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Introduction générale

Les polyphénols sont des composés largement présents dans la nature, ils peuvent
notamment étre retrouvés dans de nombreux végétaux comme le thé(Khan & Mukhtar, 2007),
le cacao(Fayeulle et al., 2018; Rimbach et al., 2009), le raisin(Antoniolli et al., 2015) et dans
les produits fermentés correspondant tels que le chocolat(Allgrove & Davison, 2014) ou le
vin(Saucier, 2010). IIs possedent des structures chimiques variées et complexes, les rendant
ainsi des cibles privilégiées de nombreuses réactions chimiques(Oliveira et al., 2011; Singleton,
1987a). Parmi ces réactions, les réactions d’oxydation sont d’un intérét majeur en sciences de
aliments puisqu’elles peuvent avoir un impact important sur I’évolution et la conservation des
produits, elles sont par exemple responsables des phénomenes de brunissement(Hui et al., 2008;

« Roles of o-quinones and their polymers in the enzymic browning of apples », 1990).

En ce qui concerne les réactions d’oxydation du vin impliquant les polyphénols, leur
impact, positif ou négatif, dépend fortement des quantités d’oxygene apportées au vin. En effet,
un apport modéré et contrdlé permet d’atteindre une qualité optimale(Gambuti et al., 2013;
Ugliano, 2013), notamment en réduisant certains aspects négatifs des vins tels que I’amertume
ou I’astringence(de Beer et al., 2016; Ugliano, 2013). Cependant, des apports trop faibles ou
trop importants en oxygene peuvent également engendrer un développement d’ardmes

indésirables ou une instabilité de la couleur(V. Cheynier, Duefias-Paton, et al., 2006).

Les vins rouges different des autres vins (blancs et rosés) par leur processus de
vinification et la composition polyphénolique qui en découle. Etant plus riches en
polyphénols(Chevion et al., 2000), les phénoménes d’oxydation pour ces vins vont étre
nombreux et provoquer de nombreuses réactions chimiques au sein du produit depuis la
vinification jusqu’a son évolution en bouteille, impactant ainsi leur qualité(Somers &
Wescombe, 1987). La compréhension des mécanismes d’oxydation du vin constitue donc un
réel challenge en cenologie. L’étude de I’évolution oxydative des vins a largement été décrit
dans la littérature(V. Ferreira et al., 2015; Petrozziello et al., 2018) mais ces études nécessitent
souvent des temps de vieillissements relativement longs. Ainsi, afin de disposer de mesures
objectives de 1’état d’oxydation des vins, de leur capacité antioxydante et de leur potentiel de
vieillissement, des travaux visant a ¢laborer des tests de vieillissements accélérés ont été
récemment développés(Castro et al., 2014a; V. Ferreira et al., 2015; Gambuti et al., 2017a;
Mercurio & Smith, 2008; Picariello et al., 2017; Sheridan & Elias, 2015; Teng et al., 2019)

mais ils restent peu nombreux.

Des techniques ¢électrochimiques ont également récemment été mises au point dans 1’analyse

de I"oxydation des vins, notamment utilisant la voltammétrie cyclique(Benbouguerra et al.,
10
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2020; Hoyos-Arbeldez et al., 2017). Ces techniques s’averent rapides, sensibles et peu
cotteuses dans 1’analyse des vins et fournissent des informations précieuses quant au potentiel
d’oxydation des vins. Les ¢tudes les plus récentes ont principalement ciblé les vins

blancs(Gonzalez et al., 2018)

Parmi les polyphénols, deux principales sous familles sont primordiales dans les vins
d’un point de vue organoleptique : les anthocyanes et les tannins condensés, aussi appelés
proanthocyanidines, qui sont des polymeéres de flavan-3-ols. Ces derniers sont majoritaires dans
le vin et proviennent principalement de la pellicule et des pépins, extraits au cours des
macérations et de la fermentation alcoolique. Les tannins condensés jouent un rdle
particuliérement important dans 1’évolution sensorielle des vins notamment par leur faculté a
réagir avec les anthocyanes ou les protéines salivaires(Atanasova et al., 2002a; V. Cheynier,
Duetias-Paton, et al., 2006). Les tannins, structurellement complexes, ont souvent ét¢ étudiés
par des méthodes d’analyse globale par précipitation(Mercurio & Smith, 2008) n’incluant pas
d’informations sur leurs structures chimiques. Ainsi, de récentes méthodes étudiant les tannins
apres dépolymérisation chimique ont été développées(Rigaud, Perez-Ilzarbe, et al., 1991a), en
faisant notamment intervenir des marqueurs d’oxydation(Mouls et al., 2011a; Mouls &

Fulcrand, 2015a).

L’objectif de cette these est d’étudier 1’oxydation des polyphénols des vins rouges ainsi

que leur potentiel d’oxydation.

I1 est a noter que ce manuscrit a été réalisé sous forme de thése sur publications. Il est

divisé en cinq chapitres.

Le premier chapitre de ce manuscrit présente une étude bibliographique détaillant la
structure des principaux polyphénols présents dans le vin, les réactions d’évolution et
d’oxydation les impactant tout au long du vieillissement du vin et les différentes techniques
permettant le suivi de ces phénomenes. Les problématiques liées a la these seront finalement

explicitées a la fin de ce chapitre.

Le second chapitre présente les travaux portant sur la mise au point de tests d’oxydation
accélérée et I’acquisition d’empreintes globales en spectrométrie de masse sur trois vins du

cépage Syrah et issus de trois millésimes différents.

Le troisiéme chapitre traite des propriétés redox des vins rouges, étudiées par

voltammétrie cyclique et mises en relation avec les vitesses de consommation d’oxygene,

11
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développées au chapitre précedent. Neuf vins rouges (dont les trois vins de Syrah précédents)

de différents cépages et millésimes ont été sélectionnés et oxydés de manicre accélérée.

Le quatriéme chapitre aborde une approche ciblée et comporte deux parties. La premicre
est centrée sur I’identification et 1’obtention de marqueurs d’oxydation dimériques
polyphénoliques. La deuxiéme traite de 1’identification de ces marqueurs dans des échantillons
de vins rouges et des extraits de pépins, les effets de la maturation des baies et du vieillissement

d’un vin rouge y sont abordés.

Le cinquieme chapitre présente 1’étude de 1’évolution oxydative des tannins au cours du
vieillissement des vins rouges et s’intéresse a I’évolution structurale des unités constitutives des

tannins.

12
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1. Composition chimique du vin rouge

1.1. Composition générale

Issu d’un processus de transformation de la baie de raisin, le vin constitue un mélange

chimique complexe extrémement apprécié dans le monde entier et plus particuliérement en

France, premier consommateur mondial.

I1 existe une grande diversité de vins, se caractérisant principalement par leur cépage, c’est-
a-dire la « variété » du raisin dont ils sont issus. Chaque cépage correspond a un climat et
confére au produit son gott, sa qualité et des caractéristiques qui lui sont propres. Cette diversité

s’accompagne d’un processus de vinification typique a chaque grand type de vin (blanc, rosé et

rouge) et entraine une composition chimique complexe de plus de 600 substances identifiées.

Tableau 1: composition générale du vin. D’aprés UC Santa Cruz.

Composés non-volatiles

Composés volatiles

Teneur dans le
intitulé intitulé Teneur dans le vin (g.L”)
vin (g.L7)
Acides volatiles (acide
Glycérol 10 ) 0,45
acétique)
Acides organiques
(acide tartrique,
) . . 4 Esters (acétate d’éthyle,...) 0,25
acide lactique, acide
succinique,...)
) Espéces azotées (acides
Glucides 2 _ ) 0,25
amingés, protéines)
Minéraux (calcium,
cuivre, zinc, fer,
. Aldéhydes (acétaldéhyde,
magnésium, 2 o 0,04
) vanilline,...)
potassium)(Drava &
Minganti, 2019)
Tannins et )
Autres alcools (amyl, iso-
composeés .
) 1 amyl, butyl, iso-butyl, hexyl, 0,01
phénoliques (dont
) propyl, méthyl)
pigments)

14
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Un vin standard est composé a 86 % d’eau et 12 % d’alcools, le principal alcool étant
I’éthanol, provenant de la fermentation des sucres du raisin par les levures. Un ordre de

grandeur des concentrations des autres composés majoritaires est présenté dans le tableau 1.

1.2. Processus de vinification du vin

Le processus de vinification des vins blanc et rosé suit les mémes étapes (figure 1).

Vin blanc Vin rosé -

SR
ﬁ‘ : // \

I \

r 1
Pressurage Pressurage Eraflage

\

l l l Encuvage
Débourbage Débourbage Macération
i i Fermentation
alcoolique
Fermentation Fermentation i Décuvage
alcoolique alcoolique

Pressurage

Transformation
malolactique

Soutirage Soutirage

Filtration Filtration

Conditionnement Conditionnement

IHIH -

]
1
|
|
|
I
I
|
|
I
I
|
|
|
|
|
|
I
I
|
|
I
|
|
|
1
I
|
|
I
I
|
|
|
|
|
|
I
I
|
|
I
I
|
|
|
|
1
1

Filtration
\ ’
\\ U
, "
. K Conditionnement
N .

Figure 1: étapes de vinification du vin blanc, rosé et rouge

La vinification du vin rouge est différente. Méme si le raisin utilisé est le méme que pour le vin
rosé, le vin rouge n’est pas directement pressuré mais, suite a une éventuelle étape de
macération, la fermentation alcoolique se déroule en présence des parties solides du raisin. Il 'y
a donc une extraction des composés présents dans les parties solides tout au long de la
fermentation alcoolique ce qui lui confére une grande partie de ses propriétés
organoleptiques comme la couleur et I’astringence. Ainsi, plus la macération est longue, plus
un vin rouge sera coloré et riche en tannins, composés particuliérement présents dans les

pellicules et pépins (Chira et al., 2008). Particulierement sensibles aux phénomenes
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d’oxydation, celui-ci va subir de nombreuses transformations structurelles au cours de I’étape
d’¢levage qui se fait par échange a travers le fiit, perméable a ’oxygene. Les différentes étapes

de I’¢laboration du vin rouge sont illustrées sur la figure 2.

Eraflage
Séparation des baies et de la
rafle

= . a Encuvage
Filtration et conditionnement Mise en cuve du jus, des
pellicules et des pépins pour
macération

. Soutirage - Assemblage
Soutirage du vin en cuve et
réajustage du soulre si nécessaire

Fermentation alcoolique
Transformation des sucres du moit (jus)
en alcool. Action des levures fermentaires.

Elevage

Conservation du vin en fit
pendant plusieurs mois.
Echanges a travers et avec le
bois.

Pressurage

Pressage du marc (parties
solides) afin de récupérer le jus
restant.

e e Fermentation malolactique
hl)llfll'ﬂ‘,{t‘ i 3““"'328 Transformation de I"acide malique en acide
Elimination des lies (dépats au lactique par les bactéries lactiques afin de
fond de la cuve) et ajout de soufre diminuer I'acidité et stabiliser le vin.
pour protéger le vin Passage du vin en fat.

Figure 2: Etapes détaillées de |’élaboration du vin rouge

2. Les polyphénols dans le vin

Les polyphénols sont des composés trés réactifs et particuliecrement sensibles aux
phénomenes d’oxydation qui surviennent tout au long de la vie du vin, du processus de
vinification au vieillissement en bouteille. Ces réactions entrainent la formation de composés
avec de nouvelles propriétés organoleptiques et structurelles. La connaissance des structures
chimiques des produits formés et mécanismes réactionnels impliqués dans ces phénoménes
d’oxydation est indispensable pour mieux comprendre la qualit¢ du vin. Dans le cas du vin
rouge, cela permet d’améliorer et controler la couleur ainsi que ’astringence et d’envisager les

différentes altérations possibles du produit(Singleton, 1987a).

Les composés polyphénoliques sont divisés en deux groupes : les flavonoides et les non-

flavonoides.

16
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2.1. Les non-flavonoides

Les non-flavonoides principalement présents dans les raisins et le vin sont des dérivés

d’acides benzoique et cinnamique (acides hydroxybenzoiques et hydroxycinnamiques). Ils

regroupent aussi les stilbénes et les stilbénes glycosides (trans-resveratrol) ainsi que les tannins

hydrolysables (figure 3).

