking of proteins
proceeds by interactions between these functional sites, without any needs of
carbohydrates. Moreover, if native lysozyme is added to the functionalized
proteins without any sugar and further dry heated, a large polymerisation of
lysozyme is observed. This mechanism could have potential benefits for the
production of controlled protein aggregates.

4. Conclusions and perspectives for research

Maillard reactions are very complex, and we need more work to elucidate the
different compounds produced during dry heating. Although there are
increasing works on safety risks brought by these compounds, they probably
are less dangerous than chemically modified proteins. There is a widespread
literature on increased functionality in many food systems of whey protein
compounds modified by dry heating. Dry heated whey proteins are very
promising for the food industry. Nevertheless, they are not very widespread in
the food ingredient industry. In addition, very few studies examine the
nutritional properties dry heated whey proteins.
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2.3 CAS PARTICULIER DE LA REACTION DE MAILLARD

La réaction de Maillard, également connue sous le nom de brunissement non enzymatique,
s’observe notamment lors de la cuisson des aliments, mais se retrouve aussi dans nos cellules. Elle est
initiée par la réaction entre le groupement carbonyle d’un sucre réducteur et le groupement amine
libre d’'un acide aminé. De multiples réactions en cascade s’ensuivent, donnant lieu a un tres grand
nombre de produits de réactions, notamment les produits terminaux de glycation (AGE pour advenced
glycation end products). Un schéma simplifié de la réaction de Maillard adapté de Hodge (1953) est

représenté en Figure 7.

Glucide réducteur Acide aminé
+
(C=0 libre) (NHzl libre)
-H,0

Glycosamine N-substitué

Réarrangement d’Amadori ou de Heyns-Carson

Produit d’Amadori ou de Heyns-Carson
{1-amino-1-désoxy-2-cétose ou 2-amino-2-désoxy-1-aldose)

Scission
pH>7
5-hydroxymethyl-2- Réductones Produits de scission
furfuraldehyde (acétol, diacétyl, pyruvaldehyde, ...)

| Dégradation de Strecker
+ acide aminé

Aldéhydes +
Aminocétone
+CO,

Aldols, polymeres
N-libre, aldimines
et cétimines

l

Mélanoidines (polymeéres bruns) et
—» produits de scissions volatils et odorants €¢——

|

Figure 7 : Schéma simplifié de la réaction de Maillard (adapté de Hodge, 1953)
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La réaction de Maillard se divise en 3 grandes étapes :

La premiére étape de la réaction de Maillard commence par la glycation de la protéine (Figure
8). Elle consiste en I'attaque nucléophile d’'un groupement aminé d’une protéine sur une
fonction cétone ou aldéhyde d’un sucre réducteur. Il s’ensuit la perte d’'une molécule d’eau,
donnant lieu a une base de Schiff. Une isomérisation irréversible de cette base conduit a la
formation du produit d’Amadori, si le sucre réducteur est un aldose, ou du produit de Heyns-

Carson, si le sucre réducteur est un cétose.

La deuxieme étape de la réaction de Maillard donne lieu a de nombreuses réactions. On y
retrouve des réactions d’énolysations et de déshydratations. Toutefois, trois voies se
distinguent. Une premiére voie consiste en une déshydratation modérée. Favorisée aux pH
alcalins, elle conduit a la formation de réductones. Les réductones ont des structures
dicétonique (R-CO-CO-R’). Elles se décomposent via la dégradation de Strecker en réagissant
avec un acide aminé, conduisant a la formation d’aldhéhydes, d’aminocétones et de CO,. Une
deuxiéme voie consiste en une déshydratation forte. Elle est favorisée par les pH acides. La
perte de molécules d’eau conduit a des composés dicarbonylés insaturés qui, par cyclisations,
donnent des furfuraldéhydes. La troisiéme voie est la scission des produits d’Amadori ou de
Heyns-Carson. Elle est favorisée a pH alcalin et donne lieu a des petites molécules, comme des

acétols, des diacétyles et des pyruvaldéhydes.

L’étape finale de la réaction de Maillard consiste en la polymérisation d’intermédiaires
réactionnels produits lors de la deuxiéme étape. Elle produit des mélanoidines, qui sont des

pigments bruns responsables du brunissement et des produits volatils et odorants.
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Sucre réducteur
(Lactose) H CH 4+ HN—R  Protéine

g

Base de Schiff
CHCH l GHOH
CH CH 4:0
—CH,—NH—R
CHCH L
o Composé d’Amadori
H oH (1-amino-1-désoxy-2-cétose)
H

i

T'H

R

Figure 8 : Premiére étape de la réaction de Maillard.

Plusieurs facteurs influencent la vitesse et les différentes voies empruntées de la réaction de
Maillard. Parmi ces facteurs, on retrouve la température, le pH, I'ay. La réaction de Maillard a lieu aussi
a4 °C:c’est le couple temps/température qui est important. Puisque la premiere étape de la réaction
libere une molécule d’eau, et que la réaction de Maillard présente de nombreuses autres réactions de
déshydratation, la réaction de Maillard est favorisée par les faibles a,, et I'’eau est méme un inhibiteur
de la réaction. De ce fait, la réaction de Maillard se fait plus facilement et rapidement dans les poudres

qu’en solution. La réaction est favorisée par des a, comprises entre 0,5 et 0,8 (Ames, 1990). Elle est
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aussi favorisée a pH alcalin (Ajandouz and Puigserver, 1999). En effet, la protonation de la fonction
amine a pH inférieur au pKa des résidus aminés (eNH,: pKa ~10,5), diminue le caractere nucléophile
de cette fonction, ce qui a pour conséquence de réduire sa réactivité vis-a-vis du sucre. Le pH optimal
de la réaction de Maillard se situe entre 8 et 10 (Van Boekel, 1998). A pH > 7, les voies des réductones

et des produits de fission sont favorisées.
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