Dérivés d’acide benzoique et cinnamique

R3

L)

R COOH

/ COOH

Acide benzoique (R'=R’=R*=H)

Acide p-hydroxybenzoique (R!=H, R°=0H, R°*=H)
Acide protocatéchique (R‘=0OH, R°=0H, R°=H)
Acide vanillique (R‘=0CH,, R°=0H, R*=H)

Acide gallique (R'=R°=R*=0H)

Acide syringique (R'=0CH,, R°=0H, R°*=0CH,)

Acide cinnamique (R'=R’=R?*=H)

Acide p-coumarique (R'=H, R°=0H, R°=H)
Acide cafféique (R'=0H, R°=0H, R°=H)
Acide férulique (R'=0CH;, R°=0H, R°=H)
Acide sinapique(R’=0CH,, R°=0H, R°*=0CH,)

Stilbénes
Trans-resveratrol

L

OH

HO O

OH

Composés phénoliques volatiles

OH

Ethylphénol (R=CH,CH,)
Vinylphénol (R=CHCH,)

Figure 3: structures moléculaires des principaux non - flavonoides du vin

OH
H,CO

R

Guaiacol (R=H)
Meéthylguaiacol (R=CH,)
Ethylguaiacol (R=CH,CH;)
Vinylguaiacol (R=CHCH,)
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2.2. Les flavonoides

Les principaux flavonoides présents dans le raisin et le vin de Vitis vinifera sont les
flavonols, les flavan-3-ols et les anthocyanes ainsi que les flavanonols et les flavones présents
en plus faible quantité. Les flavonoides sont constitués d’un noyau flavane C6-C3-C6 (cycles
benzeéne A et B reliés par un noyau pyrane C contenant un oxygene) et se différencient en
plusieurs groupes, caractérisés par le degré d’oxydation de I’hétérocycle C et par

I’hydroxylation ou méthoxylation des trois cycles.

On distingue les flavonols, les flavan-3-ols et les anthocyanes. La figure 4 décrit leur structure

et présente les plus communs d’entre eux.

Flavonols Anthocyanes

Kaempferol (R'=R°=H) Cyanidine 3-glucoside (R'=0H, R°=H)
Quercetine (R'=0H, R’=H) Peonidine 3-glucoside (R'=0OCH,, R°=H)
Myricetine (R'=R’=0H) Delphinidine 3-glucoside (R’=R’=0H)

Petunidine 3-glucoside (R'=0H, R°=0CH,)
Malvidine 3-glucoside (R'=R’=0CH_)

Flavan-3-ols 1

R
OH
R' )
HO O
OH OH OH
. o
- HO o =
CH OH
o
“OH
OH OH
OH
(+)-Catéchine (R'=H) (-)-Epicatéchine (R'=H) (-)-Epicatéchine gallate (R'=H)
(+)-Gallocatéchine (R'=0H) (-)-Epigallocatéchine (R'=0H) (-)-Epigallocatéchine gallate (R'=0H)
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Figure 4: structures moléculaires des principaux flavonoides du vin

Les flavan-3-ols se retrouvent principalement dans les parties solides de la grappe (pépins, rafle

et pellicules) sous forme monomériques, oligomériques et polymériques.

Les tannins des pépins sont des oligomeres et polymeéres constitués d unités (+)-catéchine , (-)-
épicatéchine et (-)-épicatéchine gallate (ECG)(Prieur et al., 1994) tandis que les tannins de la
pellicule contiennent également des unités (-)-€pigallocatéchine et des traces de (+)-
gallocatéchine et (-)-épigallocatéchine gallate(Escribano-Bailén et al., 1995; Souquet et al.,
1996). Les tannins des pépins different surtout de ceux de la pellicule car ils contiennent un
plus grand pourcentage d’ECG (20-23 % pépins / 3-5 % pellicule) et possedent un degré de

polymérisation moyen (DPm) plus faible.

Au sein des tannins différentes structures peuvent étre observées. Cependant, il est impossible
de les séparer en différentes catégories car, au sein d’un tannin avec un DP >3, plusieurs cas de

figures peuvent se présenter, on parle alors de polymeéres.

En revanche, les dimeéres peuvent étre classés en plusieurs catégories en fonction de leurs
structures respectives. Les diméres de type A se caractérisent par des liaisons interflavane C4-
C8 et des liaisons éther C2-O-C7 ou C2-O-C5. Les polymeres de type B possédent des liaisons
C4-C6. Les structures des PA de type A et B sont présentées dans la figure 5.
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Procyanidines de type A

Liaison interflavane C,-C;

Liaison interflavane C,-Cg

Figure 5: Structures des dimeres de flavan-3-ols de type A et B

2.3. Impact des tannins condensés sur les propriétés sensorielles des

vins

D’un point de vue cenologique, les polyphénols, et plus particulierement les tannins
condensés jouent un role essentiel dans 1’évolution des propriétés organoleptiques des vins : (i)
en réagissant avec les anthocyanes de nombreux pigments dérivés sont générés et permettant
une stabilisation de la couleur(Atanasova et al., 2002b; V. Cheynier, Duefias, et al., 2006); (ii)
par des interactions avec les protéines salivaires, les tannins entrainent un desséchement de la
bouche plus ou moins important en fonction de leur composition(McRae & Kennedy, 2011).
La force des interactions entre les tannins et les protéines salivaires dépend de la taille
moléculaire des tannins (les interactions augmentent avec le degré de polymérisation(V.
Cheynier, Prieur, et al., 1997)) et de leur structure chimique: elles augmentent avec le
pourcentage de galloylation(V. Cheynier, Prieur, et al., 1997) et/ou en fonction de leur
flexibilité conformationnelle(P. McManus et al., 1985). Ainsi I’évolution chimique des tannins

au cours du temps module la sensation d’astringence.

Les tannins se retrouvent en faible quantité dans les vins blancs et en quantité importante

dans les vins rouges. Chaque type de vin peut ainsi se différencier par sa teneur en tannins, les
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rouges €tant donc les plus concentrés (1 a 4 g/L)(Ribéreau-Gayon et al., 2006), leur donnant

ainsi cette robe foncée et cette sensation astringente caractéristique des vins rouges.

La richesse du vin rouge en tannins condensés et anthocyanes(Brossaud et al., 2008;
Kennedy et al., 2006; Ma et al., 2014; Noble, 1994; Robichaud & Noble, 1990; Soares et al.,
2017) le distingue des autres vins et en a fait un sujet de recherche privilégié ces dernieres
années. En effet, ces composés jouent un role majeur dans le vieillissement des vins rouges,
principalement en raison de leur sensibilité¢ aux phénomenes d’oxydation impactant I’ensemble
du processus de fabrication et de stockage du vin. Si tous les parameétres sont bien maitrisés
I’évolution chimique des polyphénols dans les vins rouges tend en général a réduire

’astringence ainsi qu’a stabiliser la couleur(Echave et al., 2021).

Nous allons dans la partie suivante décrire les différentes voies d’évolution et d’oxydation

des vins rouges.

3. Evolution des polyphénols du vin rouge

3.1. Réactions d’évolution non oxydatives

3.1.a. Sulfonation des anthocyanes

Dans les vins, les anthocyanes, pigments rouges, sont en équilibre physico-chimique entre
plusieurs formes : la forme hémiacétal incolore, le cation flavylium qui est la forme rouge de
I’anthocyane, la base quinonique de couleur bleue-mauve, et la chalcone C de couleur
jaune(Castafieda-Ovando et al., 2009). Au pH du vin (pH 3,2-4), la forme incolore hémiacétal
est largement majoritaire (70 a 80 %), au détriment de la forme rouge (cation flavylium) qui est
la seule qui participe a la coloration des vins. Dans les vins, les anthocyanes sous la forme
flavylium peuvent former des combinaisons instables avec les sulfites pour former des adduits
bisulfitiques(Berké et al., 1998; Fulcrand et al., 2006; Wrolstad et al., 2005) (figure 6).
L’équilibre entre 1’adduit bisulfitique incolore et le cation flavylium rouge dépend du pH mais
aussi des autres combinaisons des sulfites qui peuvent avoir lieu, par exemple, avec

I’acétaldéhyde.
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-H/+HSO,  HO

R!/R?=H, OH, OCH;

Figure 6 : Formation d’un adduit bisulfitique par réaction entre les cations flavylium et les sulfites

3.1.b. Réactions directes et réactions de polycondensation : tannin/tannin,

tannin/anthocyane ou anthocyane /anthocyane

Les composés polyphénoliques, en plus de leur role de cofacteurs dans la
copigmentation des vins rouges(Brouillard & Dangles, 1994; Goto & Kondo, 1991), peuvent
directement étre impliqués dans la coloration du milieu via la formation de pigments
polymériques avec les anthocyanes(Jackson: Wine science: principles and applications -
Google Scholar, s. d.; Quideau et al., 2005). Certains de ces nouveaux pigments sont plus
stables que les anthocyanes monomériques vis a vis des attaques nucléophiles et autres
modifications chimiques des anthocyanes (décoloration au SO»)(Jackson: Wine science:
principles and applications - Google Scholar, s. d.; Jurd, 1969) et participent fortement a la

stabilisation de la couleur.

Au pH du vin rouge, les anthocyanes libres sous la forme flavylium peuvent agir comme
¢lectrophiles (positions C2 ou C4 du cycle C — voir numérotation figure 6) ou nucléophiles
dans leur forme hémicetal (positions C6 ou C8 du cycle A)(Jackson: Wine science: principles
and applications - Google Scholar, s. d.; Nave et al., 2010; Salas et al., 2004) . De plus, la
rupture des liaisons C-C des tannins se produit spontanément dans le vin, catalysée par le milieu
acide et libérant ainsi des carbocations T" électrophiles. Les anthocyanes libres peuvent ainsi
se condenser avec les tannins (flavan-3-ols et proanthocyanidines oligomériques) pour générer
des adduits anthocyane-tannin (A-T), tannin-anthocyane (T-A)(He et al., 2008), mais

¢galement anthocyane-anthocyane (A-A) et tannin-tannin (T-T). Ces condensations se font a
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travers deux mécanismes distincts représentés sur la figure 7. Ces réactions sont appelées les

« réactions directes ».

ollgomerlsatlon

oxydation

:

.

Figure 7: Réaction de formation des adduits A-T (1) et T-A (2). (1) : addition d’un tanin sur un
carbocation coloré AH" aboutissant a la formation d’un adduit A-T incolore ou coloré en fonction de

™
D
@
D
W
]

T
5

I’évolution de la structure. (2) : rupture des liaisons interflavaniques et addition de [’anthocyane
hydratée AOH sur le carbocation T* aboutissant a la formation d'un adduit T-AOH incolore et T-AH"
coloré en équilibre dans le milieu.

En plus de ces réactions de condensation directe avec les flavonoides, les anthocyanes peuvent
engendrer la formation de pigments polymériques rougeatres ou violets via I’intervention de
I’acétaldéhyde(Es-Safi et al., 2000; Francia-Aricha et al., s. d.; Sousa et al., 2007), aldéhyde le
plus abondant dans le vin rouge(Timberlake & Bridle, 1976). Les réactions faisant intervenir
I’acétaldéhyde aboutissent a la formation de dérivés identiques a ceux présentés sur la figure 7
et reliés par des ponts éthyl CH-CHj3 tels que des dérivés de tannins (T-éthyl-T), des adduits
tannin/anthocyane (A-éthyl-T) et des oligomeres d’anthocyanes (A-ethyl-A)(Dallas et al., 1996;
Forino et al., 2020; Timberlake & Bridle, 1976) .

Enfin, ces produits peuvent subir d’autres arrangements structurales et générer des pigments

xanthylium jaunes-orangés.
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3.1.c. Pyranoanthocyanes

Comme évoqué précédemment, les anthocyanes sont des molécules trés réactives et vont
évoluer dans les vins selon différentes voies réactionnelles pouvant conduire a leur dégradation,
a la formation de pigments dérivés ou a la formation de composés dérivés non colorés. Ces
réactions impliquent des métabolites des levures (acétaldéhyde, acide pyruvique, vinylphénols)
et/ou d’autres composés phénoliques, en particulier les 6,8-vinylflavanols (monomeéres ou
tannins condensés) ainsi que les acides hydroxycinnamiques. Parmi les composés dérivés
formés et colorés une classe importante est représentée par les pyranoanthocyanes(Bakker &
Timberlake, 1997; Canals et al., 2005; Freitas & Mateus, 2011; Rentzsch et al., 2007; Schwarz
et al., 2003). En effet, les pyranoanthocyanes constituent la classe la plus importante de
pigments dérivés des anthocyanes présents naturellement dans le vin rouge(Hayasaka &
Asenstorfer, 2002; Mateus et al., 2001a, 2001b; Vivar-Quintana et al., 1999), elles sont issues
de la réaction entre une anthocyane native avec n’importe quel composé contenant une double
liaison riche en électrons (nucléophile)(von Baer et al., 2008) et possédent ainsi deux cycles
hétéroatomiques (figure 7) . Les pyranoanthocyanes se forment principalement a partir des
anthocyanes des raisins durant la fermentation du motlt ou pendant la maturation et le
vieillissement des vins rouges(Freitas & Mateus, 2011; Rentzsch et al., 2007) et ont
généralement une couleur plus orangée que les anthocyanes natives et sont plus résistantes aux

variations de pH. Elles sont également résistantes a la décoloration par le SO».

Figure 8 : Structures des pyranoanthocyanes issues de I’anthocyanidine-3-O-glucoside dans les vins
rouges et équilibre dynamique entre les différentes formes du cation flavylium
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3.1.d. Influence du vieillissement du vin rouge sur les anthocyanes

La concentration des anthocyanes libres diminue progressivement durant le
vieillissement du vin(Monagas & Bartolomé, 2009; Monagas, Bartolomé, & Gémez-Cordovés,
2005; Alcade-Eon et al., 2006; Monagas, Bartolomé, & Gomez-Cordoves, 2005; Jackson,
2008), avec une tendance pour les anthocyanes acylées a décroitre plus rapidement que les non
acylées. Cela pourrait provenir de I’hydrolyse de la forme acylée vers la forme non acylée
durant le vieillissement du vin(Monagas, Bartolomé¢, & Gémez-Cordovés, 2005). Cependant,
les différentes formes d’anthocyanes libres non acylées montrent les mémes cinétiques de
diminution, tout comme les pyranoanthocyanes issues de ces précurseurs(Monagas, Bartolomé,
& Goémez-Cordovés, 2005). Alors que les formes monomériques diminuent, les anthocyanes
sous forme d’adduits et les pigments dérivés augmentent, permettant ainsi une stabilisation de

la couleur, avec cependant un léger changement de teinte vers une teinte tuilée.

Ces réactions d’évolution s’accompagnent bien souvent de réactions d’oxydations des
polyphénols, ces composés étant les cibles prioritaires des phénomenes d’oxydation et ayant un
fort impact sur les propriétés organoleptiques du vin rouge. Ces phénomenes sont décrits dans

la partie suivante(Waterhouse & Laurie, 2006a).

3.2. Réactions d’oxydation

3.2.a. Définition des dérivés réactifs de I'oxygéne (DRO)

Les réactions d’oxydation dans de nombreux systémes biologiques se produisent via les
especes réactives de I’oxygeéne (ERO), terme regroupant les radicaux libres de 1’oxygene tels
que I’anion superoxide O>", formé par la capture d’un électron par la molécule d’oxygeéne, ou
les radicaux hydroperoxyle HOO’, hydroxyle HO’, peroxyles ROO", alkoxyles RO’ (R= substrat
organique). Il est également possible de trouver des espéces non radicalaires qui sont de
potentielles especes oxydantes ou qui peuvent facilement devenir des radicaux, comme le
peroxyde d’hydrogéne H>O2, I’0zone O3, I’acide hypochloreux HOCI, le singulet de I’oxygene
105 ou les hydroperoxydes lipidiques LOOH(Pourova et al., 2010; Shchepinov, 2007).

La formation des dérivés réactifs de I’oxygenes dans le vin est présentée en figure 9. La

réduction du peroxyde d’hydrogéne H>O» en radical hydroxyl HO’, catalysée par les ions Fe
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(IT), présents en faible quantité dans les vins,correspond a la réaction de Fenton et libére des
radicaux capables d’oxyder de nombreux composés du vin comme 1’éthanol en acétaldéhyde
mais s’avére ¢également étre une étape clé dans 'oxydation non enzymatique des

polyphénols(Danilewicz, 2003a; Elias & Waterhouse, 2010; Waterhouse & Laurie, 2006b).

P
Fe3+ Fe?*
\__ﬂ
= 5 F e -
0, = 0," € » 0% = » HO* ——  HO
Radical anion Anion Radical Anion
superoxide peroxyde hydroxyl hydroxyl
o~
H+ H* H*
" Fe+
[l o 2
especes présentes HOZ H202 ! H2O
au pH du vin Radical Peroxyde Ediif
hydroperoxyle d’hydrogéne

Figure 9: Réactions de réduction de l'oxygeéne

3.2.b. Antioxydants non phénoliques

Sont qualifiés d’antioxydants des composés capables de retarder ou empécher les
phénomenes d’oxydation. Les espéces antioxydantes peuvent agir par différents modes
d’action (interruption de la chaine de propagation radicalaire, chélation des métaux de
transitions, inhibition de I’activité des enzymes de peroxydation, désactivation des especes
réactives de I’oxygene , abaissement de la pression partielle en oxygene)(Choe & Min, 2009;
Cillard & Cillard, 2006; Sarni-Manchado & Cheynier, s. d.). De par leur structure chimique, les
polyphénols sont des antioxydants naturels trés efficaces du vin. En effet, par rupture
homolytique de la liaison O-H, ils sont capables de céder un atome d’hydrogene aux radicaux
peroxyles ROO’ (R= substrat organique). Ce mécanisme (HAT : hydrogen atom transfer) est le
plus communément décrit dans la littérature(Akoh, 2017; Cillard & Cillard, 2006; Sarni-
Manchado & Cheynier, s. d.) avec le mécanisme de transfert d’électron (SET : single electron

transfer)(Leopoldini et al., 2011).

Cependant il existe d’autres antioxydants non phénoliques dans les vins, principalement le

dioxyde de soufre SO; et I’acide ascorbique(Barril et al., 2012).

26



Chapitre I - Bibliographie

Bisulfite

L’ion bisulfite HSO3™ est reconnu pour ses propriétés antimicrobiennes et antioxydantes dans
le vin, régulant la croissance des microorganismes et empéchant le brunissement. Il peut
¢galement protéger le vin d’une dégradation sensorielle par addition avec des composés

carbonylés(Danilewicz et al., 2008) (figure 10 : action de I’anion bisulfite sur [’acétaldéhyde).

C[OH Y f
e3+ e2+

Kcy

N Ethanol
*@ Acétaldéhyde K H30
HSO3 2H,0 \
S i Adduit
SO + H*+ Hzo bisu’_ﬁte

Figure 10 : Interaction du SO; avec les peroxyde d’hydrogene et les quinones aprés oxydation du
groupement catéchol, empéchant I’oxydation de I'éthanol par la réaction de Fenton Fe’" (.4 +

H>0; — Fe’™ + OH + HO' . La réaction directe entre le SO et [’'oxygéne moléculaire est lente et
requiert la présence d’un catalyseur tel que le fer ou le cuivre. En conditions enologiques, le

SO; libre peut réduire les quinones, produits d’oxydation, en phénols ce qui ralentit le processus
d’oxydation. Il réagit également avec un oxydant puissant, le peroxyde d’hydrogene, généré par
["oxydation des composés phénoliques et prévient ainsi la formation d’éthanal. Ces deux mécanismes
conduisent a une diminution de la concentration en SO: libre et total lors du stockage du vin.

Les taux de SOz ajoutés lors de la vinification peuvent varier de 50 a 200 mg/L(Oliveira et al.,
2011). Dans le vin, SOz est quasi-exclusivement sous forme d’ion bisulfite HSO3
correspondant au SO libre. Lorsqu’il est 1i¢ a d’autres composés insaturés sous sa forme libre
il est qualifi¢ de SOz lié. De plus, il ne réagit pas directement avec I’oxygene (figure 10) mais
avec une forme réduite de 1’oxygene : le peroxyde d’hydrogene, limitant ainsi la formation
d’aldéhydes(Elias & Waterhouse, 2010). Il joue également un réle important dans la réduction
des quinones dans leur forme phénolique initiale, éliminant ainsi un potentiel
¢lectrophile(Danilewicz, 2007; Danilewicz et al., 2008). Cependant, la présence d’ions fer et
cuivre et primordiale dans 1’oxydation des catéchols en quinones et donc dans 1’action du SO»

sur le peroxyde d’hydrogene(Danilewicz, 2011). En effet, les différents substrats du vin ne sont
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pas en mesure de réagir directement avec I’oxygene moléculaire qui existe sous la forme d’un
diradical et donc d’un état triplet de charge qui ne peut pas accepter une paire d’électrons

(Danilewicz, 2003b; Miller et al., 1990).

Acide ascorbique

L’acide ascorbique est naturellement présent dans les raisins(Bradshaw et al., 2011) mais il est
rapidement consommé apres 1’étape de pressurage (figure 1) soit en piégeant I’oxygene induit
par cette étape, soit en réduisant les ortho-quinones issues de 1’oxydation enzymatiques de
composés phénoliques. Il est particuliérement ajouté en priorité aux vins blancs, moins riches
en acide ascorbique de par leur processus de vinification. Les taux d’acide ascorbique dans les
vins varient généralement de 50 a 150 mg/L(Barril et al., 2009) et il est principalement utilisé
pour sa capacité a piéger efficacement I’oxygene. Cependant, cette réaction provoque
¢galement la formation de peroxyde d’hydrogene et d’acide déhydroascorbique, qui se dégrade
rapidement en acides carboxyliques, cétones, aldéhydes, etc... (Kilmartin et al., 2001) Ainsi les
taux de SO doivent étre adaptés en conséquence afin d’€éliminer le peroxyde d’hydrogéne

formé et de réagir avec les composés résultant de 1’oxydation de I’acide ascorbique.

Des études récentes ont mis en avant des alternatives a ’utilisation du SO et de I’acide
ascorbique pour protéger les composés volatiles aromatiques du vin durant sa conservation
comme par exemple [’'utilisation d’acide caféique, d’acide gallique et de
glutathion(Lambropoulos & Roussis, 2007; Lavigne et al., 2007; Roussis et al., 2007; Roussis
& Sergianitis, 2008). Des mesures de voltammétrie cyclique ont confirmé ces études en
montrant le caractére antioxydant du glutathion par addition nucléophile de GSH sur les

quinones (Makhotkina & Kilmartin, 2009)

3.2.c. Différents types d’oxydation des polyphénols

Parmi les réactions d’oxydation faisant intervenir les composés phénoliques dans le vin,
on distingue les oxydations enzymatiques des réactions chimiques. Elles font toutes les deux

intervenir I’oxygene moléculaire comme substrat.
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Oxydation enzymatique

En cenologie, ’oxydation enzymatique des composés phénoliques est catalysée par des
enzymes appartenant a la catégorie E.C.1 des oxydoreductases (Nomenclature Committee of
the international union of biochemistry and molecular biology). Les trois principales catégories
qui catalysent 1’oxydation des polyphénols sont (i) les oxydoreductases qui utilisent I’oxygene
comme accepteur d’électron (E.C.1.10.3) (ii) les tyrosinases (E.C.1.14.18.1) et les peroxydases
POD (E.C.1.11.1) (figure 11)

E.C.1.

Oxydoreductases : catalysent les réactions
d’oxydoréduction

E.C.1.14.18 E.C.1.10.3 E.C.1.11.1
Oxydoréducatses agissant sur des donneurs appariés, oxydoreductases agissant sur les diphenols Peroxidases (POD): catalysent les
avec incorporation ou réduction de l'oxygene (donneurs) en utilisant I’oxygeéne conune réactions de la forme
moléculaire accepteur AH; + HyO0, — A+ 2 H,O
E.C.1.14.18.1
Tyrosinase ou catéchol oxydase ou monophénol
monooxydase
E.C.1.10.3.1 E.C.1.10.3.2 E.C.1.10.3.4
Polyphenol oxidase (PPO) : catalyse Laccase: protéine utilisant le cuivre comme co-facteur Ortho aminophenoloxidase
exclusivement I oxydation des catechols (o- agissant principalement sur les o-quinols and p-quinols, les
diphenols) ou des catechols substitués en quinones semiquinones formées peuvent subir des oxydations
correspondantes supplémentaires (enzymatiques ou non enzymatiques)

Figure 11: classification des principales enzymes intervenant dans | ’oxydation enzymatique du raisin
et du vin

Les principales enzymes qui agissent au sein des raisins sont :

- Les polyphénoloxidases PPO, utilisant le cuivre comme co-facteur.

- Lestyrosinases(Li et al., 2008; Singleton, 1987b), naturellement produites dans les baies
et qui peuvent catalyser 1’oxydation des monophénols et des catéchols

- Les laccases, produites par les moisissures des baies infectées par Botrytis
cinerea(Jackson, 2008; Ployon et al., 2020)et capables d’oxyder de nombreux substrats,
notamment les 1,2 et 1,4-dihydroxybenzenes. Leur mécanisme d’action est décrit dans

la figure 12.

29



Chapitre I - Bibliographie

- Les peroxidases POD(Li et al., 2008; Whitaker & Lee, 1995), utilisant le fer comme co-

facteur

Substrate 4¢
Monomer or Mediator | & & 2 &

‘ype 1 Cu Type2 Cu Type3 Cu-Cu
ox — red—Mox — red—BBox — red
Laccase (reduced state)

0, 2¢
2 H,0 ;3 :
Radicals | Ze

(]
Diffusion

v

Substrate
Polymer

non-
enzy matic ;

k) xidative Cou plingi |l}cgrnda tinnl

Oxidation

ype 1 Cu ype 2 Cu ype 3 Cu-Cu
0X + red —0x < red «—px +— red

Laccase (oxidized state)

Figure 12 Réactions catalytiques des laccases fongiques : I'enzyme oxyde les molécules de substrat avec
le cuivre de type 1 par quatre transferts d'un électron. La réoxydation de la laccase est provoquée par la
paire de cuivre diamagnétique de type 3, qui transfere quatre électrons (par étapes de deux électrons) a

I’oxygeéne(Claus, 2003).

Le brunissement causé par les POD est négligeable dans la plupart des fruits sauf si cette
enzyme est associée aux PPO(Robards et al., 1999). La majorité des réactions d’oxydation
enzymatique ayant lieu avec les PPO dans les baies, la suite de cette étude concernera donc

principalement cette enzyme.

Ce type d’oxydation est également appelé brunissement enzymatique et intervient lors
des étapes de pressurage des raisins. Bien que particulierement important dans les vins blancs,
il est possible de le retrouver dans les autres types de vins également. En effet, méme si les
anthocyanes et les tannins condensés (oligomeres et polymeres) de ne sont pas des substrats
privilégiés pour la PPO du fait de I’encombrement stérique(V. Cheynier et al., 1994; V.
Cheynier & Ricardo da Silva, 1991), les effets de cette enzyme peuvent étre visibles lors de la

vinification du vin rouge mais peuvent également avoir un impact sur sa décoloration.

Les premiers substrats de 1’oxydation enzymatique dans le mott sont 1’acide caftarique

(acide cafeoyltartarique) et 1’acide coutarique (acide p-coumaroyl-tartarique), donnant lieu a
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leurs ortho-quinones associées (figure 13) apres action de la PPO(Singleton et al., 1985) sur le

groupement catéchol.

HO | PPO + 0O, o
X OH Xy X OH
Catechin, SO, , GSH
=
HO 0

Figure 123 : Oxydation enzymatique de l’acide cafiarique

La PPO peut également aboutir a la formation de diméres suite a I’oxydation de la catéchine
(ou épicatéchine) et addition nucléophile du monomeére en excés dans le milieu. Ces dimeres
different de leurs isomeres de procyanidines de par la nature et la position de leurs liaisons
interflavaniques (IFL)(Gaulejac et al., 2001; Guyot et al., 1996; Sanoner et al., 2002) (figure
14)

o Oxvdoreductase "-6 222 e
0, + HO (o I
Ho o W o 2 o TR = o H @
P e— v _ 3
(Alc = lalel " ¢
OH oH OH
OH

catechine

Addition i
nucléophile v

C-CIFL C-0-C IFL
6 isoméres possibles 4 isomeres possibles

Figureld : oxydation enzymatique de la catéchine

I1 est également possible de retrouver, dans des solutions contenant de la PPO, des produits de
condensation entre la catéchine (ou EC) et I’acide caftarique(V. Cheynier, Basire, et al., 1989a)

ainsi que des dimeres d’acide caféique(Veronique. Cheynier & Moutounet, 1992).

Les o-quinones issues de 1’oxydation enzymatique des acides hydroxycinnamiques (comme les

acides caftarique et coutarique) étant trés réactives, elles sont en mesure de réagir rapidement
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(oxydation couplée) avec d’autres composés présents dans le mott tels que 1’acide ascorbique,
le SO2(Rigaud, Cheynier, et al., 1991) ou d’autres o-diphénols qui ne sont pas des substrats de
la PPO. Ces réactions engendrent la formation d’especes réductrices(V. Cheynier et al., 1988)
qui vont protéger les anthocyanes des altérations liées a I’oxygene. Cependant, le glutathion
(GSH) présent peut également s’additionner (addition nucléophile) aux quinones de I’acide
caftarique (figure 13) et former I’acide (2-S-glutathionyl) caftarique. Ce produit est appelé
GRP(V. F. Cheynier et al., 1986; Singleton et al., 1985) (Grape Reaction Product) et cette
réaction s’oppose aux réactions de dégradation du mot et aide a maintenir des concentrations
importantes en composés phénoliques non altérés dans le vin(Sarni et al., 1995). Ainsi, dans les
raisins a forte teneur en acide hydroxycinnamique et faible teneur en GSH, les composés
phénoliques sont plus sensibles aux réactions d’oxydation et peuvent réagir notamment avec
les quinones de 1’acide caftarique par des réactions d’oxydo-réduction ou de condensation(V.
Cheynier et al., 1994; V. Cheynier, Hidalgo Arellano, et al., 1997; V. Cheynier, Souquet, et al.,
1989; Sarni-Manchado et al., 1997).

Au cours du processus d’élaboration du vin, I’oxydation enzymatique diminue au profit

de I’oxydation chimique (manque d’oxygene et/ou inactivation de la PPO).

Oxydation chimique

L’oxydation chimique (ou non enzymatique) est généralement plus lente que I’oxydation
enzymatique. Elle est favorisée par la présence de polyphénols contenant un noyau catéchol
(groupement ortho-dihydroxybenzene) ou un groupement galloyl (groupement 1,2,3-
trihydroxybenzene) comme par exemple la (+)-catéchine, la (-)-€picatéchine, la gallocatéchine,
I’acide gallique et ses esters associés et 1’acide caféique, qui font partie des composés les plus
facilement oxydables présents dans le vin (Danilewicz, 2003b; Kilmartin et al., 2001; Li et al.,
2008; Singleton, 1987b, 2001). Ces substrats sont d’abord oxydés en radicaux semi-quinones
puis benzoquinones sous I’action de 1’oxygene réduit en peroxyde d’hydrogeéne (figure

15)(Danilewicz et al., 2008).
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Figure 135 : mécanisme d’oxydation des groupements catéchols, catalysé par les ions fer et cuivre

D’autres composés peuvent ensuite s’oxyder a plus haut potentiel comme la malvidine-3-O-
glucoside, 1’acide para-coumarique ou le resveratrol(Kilmartin, 2016). Comme ¢évoqué
précédemment, les polyphénols ne réagissent pas directement avec I’oxygeéne mais nécessitent
la présence de métaux de transition comme le fer (< 20mg/L) ou le manganése (<500

mg/L)(Cacho et al., 1995) est nécessaire a leur oxydation chimique.

Par la suite les quinones, composés primaires d’oxydation particuliérement instables,
vont subir spontanément d’autres réactions. De par leur caractére électrophiles(Singleton,
1987b), elles sont particulierement réactives et peuvent former des liaisons covalentes avec les
composés nucléophiles du vin(V. F. Cheynier et al., 1986) tels que les flavonoides (nucléophiles
grace a leur noyau phloroglucinol), les composés aromatiques possédant une fonction thiol
(3SH, 3SHA, 4MSP) ou les peptides contenant une cystéine comme le glutathion. L’oxydation
chimique de la catéchine (ou épicatéchine) aboutit aux mémes composés que 1’oxydation
enzymatique (figure 14) bien que les vitesses de formation soient différentes(Gaulejac et al.,
2001; Guyot et al., 1996; Oszmianski et al., 1985). Les réactions entre les quinones et les

principaux composés nucléophiles(Oliveira et al., 2016) du vin sont résumés sur la figure 16.
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Figure 146 : principales réactions entre les quinones et les nucléophiles du vin.

Aussi, les produits issus de 1’oxydation chimique des composés non phénoliques du vin
(éthanol, acide tartrique) favorisent la formation des produits de polycondensation des
tannins(Atanasova et al., 2002a), d’évolution anthocyane/tannin et anthocyanes (section 3.1.b)

et les réactions de polymérisation des tannins?®,

En conclusion de cette partie, les produits d’évolution et d’oxydation des vins sont
nombreux et variés de par la complexité du milieu, la multitude de composés présents et les
nombreuses interactions possibles. Tous ces composés nouvellement formés peuvent éEtre
qualifiés de marqueurs d’évolution puisqu’ils traduisent de 1’état de vieillissement et/ou

d’oxydation d’un vin.

Cependant, les vins, et plus particuliérement les vins rouges peuvent prendre des mois voire des
années pour s’oxyder naturellement. Récemment, des tests de vieillissements accélérés ont été
mis au point afin d’évaluer plus rapidement les capacités d’évolution des vins en fonction de
leur composition et la formation de potentiels marqueurs d’oxydations. Le paragraphe suivant

présente ces différents tests.
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3.2.d. Tests de vieillissements accélérés des vins

Le vieillissement forcé est une simulation des modifications chimiques apportées au vin. Méme
si ces conditions extrémes ne sont pas totalement représentatives de la réalité, elles, permettent
de reproduire une évolution en laboratoire en un temps raisonnable, en dépit du risque de

provoquer/favoriser des réactions indésirables.

Saturations en oxygéne

Parmi les tests pour étudier 1’évolution oxydative des vins rouges, un des plus utilisés consiste
a étudier I’évolution de la consommation d’oxygene apres un ou plusieurs cycles successifs de
saturations en oxygene, afin d’évaluer le comportement des pigments, des tannins et des
composés aromatiques.(V. Ferreira et al., 2015; Gambuti et al., 2018) Des corrélations
importantes ont ainsi été établies et confirmées sur vin rouge entre les différents constituants
du vin et la vitesse de consommation moyenne de 1’oxygéne (OCR), les plus importantes étant
avec la structure chimique des tannins(V. Ferreira et al., 2015; Vivas & Glories, 1996), la teneur
en anthocyanes monomeres et totaux (Carrascon et al., 2015; Gambuti et al., 2018) (corrélation
négative) et le ratio T/A (corrélation positive), les concentrations en cuivre et fer(Danilewicz,
2007), le pH(Singleton, 1987a) et le SO (Danilewicz et al., 2008; Gambuti et al., s. d.;
Singleton, 1987a) . Les mécanismes faisant intervenir le dioxyde de soufre restent cependant
complexes et dépendent grandement de la composition du vin étudié. Ferreira ef al.(V. Ferreira
et al., 2015) ont mis en avant la faible consommation de SO; suite & une premiére saturation en
oxygene pour certains vins, ce phénomene pouvant notamment s’expliquer par des phénomenes
compétitifs avec un autre antioxydant plus réactif que le SO2 ou avec d’autres composés

nucléophiles du milieu qui réagissent davantage avec les quinones générées.

De plus, des résultats contradictoires sur les corrélations avec les taux d’acétaldéhyde
(Carrascon et al., 2018; Gambuti et al., 2018) traduisent la complexité du milieu et la difficulté
d’analyse des vins rouges, nécessitant parfois la mise en place d’études complémentaires. En
effet, la présence d’ARP (acetaldehyde-reactive polyphenols) comme la catéchine qui
réagissent tres rapidement(Sheridan & Elias, 2015) peut concurrencer la présence d’autres
cibles privilégiées de ’acétaldéhyde(Peterson & Waterhouse, 2016), comme le SO, rendant

parfois difficile la mise en place de corrélations simples avec un groupe de molécules.
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Acétaldéhyde

L’ajout de taux variable d’acétaldéhyde peut se révéler €tre un outil efficace pour accentuer la
modification des structures des tannins, notamment grace a la présence d’ARP(Coppola et al.,
2021; Sheridan & Elias, 2015; Teng et al., 2019). Différentes études ont mis en évidence qu’un
taux ¢élevé d’acétaldéhyde exogeéne provoque une augmentation des modifications des
structures des tannins, notamment des pigments polymériques mais n’a pas d’influence sur les
taux d’acétaldéhyde liés au SO». Ces résultats, associés a une diminution des précipitations
tannins/protéines suggerent une utilisation potentielle de cette méthode pour controler la

couleur et I’astringence des vins rouges.

Peroxyde d’hydrogéne

Plus récemment, des oxydations accélérées au peroxyde d’hydrogene(Coppola et al., 2021;
Picariello et al., 2017) ont été testées, oxydation forte puisqu’elle accentue la réaction de Fenton
(figure 11) qui libere le radical hydroxyle HO’, particulierement réactif et capable d’oxyder
indifféremment n’importe quel composé organique et entraine notamment la dégradation des
anthocyanes(Ozkan, 2002; Satake & Yanase, 2018), particuliérement fragiles et responsables

de la couleur des vins.

De ce fait, ce test peut facilement et rapidement s’envisager pour prédire 1’évolution des
polyphénols et de la couleur dans les vins rouges, donnant des résultats similaires a I’oxydation

par des saturations successives(Coppola et al., 2021).

Température

Différents tests de vieillissement accélérés ont pu étre menés avec des températures pouvant
aller de 27 a 60°C(Castro et al., 2014b; Karbowiak et al., 2009; Macias et al., 2001; Oliveira et
al., 2015; Tindal et al., 2021; Toit et al., 2006). Ce test accélere globalement toutes les réactions
d’évolution des polyphénols, déja identifiées lors de saturations successives en oxygene. En
effet, il a ét¢ montré une décroissance de la teneur en anthocyanes (clivage), flavan-3-ols, esters
hydroxycinnamiques et acide férulique(Oliveira et al., 2015; Toit et al., 2006). Seules les
concentrations en acides hydroxycinnamiques (issus de 1’hydrolyse de leurs esters respectifs)

et hydroxybenzoiques (issus de la dégradation des anthocyanes) sont susceptibles d’auglenter.
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Les composés les plus impactés sont les anthocyanes et les flavan-3-ols (C/EC et tannins
condensés) qui se modifient ou se clivent vers des pigments colorés plus stables, réactions
caractéristiques des réactions d’évolution naturelle du vin mais largement accélérées par une
augmentation de la température(Macias et al., 2001). La température est d’ailleurs un parametre
contrdlé et maitrisé lors de la conservation des bouteilles(Avizcuri et al., 2016; Hopfer et al.,
10754; Scrimgeour et al., 2015), il s’agit donc un test prometteur pour I’identification de

marqueurs d’oxydations issus du vieillissement des vins(Macias et al., 2001).

3.2.e. Etude de I’évolution oxydative des vins par électrochimie

Voltammeétrie cyclique

Récemment, les techniques électrochimiques se sont largement développées grace a leur
sensibilité, leur rapidité, leur facilité d’utilisation notamment avec la mise au point d’électrodes
sérigraphiées jetables (Screen Printed electrodes)(Benbouguerra et al., 2020; C. Ferreira et al.,
2021) et I’'impact réduit de 1’environnement chimique sur les mesures(Lorrain et al., 2013).
Parmi les méthodes électrochimiques existantes, la voltammétrie cyclique est plus
particulierement utilisée permettant de détecter et caractériser des composés oxydables et
réductibles en solution. Un balayage croissant en potentiel est appliqué a 1’¢électrode de travail
et, lorsqu’une espece chimique en solution va étre ¢lectrolysée (oxydée), cela va se traduire sur
le voltammogramme par un pic anodique (transfert de charge et de masse a 1’¢électrode). Lors
du balayage dans le sens retour, la réduction de I’espéce chimique qui a été électrolysée va se
traduire par un pic cathodique dans le cas d'une réaction réversible. Si plusieurs états
d’oxydation avec différents potentiels d’oxydation sont accessibles dans la solution étudiée (un

ou plusieurs composés) le voltammogramme montre plusieurs vagues successives.

A partir de la courbe intensité-potentiel obtenue sur le voltammogramme il est possible

de caractériser les propriétés réductrices (anti-oxydantes) par :

- Le potentiel du pic qui traduit la facilité du composé a s’oxyder, plus le potentiel est
bas, plus le composé sera facilement oxydable ;

- Le courant du pic, proportionnel a la concentration de 1’espece oxydée.

Pour les milieux complexes des lors que plusieurs espéces sont présentes comme c’est le cas
pour le vin, il est préférable d’utiliser la charge (aire sous la courbe anodique sur le

voltammogramme) qui est proportionnelle aux nombre d’électrons échangés entre 1’¢lectrode
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et les especes présentes plutdt que I’intensité du pic(Chevion et al., 2000; Kilmartin et al., 2002;
Makhotkina & Kilmartin, 2010). En effet, il peut se produire en particulier un €largissement du
pic di a "oxydation des différentes espéces a des potentiels voisins que I’intensité du pic ne

prend pas en compte (Kilmartin et al., 2002).

Intensité (A)

Y

Potentiel (V)

Figurel7 : Exemple de voltammogramme obtenu par voltammétrie cyclique

Application a I’étude de I’évolution oxydative des vins

La voltammétrie cyclique permet d’obtenir des informations importantes sur le comportement
oxydatif des vins en corrélant les paramétres €lectrochimiques a d’autres parametres tels que la
composition phénolique(C. Ferreira et al., 2021; Kilmartin, 2016; Motta et al., 2020; Ricci et
al., 2019; Ugliano, 2016; Ugliano et al., 2015) ou les vitesses de consommation d’oxygene, ces
corrélations se sont déja avérées importantes pour certains vins blancs(Gonzalez et al., 2018).
De plus, les voltammogrammes obtenus par soustraction des voltammogrammes de vins oxydés
a ceux de leurs références non oxydées donnent la possibilité d’obtenir une image rapide des
changements impactant les substrats oxydables du vin. Un ou plusieurs pics cathodiques et/ou
anodiques peuvent étre visibles sur les voltamogrammes des vins, traduisant la composition de

ces derniers en composés oxydables.

A terme, I’application de cette méthode a un grand nombre d’échantillons de vin

pourrait constituer un test prédictif de la tendance d’évolution des vins a partir d’une analyse
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¢électrochimique. Une discrimination des vins en fonction de leur composition et de leur

comportement électrochimique est alors possible(Geana et al., 2020; Gonzalez et al., 2018).

3.2.f. Etude des marqueurs d’oxydation des vins

Dégradation oxydative des anthocyanes

Les anthocyanes étant des composés réactifs, ils subissent facilement des phénomeénes de
dégradation(He et al., 2012; Sadilova et al., 2007) et notamment d’oxydation directes(Lopes et
al., 2007) suite a I’action du peroxyde d’hydrogene présent en solution. L’ensemble de ces
produits d’évolution ou d’oxydation peuvent étre des marqueurs de I’état de vieillissement d’un

vin.

Durant ces dernicres années, plusieurs ¢tudes ont été menées afin de mettre en évidence ces
nouveaux marqueurs d’oxydation. On reléve notamment 1’utilisation de la fluorescence des
produits d’oxydation des anthocyanes comme indice d’oxydation(Bartosz et al., 2020) ou
encore I’identification structurale par différentes méthodes analytiques de nouveaux marqueurs
de dégradation oxydative de la cyanidine-3-O-glucoside et de la malvidine-3-O-glucoside

(Kamiya et al., 2014; Satake & Yanase, 2018; Zhang et al., 2020), (figure 18)

OH OH
CH OH

+
HO 0] o HO O
® - |
MeCN/H,0
O
Z 060

OH OH _~
o~

OGlc

Figure 158: Exemple de dégradation oxydative d une anthocyane par action du peroxyde
d’hydrogene (Satake & Yanase, 2018)
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Marqueurs d’oxydation issus des unités monomériques de flavanols

Comme ¢évoqué précédemment, les flavanols sont également des cibles privilégi¢es des
phénoménes d’oxydation du vin. De par leur réactivité, leur grande diversité structurale ne va
cesser de s’accroitre durant 1’élaboration des vins jusqu’a leur consommation. En effet, la
présence d’au moins un noyau catéchol au sein de leur structure rend ces molécules vulnérables
aux oxydations. Une fois oxydé en quinone ce noyau électrophile(Singleton, 1987a) peut alors
induire la formation de liaisons covalentes par addition d'autres composés nucléophiles. Les
polyphénols peuvent donc étre impliqués dans de nombreuses réactions au cours des procédés

de vinification et du vieillissement des vins (figure 19).

Les unités monomériques de flavanols (catéchine, épicatéchine, épigallocatéchine)
peuvent ainsi subir des réactions d’oxydation(V. Cheynier, Basire, et al., 1989b; Jiang et al.,
2011; Jiménez-Atiénzar et al., 2004; Leonties et al., 2017; Oszmianski et al., 1996; Tanaka &
Kouno, 2003) et notamment d’autoxydation (couplage oxydatif) pouvant aboutir aux dimeres

présentés en figure 14 obtenus par oxydation enzymatique

Figurel9 : Réactivité du flavanol (monomére constitutif des tannins — C/EC: R'=R’=H) : (1)
nucléophile (noyau phloroglucinol, cycle A), (2) oxydable (noyau catéchol, cycle B) —formation de la

quinone (électrophile) et (3) électrophile apres rupture de la liaison interflavanique (noyau pyrane,
cycle C).

Ces dimeres d’oxydation nouvellement formés peuvent ensuite subir des oxydations
supplémentaires soit en réagissant avec d’autres composés (formation d’oligoméres) soit en
créant d’autres liaisons interflavaniques, ¢’est notamment le cas de la déhydrodicatéchine A et

B4(Jiménez-Atiénzar et al., 2004).
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Marqueurs d’oxydation issus des chaines de tannins
Parmi les flavanols plus complexes, I’analyse des tannins condensés ou proanthocyanidines
présente un intérét majeur pour acquérir une meilleure compréhension des relations existant

entre ces structures et les propriétés qu’elles conferent aux vins mais reste encore un défi.

En effet ces flavanols peuvent présenter une forte hétérogénéité(He et al., 2008) en
termes de composition et de degrés de polymérisation (DP) qui va s’accroitre tout au long des
¢tapes de vinification et de conservation des vins. Ils peuvent subir différentes
modifications(Berrueta et al., 2020; Mouls et al., 2011b) par création de liaisons entres les
chaines tanniques ou au sein d’une méme chaine (figure 20), ou encore réagir avec d’autres
composés du vin comme les aromes(Suc et al., 2021; Vivas, 1997, 2000). Ainsi, le nombre de
composés tanniques différents ne cesse d’augmenter mais leur identification présente un
véritable enjeu. En effet, il est impossible de caractériser de fagon précise la fraction tannique
des échantillons et il est donc impossible de comprendre réellement I’impact des modifications
structurales des tannins sur les propriétés du vin. La difficulté de caractériser ces molécules est

due :

- aleur trés grande diversité moléculaire déja existante dans le raisin et qui va s’accroitre
durant la transformation et la conservation du produit. Cette variété structurale provient
de (i) leur composition en monomeres constitutifs : épicatéchine (C), catéchine (EC),
épigallocatéchine (EGC) et épicatéchine gallate (ECG) (ii) du nombre de monomeéres
par molécule (de deux a plus d’une centaine d’unités monomériques) (iii) de la position
et le nombre des liaisons qui relient les unités monomeres entre elles (structures linéaires
et/ou branchées) (iv) leur réactivité : les tannins subissent de nombreuses modifications
chimiques durant la vinification et le vieillissement du vin

- aleurs propriétés physico-chimiques (Duval & Avérous, 2016)
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TANNINS
oH

Liaison de type A

Formation d’une liaison au sein d’une chaine
tannique (intra)

Méthyléne quinone de la
dehydro-dicatéchine

Formation d’une liaison entre chaines tanniques (inter)

Figure 20 : exemples de réactions potentielles d’oxydation au sein des structures des tannins dans le
vin.

L’ensemble de ces caractéristiques rendent les tannins difficilement analysables par les
techniques actuelles(Mouls et al., 2011b). En effet, les tannins de plus hauts poids moléculaires
ne s’ionisent pas par ESI-MS et ne sont également pas séparables par chromatographie liquide.
En effet, sur le chromatogramme HPLC en phase inverse a 280 nm obtenu apres analyse d’un
¢chantillon de vin rouge, les tannins apparaissent co-¢lués dans un large pic étendu et plus ou
moins abondant en fonction de la concentration tannique, sous les pics des composés de plus

faibles poids moléculaires.

Une méthode d’analyse alternative, couramment utilisée, consiste a réaliser une
dépolymérisation chimique(Mouls & Fulcrand, 2012, 2015a) en présence d’un réactif
nucléophile (phloroglucinol, benzylthiol, acide thioglycolique ou mercaptoéthanol). Les
liaisons covalentes formées suite a 1’oxydation des tannins vont résister a la réaction de
dépolymérisation tandis que les liaisons natives entre les unités constitutives des tannins vont
se rompre. Les différentes unités constitutives libérées par dépolymérisation, beaucoup plus
petites, vont ensuite pouvoir étre analysés par chromatographie liquide. Au final, on retrouve

ainsi les unités non-modifiées (terminales et d’extension) et les marqueurs d’oxydation qui
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peuvent étre classés en trois groupes : marqueurs terminaux, marqueurs d’extension et

marqueurs terminaux/extension (figure 21)(Mouls & Fulcrand, 2012).
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Figure 21 : exemple réaction de dépolymérisation des tannins condensés et des marqueurs
d’oxydation associés.

4. Problématiques et enjeux globaux de la thése

Cette ¢tude bibliographique a permis d’effectuer un état des lieux des connaissances sur les
polyphénols du vin, et plus précisément, sur les différents phénomeénes d’évolution et
d’oxydation les caractérisant lors du vieillissement des vins, de nombreuses réactions intervenant
simultanément entre les nombreux composés du vin. Nous avons également pu nous apercevoir
que I’étude de ces phénomeénes et des composés issus de ces réactions est un véritable enjeu pour
mieux comprendre 1’évolution du vin. Cependant, cela reste difficile dans le vin de par
I’environnement chimique complexe, la diversité structurale des composés, leurs propriétés
physico-chimiques et le temps nécessaire pour un vin a s’oxyder naturellement, particulierement

pour les vins rouges.

En effet, de nombreuses interrogations, énumérées ci-apres, gravitent autour de ces processus
d’oxydation des vins rouges. Les objectifs de ce mémoire de thése visent a répondre aux

questions suivantes :

1) Est-il possible de mettre au point des tests rapides et reproductibles de veillissement

d’un vin rouge ?
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2)

3)

4)

Peut-on prédire 1’évolution des vins rouges par voltammétrie cyclique ? Y-a-t-il un effet

cépage ?

Est-il possible d’isoler et de caractériser complétement certains marqueurs d’oxydation

des flavan-3-ols ?

Peut-on retrouver ces marqueurs dans des extraits de pépins (différents stades de

maturation) et de vins rouges (différents millésimes) ?

Comment évoluent les marqueurs d’oxydation des tannins dans les vins ? Y-a-t-il un

effet millésime ? Ces marqueurs se retrouvent-ils dans des vins ayant subi un

vieillissement accéléré ?
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Les objectifs de ce chapitre étaient :

La mise au point trois tests de vieillissements accélérés répétables de vins rouges :
e un test chimique utilisant le peroxyde d’hydrogene
e un test enzymatique utilisant des laccases de Trametes versicolor
e un test d’oxydation par chauffage a 60°C.
D’identifier de potentiels marqueurs moléculaires d’oxydation impliqués dans ces tests par
LC-MS
L'application de ces nouveaux tests a des échantillons de vins issus du méme cépage (Syrah)

et du méme producteur mais avec des millésimes différents (2018, 2014 et 2010)

Les méthodes utilisées dans ces travaux ont été :

Les méthodes de référence décrites par I’OIV (organisation internationale de la vigne et du
vin) pour les analyses globales chimiques des vins

Des mesures non-invasives de taux d’oxygene dissous par luminescence et fibre optique
Des mesures spectrométriques afin d’acquérir des mesures d’absorbances de 400 a 800nm
Des analyses par UHPLC-Q-Tof-MS afin d’acquérir et comparer les empreintes de masse
d’échantillons de vins ayant subi un test accéléré (Syrah 2018) aux échantillons

correspondant a un vieillissement naturel (Syrah 2018, 2014, 2010)

Les hypothéses étaient les suivantes :

Des tests de vieillissements accélérés et reproductibles peuvent étre mis au point en
entrainant une modification de leur contenu en polyphénols et des cinétiques de
consommation d'oxygene différentes selon les vins.

Les différents tests de vieillissements accélérés peuvent entrainer une modification semi-

ciblée de certains polyphénols du vin.

Conclusions obtenues

Trois tests de vieillissements accélérés reproductibles et rapide de vins rouges ont été mis
au point. Ils ont permis d’accélérer significativement la consommation d’oxygene dans les
¢chantillons de vins rouges. En effet, un taux d’oxygene inférieur a Ippm a été atteint en
quelques heures pour un vieillissement accéléré et en plusieurs jours pour une consommation

naturelle.
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2. Les résultats des différents tests se sont révélées significativement différentes pour tous les
¢chantillons, amenant a emmetre I'hypotheése que les trois tests n’oxydent pas les mémes
composants du vin.

3. L’oxydation accélérée de trois millésimes de vins de Syrah a révélé que les cinétiques
d’oxydation ne sont pas seulement corrélées a leur millésime mais également a leur cépage
et leur composition chimique.

4. L'analyse LC-QTOF-MS a mis en évidence une évolution différente des empreintes
différentes en spectrométrie de masse avant et apres les tests mais aussi entre les different
tests. D’apres les intensités des ions moléculaires observées pour les oxydations naturelles
et accélérées, les anthocyanes et les polyphénols avec un groupement galloyl ou catéchol
sont les marqueurs moléculaires les plus affectés. Les spectres de masse des échantillons
correspondant a 1’oxydation naturelle ont montré une diminution des intensités des ions
moléculaires caractérisant les anthocyanes libres et une augmentation de celles des flavanols
monomériques. Ces résultats ont également été observés pour le vieillissement accéléré au
peroxyde d’hydrogene. Ce type d’oxydation accélérée semble étre le plus proche du

vieillissement naturel, observation également faite sur spectres d'absorption visible.

Cette ¢tude a fait 1’objet d’un article scientifique, publi¢ dans le journal Antioxidants, sous la

référence :

Deshaies, S.; Cazals, G.; Enjalbal, C.; Constantin, T.; Garcia, F.; Mouls, L.; Saucier, C. Red Wine
Oxidation: Accelerated Ageing Tests, Possible Reaction Mechanisms and Application to Syrah
Red Wines. Antioxidants 2020, 9, 663.

Et ci-apres présenté.
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Abstract: Wine oxidation and ageing involve many complex chemical pathways and reaction
mechanisms. The purpose of this study is to set up new and reproducible accelerated red wine
ageing tests and identify chemical oxidation or ageing molecular markers. Three accelerated and
reproducible ageing tests were developed: a heat test (60 °C); an enzymatic test (laccase test; a chemical
test (hydrogen peroxide test). Depending on the test, oxygen consumption was significantly different.
For a young wine (2018), the oxygen consumption rate moved from 2.40 ppm-h~! for the heat test
to 3.33 ppm-h ™! for the enzymatic test and 2.86 ppm-h~! for the chemical test. Once applied to two
other vintages (2010 and 2014) from the same winery, the tests revealed different comportments
corresponding to wine natural evolution. High resolution UPLC-MS was performed on forced ageing
samples and compared to naturally aged red wines. Specific oxidation or ageing ion markers were
found with significant differences between tests, revealing the specificity of each test and different
possible molecular pathways involved. The hydrogen peroxide test seems to be closer to natural
oxidation with an important decrease in absorbance at 520 nm and similar molecular ion variations
for [M+H]™ =291, 331, 347, 493, 535, 581, 639 Da.

Keywords: wine; oxidation; polyphenol; Syrah; mass spectrometry; oxygen; vintage; markers

1. Introduction

Oxygen has an important role in chemical reactions in red wines from the winemaking process to
bottle ageing. Oxidation reactions have an impact on the chemical and sensory characteristics, such as
wine color [1-3] or organoleptic properties [4,5].

An optimal red wine quality is correlated with a moderate oxygen exposure during the whole
wine lifetime [3]. One example is its consumption by yeasts to produce sterols during alcoholic
fermentation. This allows them to have better alcohol resistance and nitrogen nutrient absorption.
From an organoleptic point of view, an optimal oxygen exposure may reduce some wine negative
aspects, such as bitterness or astringency [3,6]. Unwanted aroma or color instability may also occur in
the case of too high or too low oxygen exposures [7]. For red wines, a too high oxygen exposure will
reduce antioxidant concentrations (sulfur dioxide or ascorbic acid) and desirable volatile compounds,
affecting wine quality [8].

Antioxidants 2020, 9, 663; doi:10.3390/antiox9080663 www.mdpi.com/journal/antioxidants
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Managing oxygen exposure then is a real challenge for winemakers. Each step of the winemaking
process involves a specific oxygen level exposure, provided in continuous diffusion manner or at
a given moment. This oxygen transfer occurs during different winemaking steps, such as barrel
aging (exchange through or with the barrel wood), micro-oxygenation or even bottle storage, which is
particularly important for the improvement of red wine quality [9]. As the wine composition is closely
related to its ability to react with oxygen, it is often difficult to predict the outcomes for a specific wine
and a given oxygen amount, without mentioning accidental and uncontrolled oxygen exposure. Even
if some tools were developed to precisely control the dissolved oxygen levels in wines, there is a lack
of techniques to predict the wine evolution depending on its oxygen exposure and its aging capacity
in bottles.

From a chemical point of view, polyphenols are among the most readily oxidized wine
constituents [8,10]. Chemical oxidation reactions occur in red wines, and involve polyphenols,
such as anthocyanins, proanthocyanidins and flavan-3-ols [11,12]. Enzymatic oxidation can also occur
in botrytized wines containing laccases, which are polyphenol oxidase enzymes [13]. Polyphenols
containing a galloyl or catechol group will be oxidized in ortho-quinones, which are very reactive
and electrophilic oxidation intermediates [14]. Many reactions with wine nucleophile compounds
will also occur, like those involving sulfur dioxide, ascorbic acid, amino acids, thiols or the A-ring
of other flavonoid compounds [15-17]. Red wine is a very complex medium and many different
chemical reactions may occur in a wine-dependent manner. Antioxidant species, such as sulfites, can
also form adducts with condensed tannins on C4 position, preventing them from further undesirable
reactions, such as nucleophilic addition [18]. Polyphenols can also act as hydroxyl radical scavengers.
These radicals are formed through the Fenton reaction [19]. Some of these reactions involving the
polyphenols catechol groups are summarized in Scheme 1.

Nucleophilic
substitution
Nucleophilic \
substitution \ . . o CH,CH,OH
OH OH
— <
P —
. T — =
Quinone / m Ao HO
reduction Fe? Fe' d“"&c}
..J s
(D) {6 == 00 —5] HOOH]

SOE' - HSO;

Cu
@ Oxygen activation O,+Fe(ll) +—= [Fe(ll)-0,+]* + Fe(l)) —* 2Fe(ll) + H,0,
Scheme 1. Partial iron-catalyzed wine oxidation scheme.

Wine evolution (color, chemical composition, impact on polyphenolic composition), regarding
different levels of oxygen, has already widely been described, notably by Petrozziello et al. [20].
Ferreira et al. [21] evaluated oxygen consumption for different wines. For both studies, it took several
days or months to characterize and follow wine evolution. Accelerated ageing tests are very few and
are mainly focused on heat test at 60 °C [22].
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There is a need to develop new artificial wine ageing protocols to accelerate these oxidation
processes in a shorter period at the laboratory compared to natural oxidations.
The objectives of this article are:

To set up new and reproducible accelerated ageing tests for red wines.
Identify oxidation markers involved in these tests by LC-MS.
Apply the new tests to red wine samples from different vintages.

2. Materials and Methods

2.1. Materials

Hydrogen peroxide solution 30% (ACS reagent) and Laccase from Trametes versicolor (0.94 U/mg)
were obtained from Sigma-Aldrich (Saint-Louis, MO, USA).

2.2. Model Wine Solution

The model wine solution was an ethanol water solution (12/88; v/v) with 0.033 M tartaric acid,
adjusted to pH 3.6 with NaOH 1 M [23].

2.3. Wine Samples

Three red wines samples, 100% Syrah, 13.5% alcoholic strength, were obtained from the same
producer (Domaine des Bouzons, Cotes du Rhone, France) and from three different vintages (2018,
2014, 2010). Wine production: 20 days vatting time in stainless steel vats; maturing of Syrah (40%) in
oak barrels for 10 months. Two 750 mL bottles of each vintage were opened and slowly homogenized
under nitrogen to avoid oxidation reactions. Aliquots of 50 mL tubes were then immediately frozen at
-80°C.

2.4. Wine Global Chemical Characterization

Global chemical analyses of the wine were performed by the Natoli laboratory (St Clément
de Riviere, France) according to OIV procedures (www.oiv.int). Analyses included: alcoholic
percentage (Fourier transformed infrared spectroscopy—FTIR); glucose and fructose (FTIR-Foss
wine scan auto); total acidity (FTIR-Foss wine scan auto); volatile acidity; free, active and total sulfur
dioxide (automated colorimetric method); pH; malic and lactic acid (FTIR-Foss wine scan auto); total
polyphenols index (FTIR-Foss wine scan auto); CO; (FTIR-Foss wine scan auto); Fe (Colorimetric
method, reaction with disodium salt of (pyrildil-2)-3bis(phenyl-4-sulfonic 5-6 triazin-1,2,3,4) acid);
absorbance read at 570 nm on a sequential analyzer (Olympus AU2700); Cu (colorimetric method
4-(3,5-Dibromo-2-Pyridilazo)-N-Ethyl-N-(3-Sulfopropyl)Aniline reaction; absorbance read at 570 nm
on a sequential analyzer (Olympus AU2700). (supplementary data: Tables S1-53).

2.5. Accelerated Ageing Tests

(a) Oxygen saturation: A previously —80 °C frozen wine sample (50 mL) was thawed and 35 mL
was placed in a 500 mL closed flask. This wine sample was then saturated with air by vigorously shaking
the flask for 10 s, after which the cap was opened (5 s) to let fresh air get into the flask. This saturation
operation was repeated three times. Hermetic Pyrex 11 mL cultures tubes (VWR 734-4224, Radnor,
PA, USA) containing Pst3 oxygen sensors (Presens—Precision Sensing GmbH, Regensburg, Germany)
were filled with wine (11 mL) with a minimum headspace. It was previously shown that this procedure
allows a headspace volume between 0 puL and 120 pL [21]. Further studies confirmed that less than
0.5 mg/L oxygen could pass through this closure, which is negligible for our accelerated test conditions.
{b) Accelerated ageing heat test: Tubes containing oxygen saturated wine were heated (60 °C) and
stirred (200 rpm) with a thermostatically-controlled stirrer (Hettich Benelux, Bich, Switzerland).
The dissolved oxygen level was monitored with an oxygen analyzer (Presens—Precision Sensing
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GmbH, Regensburg, Germany). The acquisition began when the temperature reached 60 °C in the
tube. (c) Enzymatic and chemical oxidation: A tube containing wine saturated with oxygen was
thermostatically-controlled (22 °C) and stirred (200 rpm). A 10 g/L laccase solution (50 puL) or a 30%
vol. H;O; solution (20 pL) was then added to the tube. The acquisition began 30 s after this addition.
The oxidation test was stopped once O; levels had values lower than 1 mg/L. All tests were performed
in triplicate.

2.6. UV—-Visible Measurements

The UV-vis spectra were determined with an Agilent Carry 60 spectrometer (Agilent technologies,
Santa Clara, CA, USA) equipped with 1 mm cells. Model wine was used for the blank (see model wine
section). Spectra were determined in a 400-800 nm UV range.

2.7. UPLC-ESI-Tof Parameters

Analyses were performed using the same UPLC system and method, as described in Gil et al. [24]
with slight modifications. The binary mobile phase consisted of Milli-Q water (solvent A) and
acetonitrile (solvent B) both acidified with 0.1% formic acid. The separation was performed at a
constant flow rate of 0.6 mL/min, using the following short gradient: 1% B for 1 min; 1-100% B
in 0.5 min; 100% B for 2 min; 100-1% B in 1.5 min; equilibration at 1% B for 2 min. The injection
volume was 10 pL. The mass spectrometer was operated in the positive ESI mode and data were
collected for m/z from 100 to 2000 under the following conditions: capillary voltage, 2 kV; cone gas
flow, 0 L/h; nitrogen desolvation gas flow, 1000 L/h; desolvation temperature, 350 °C; cone voltage,
60 V. All UPLC-ESI-Tof analyses were performed in triplicate.

2.8. Statistical Analysis

Statistical analyses were done by using XLSTAT 2020.1.1 software. For each oxidation protocol,
sample color and intensity measurements were submitted to univariate analysis of variance (ANOVA)
followed by a Tukey multiple comparison test (significance for p < 0.05).

3. Results and Discussion

3.1. Set Up and Application of Three Different Forced Oxidation Protocols for Syrah Wine Samples (2018,
2014, 2010)

The dissolved oxygen concentration kinetics were monitored in a 2018 Syrah wine sample with
three different accelerated oxidation protocols: heat test at 60 °C, laccase oxidation at 22 °C and
hydrogen peroxide oxidation at 22 °C. Initial levels of dissolved oxygen were between 5.8 and 7 ppm
for each experiment, as shown in Figure 1 and decreased rapidly under 1 ppm in less than 3 h until a
final plateau was reached. The concentrations of dissolved oxygen at the plateau were: 0.1 £ 0.02 ppm
for 60 °C experiment; 0.2 + (.04 ppm for hydrogen peroxide experiment; 0.2 + 0.02 ppm for laccase
experiment. No significant evolution was observed for the control sample over the experiment time;
however, after 24 h the oxygen level in the control sample was measured at 4.36 ppm (average, n = 4).
A complete oxygen consumption ([O;] < 1 ppm) was reached after five days. Even if the total oxygen
consumption in a given wine sample is closely related to the wine composition [21], this consumption
is significantly faster with an ageing test from five days to a few hours in the present experiment.
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Figure 1. Rate of dissolved oxygen consumption in three different ageing tests used on a 2018 red wine
sample (average, n = 3 or 4, and standard deviation for each point). Data are available in supplementary
data: Tables S4-S7.

The curve profiles and the different threshold values indicated different behaviors depending on
the oxidation test, indicating that different oxidation pathways may have occurred for each protocol.

Oxygen consumption rates were also investigated and revealed significant differences between
oxidation tests. Oxygen is consumed approximately 1.4-times faster with the laccase test than the heat
test at 60 °C and 1.2-times faster than with the hydrogen peroxide test, as shown in Table 1. The three
different accelerated oxidation tests may target different wine constituents.

Table 1. Dissolved oxygen consumption rates in three different accelerated ageing tests. Rates are
expressed as mean values + standard error. Different letters indicate a significant difference (Tukey test,
a = 0.05) between oxidation protocols.

Oxidation Protocol Oxygen Consumption Rate (ppm-h-1)
Heat test —60 °C 2.40 +0.06 2
Laccase test 3.33+0.05°
Hydrogen peroxide test 2.86 +0.28¢

Temperature test: It has been established that wine oxidation is accelerated when the temperature
increases [25]. This is the case for quinone formation which will lead to important changes in the wine
evolution, as shown in Scheme 1. Another main oxidation reaction catalyzed by metals and accelerated
with temperature is the anthocyanin degradation [26]. Anthocyanin are red grape pigments which
accumulate in the skin during maturation [27,28]. As thermolabile compounds [29], they are the primary
targets of chemical changes caused by an increase in temperature. The deglycosylation and cleavage
of anthocyanins will lead to the release of the A and B rings of anthocyanins [30]. New compounds
resulting from the degradation of anthocyanin are obtained, as benzoic acids. For example, malvidin
3-O-glucoside Baeyer-Villiger oxidation produces 2,4,6-trihydroxybenzaldehyde [31], syringic acid or
anthocyanone A [32].

The three oxidation protocols were then applied to three different wines from the same winery
but from three different vintages—2018, 2014 and 2010—to identify different comportments between
vintages regarding oxygen consumption, as shown in Figure 2.

52



Chapitre II - Approche polyphénomique globale semi-ciblée

Antioxidants 2020, 9, 663

7 9
£ . —&— 2018 Syrah wine - heat test (60°C) 8 ~—8—2018 Syrah wine - hydrogen peroxide test
g . —@—2014 Syrah wine - heat test (60°C) g‘ 7 ~@—2014 Syrah wine - hydrogen peroxide test
g —8— 2010 Syrah wine - heat test (60°C) S 6 —&— 2010 Syrah wine - hydrogen peroxide test
=4 § 5
8 3
3 €
2 2 B 3
e > 2
A2 1 2
b @ 1
0 o 0
0 2 4 8 0 2 4 6 8
time (h) time (h)
@) (b)
8
7 —e— 2018 Syrah wine - laccase test
7 61 —&— 2014 Syrah wine - laccase test
& 3 —o— 2010 Syrah wine - laccase test
5 4
2
x 3
(=}
T 2
=
?
2 !
o
0
0 1 2 3 4 5 6 7 8
time (h)
(c)

60f 14

Figure 2. Evolution of dissolved oxygen concentration for three different wines (2018, 2014, 2010) oxidized with (a) heat test (60 °C); (b) hydrogen peroxide test;
(c) laccase test. Data are available in supplementary data: Tables 54-513.
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For the 60 °C test, oxygen consumption rates, shown in Table 2a, indicate no significant difference
between the three vintages. For the two other treatments, as shown in Table 2b,c, oxygen consumption
was significantly different in the three different vintages. For the 2018 and 2010 vintages, the oxygen
consumption rate was accelerated in the older wine. It can be hypothesized that oxidizable compound
concentration decreases with years due to wine intrinsic oxidation mechanisms and that total oxidation
is then faster. The 2014 wine follows this trend with the hydrogen peroxide test but not with the laccase
test. The wine oxidation kinetic is not only correlated with age as some differences in vintages and
wine composition may have an influence, as shown by Carascon et al. [33].

Table 2. Dissolved oxygen consumption rates for three different oxidized wines: (a) at 60 °C; (b) with
a hydrogen peroxide solution; (c) with a laccase solution. Means with different lowercase letters are
significantly different (Tukey test, a = 0.05).

@
Wine Sample Oxygen Consumption Rate (ppm-h~1)
2018 Syrah wine—heat test (60 °C) 2.40+0.062
2014 Syrah wine—heat test (60 °C) 177 + 0452
2010 Syrah wine—heat test (60 °C) 228 +0.282
(b)
2018 Syrah wine—hydrogen peroxide test 286+0282
2014 Syrah wine—hydrogen peroxide test 44140330
2010 Syrah wine—hydrogen peroxide test 3.65+0.08°
()
2018 Syrah wine—laccase test 3.33+0.062
2014 Syrah wine—laccase test 245+ 034"
2010 Syrah wine—laccase test 454 +0.66°

3.2. Colorimetric Analysis and Comparison of Three Untreated Wines from Different Vintages (2018, 2014 and
2010) and Three from 2018 Vintage Artificially Oxidized

As red wine oxidation induces color changes, UV measurements were done to compare natural
and forced oxidation. Anthocyanins being the main compounds responsible for red color [27,28], their
degradation due to oxidation could explain the differences in absorbance measurements, as shown
in Table 3. At 520 nm, as shown in Figure 3, corresponding to the flavylium ring of anthocyanin,
the 2018 Syrah wine sample had a profile significantly different from the other aged samples (2014
and 2010), which is coherent with a normal wine aging browning process. The 2018 wine at 60 °C
followed the 2018 natural wine profile, as did the laccase one, with a maximal absorbance at 520 nm.
It is possible that brown oxidized polyphenols were formed and could also increase the absorbance
at 520 nm in this case, even if their maximal absorbance is around 420 nm [34]. The sample in the
hydrogen peroxide test followed the natural oxidation profile of 2014 and 2010 natural samples, with a
maximal absorbance around 420 nm corresponding to yellow and brown pigments. Forced oxidation
with hydrogen peroxide seems to be closer to natural oxidation for absorbance measurements.

54



Chapitre II — Approche polyphénomique globale semi-ciblée

Antioxidants 2020, 9, 663 8of 14

1.0

0.9 2018 Syrah wine
—@—2014 Syrah wine
—8— 2010 Syrah wine
—8—2018 Syrah wine - heat test (60°C)

—&— 2018 Syrah wine - laccase test

0.8
0.7
0.6 , _ .
—&— 2018 Syrah wine - hydrogen peroxide test

0.5

0.4

UV absorbance

0.3

0.2

0.1

A
g
. DO R R SN N

0.0 :
400 450 500 550 600 650 700 750 800 850

wavelength (nm)
Figure 3. Absorbance measurements (400-800 nm) for six different wine samples: three untreated
wines from different vintages (2018, 2014 and 2010) and three from 2018 vintage artificially oxidized.
Data are available in supplementary data: Tables S14-S19.

Table 3. Mean of three replicates + standard error. Means in the same column with different lowercase
letters are significantly different (Tukey test, a = 0.05).

Wine Sample Abs 420 Abs 520 420/520
2018 0.545 + 0.002 2 0.705 + 0.003 2 0.773 + 0.001 2
2014 0.499 + 0.003 P 0.508 + 0.004 b 0.982 + 0.001 b
2010 0.702 + 0.006 € 0.631 + 0.006 € 1.111 + 0.001 ©
2018—heat test (60 °C) 0.554 + 0.002 2 0.664 + 0.003 4 0.834 + 0.002 2
2AE—hydragen 0.435 + 0.006 © 0.318 + 0.007 f 1365 + 0.013 4

peroxide test

2018—Ilaccase test 0.620 + 0.02 4 0.770 + 0.025 € 0.806 + 0.002 &b

Other reactions resulting from the temperature increase can occur, such as the production of
dioxane, dioxalane isomeres, furfural and 5-hydroxymethylfurfural, derived from carbohydrate
dehydration and by cyclisation in Maillard type reactions. These reactions were investigated by Castro
in Porto wines [22] under extreme oxidation procedures at 60 °C.

Hydrogen peroxide test: Hydrogen peroxide is notably involved in the Fenton reaction in wine,
releasing a hydroxyl radical which is a strong oxidant, as shown in Scheme 1. It will then oxidize
ethanol in acetaldehyde or accelerate quinone formation from polyphenols. This last reaction is more
important in red wine than in other wine types.

This type of oxidation may be increased by a fast and high oxygen intake, favoring the formation
of an intermediate ethoxyl radical, as shown in Scheme 2, instead of an immediate acetaldehyde
formation from ethanol [19]. This radical leads to the formation of both acetaldehyde and HOO®
oxidizing polyphenols, oxygen consumption is consequently strongly increased by this mechanism.
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Scheme 2. Proposed scheme depicting the pathway of non-enzymatic wine oxidation under high
dissolved oxygen concentration.

e

Oxidation with hydrogen peroxide induces a radical color change. According to Figure 3,
the absorbance spectrum for the sample with hydrogen peroxide is clearly different from the 2018
wine sample with a ratio of absorbance Abs(420 nm)/Abs(520 nm) and is significantly higher compared
to other wine samples ratios, revealing a predominant yellow color of the oxidized sample and a
strong decrease in the red pigments. It can be explained by the oxidation of malvidin 3-O-diglucoside
in the presence of hydrogen peroxide under acidic conditions, which leads to the formation of
ortho-benzoyloxyphenylacetic acid esters through Baeyer-Villiger oxidation type [35-37].

Laccase test: Laccase are polyphenoloxidaze enzyme types (PPO) which come from fungus and
which especially oxidize 1,2 and 1,4-dihydroxybenzenes to ortho-benzoquinones, which are easily
oxidisable species [8]. This enzymatic oxidation induces wine browning. As presented in Table 2,
the absorbance at 420 nm and the ratio Abs(420 nm)/Abs(520 nm) for the wine enzymatically treated is
significantly higher to the 2018 wine and close to the 2014 wine. The color is consequently browner
(yellow pigments increase) and closer to the natural aging color. PPO action in wine is closely correlated
to the hydroxycinnamates content and larger non-flavonoid polyphenols group in wine. In the presence
of PPO, caffeoyl tartaric acid will be oxidized in benzoquinones [38], which act as electrophiles and as
oxidants on substances with lower pH as polyphenols.

Laccases seem to be more selective concerning the oxidation targets as they lead to the formation
of electrophile ortho-quinones on the flavonoids B-ring containing a catechol group, suffering then
from nucleophilic attack by other polyphenols [39,40], particularly from the flavonoids A-ring [41].
The two other oxidation types have a larger range of action, not only attacking a specific site. Moreover,
hydrogen peroxide releases a very strong oxidant HOe, which can impact a wide range of polyphenols,
even less accessible ones, whereas a high temperature leads to numerous secondary reactions, such as
anthocyanin degradation. The three different forced oxidations can generate other unknown reactions
with the numerous antioxidant species present in wine (ascorbic acid, sulfites), which can also explain
the different trends observed in Figure 3.

3.3. UPLC-ESI-QTof

High resolution UPLC-Q-Tof-MS was performed on three Syrah vintages—2018, 2014 and 2010—to
observe natural wine oxidation. It was also performed on three 2018 forced oxidation samples (heat
test, laccase test, hydrogen peroxide test) and compared to previous samples issued from natural
evolution to detect similarities or differences between forced and natural ageing. Full scan positive
mass spectra were acquired by a rapid metabolomics method [31]. A prefiltering of the ions with an
intensity equal to or above 20% of the maximal intensity was applied to all samples to focus on the
major ions. The intensities of these ions are presented in Figure 4 (natural oxidation samples) and

56



Chapitre II — Approche polyphénomique globale semi-ciblée

Antioxidants 2020, 9, 663 10 of 14

Figure 5 (comparison between 2018 non oxidized and forced oxidation samples) The ion intensities are
standardized compared to the 2018 sample.
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Figure 4. Natural oxidation samples. Ion intensity comparison of high-resolution MS spectra. Intensities
for the three wine samples (2018, 2014 and 2010) are given for each [M+H]" ion and normalized
compared to the 2018 sample values. Figures are expressed as mean values (n = 3) with standard
deviation. Different letters indicate a significant difference (Tukey test, @ = 0.05) between vintages for a
same [M+H]" ion. Data are available in supplementary data: Tables S20-S22.

Possible molecular attributions of the ions are presented in Table 4. The effect on some specific
polyphenols (anthocyanin, flavanols and their derivatives) were observed on mass spectra in both
naturally or artificially aged wines samples and differed depending on the oxidation protocol, as shown
in Figure 5.

Table 4. Jon annotation in high-resolution MS spectra.

[M+H]* Ion Annotation

287 Cyanidin, Kaempferol

289 Fragment from polymeric proanthocyanidin

291 (+)-catechin, (-)-epicatechin, Fragment from polymeric proanthocyanidin

303 Quercetin, delphinidin, fragment from quercetin 3-glucoside, fragment from
quercetin glucuronide

317 Petunidin, isorhamnetin

319 Fragment from myricetin 3-glucoside, fragment from myricetin glucuronide

331 Malvidin

333 unknown

347 Syringetin

409 Retro Diels Alder fragment

493 Malvidin 3-O-glucoside

535 Malvidin 3-O-acetyl glucoside

577 Oxidized dimeric proanthocyanidin

579 Dimeric proanthocyanidin, p-hydroxyphenylpyranopeodin 3-O-glucoside

581 Oxidized dimeric proanthocyanidin

639 Guaiacylpyranomalvidin 3-O-glucoside

867 Trimeric proanthocyanidins
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Figure 5. Ion intensity evolution in high resolution MS spectra. Intensity for the control wine aged
2018 and the ageing tests (a). Heat test —60 °C (b). Hydrogen peroxide test (c). Laccase tests. Results
are given for each [M+H]* ion compared to the 2018 sample. Intensities are expressed as mean values
with standard deviation. Different letters indicate a significant difference (Tukey test, & = 0.05) between
samples for the same [M+H]* ion. Data are available in supplementary data: Tables 520, $23-525.

This semi-targeted approach allowed us to identify some specific ageing or vintage ion markers
in the Syrah wines from different vintages. Ion intensities increased in mass spectra with the wine
age for ions with [M+H]* = 287, 289, 291, 303, 319, 333, 347, 409, 581 Da, which can be attributed to
ageing markers, with significant differences between the three vintages for [M+H]" ions detected at
291 and 409 Da. The 2014 wine can be too close to the 2018 one to observe significant differences for
the following ions: 287, 289, 303, 319, 581 Da. However, the 2010 wine is old enough to observe very
significant differences compared to the 2018 wine for some ions. For example, a 750% intensity increase
was observed for the [M+H]* ion at 287 Da and 250% for 581 Da between the 2018 and 2010 wines,
which corresponds to an increase in the monomeric flavanol ions on the mass spectra.

Some ion intensities decreased with the age of the wines, such as 331, 493, 535, 639 [M+H]*.
This was observed both for the 2014 and 2010 wine samples. It can be hypothesized that these ions
correspond to malvidin derivatives, as shown in Table 4. Malvidin 3-O-glucoside is one of the main red
pigments in wine and it is particularly sensitive to oxidation, as with most of the anthocyanins [2,5].
This intensity decrease was not observed for the 60 °C aging test, as shown in Figure 5a, and the laccase
test, suggesting that other more sensitive molecules are impacted in these tests, as shown in Figure 5c.

Similarities can be observed between natural aging and the different artificial ageing tests.
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Heat test: The same tendency for the ions at [M+H]* = 289, 291, 303, 317, 319, 333, 347, 581 Da is
observed between natural aging and oxidation protocol at 60 °C, as shown in Figure 5a. Ions intensities
increased both with wine ageing and after the heat test.

Hydrogen peroxide test: An intensity increase for [M+H]* = 581 Da is reported for this test,
as shown in Figure 5b, as for the natural aging between 2018 and 2010 wines. An opposite tendency,
correlated to natural aging, is noted for ions with [M+H]* = 493, 535, 639 Da. This oxidation test had a
stronger impact on anthocyanin ((M+H]* = 331, 493, 535 and 639 Da) and a more moderate impact on
low molecular weight flavonoids ((M+H]* = 291, 347 and 581 Da). Forced oxidation with hydrogen
peroxide seems to be closer to natural oxidation than the two other tests for the chosen markers.

Laccase test: The same decreasing tendency as for hydrogen peroxide test is reported for ions
with [M+H]* = 493, 535, 639 Da. It is the only test with no similarities with natural ageing for
increasing intensities.

4, Conclusions

Three reproducible accelerated ageing tests based on three oxidation protocols were developed in
this study and tested on three Syrah red wine samples. Each test revealed specific oxidation or ageing
ion markers with significant differences between tests.

Intensities of their corresponding molecular ions were measured on MS spectra and revealed
differences between wines with different vintages and between wines with different ageing tests,
potentially revealing the presence of fragments from molecule degradation. Anthocyanins and
polyphenols containing a galloyl or catechol group were among these potential oxidation markers
both for natural ageing and accelerated ageing tests. MS spectra measured for natural ageing showed
that the intensity for molecular ions corresponding to free anthocyanins decreased and the intensities
increased for those corresponding to monomeric flavanols. The same result was observed for the
hydrogen peroxide test on 2018 wine, which seems to be closer to natural oxidation than other tests for
these oxidation markers.

Further research is needed to compare the slow and “natural” ageing kinetics of different red
wines and the results of these ageing tests. The ultimate objective will be to determine which test is the
most accurate to predict red wine ageing capacity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/8/663/s1,
Table S1: analytical characterization of 2018 wine; Table S2: analytical characterization of 2014 wine; Table S3:
analytical characterization of 2010 wine; Table S4: evolution of dissolved oxygen in 2018 red wine at 22 °C;
Table S5: evolution of dissolved oxygen in 2018 red wine at 60 °C; Table Sé: evolution of dissolved oxygen in 2018
red wine—laccase oxidation test; Table S7: evolution of dissolved oxygen in 2018 red wine—hydrogen peroxide
oxidation test; Table S8: evolution of dissolved oxygen in 2014 red wine at 60 °C; Table S9: evolution of dissolved
oxygen in 2014 red wine—laccase test; Table S10: evolution of dissolved oxygen in 2014 red wine—hydrogen
peroxide oxidation test; Table S11: evolution of dissolved oxygen in 2010 red wine at 60 °C; Table S12: evolution
of dissolved oxygen in 2010 red wine—laccase oxidation test; Table 513: evolution of dissolved oxygen in 2010
red wine—hydrogen peroxide oxidation test; Table S14: Absorbance measurements in UVvis (400-800 nm)
for 2018 red wine; Table S15: Absorbance measurements in UVvis (400-800 nm) for 2014 red wine; Table S16:
Absorbance measurements in UVvis (400-800 nm) for 2010 red wine; Table 517: Absorbance measurements in
UVvis (400-800 nm) for 2018 red wine at 60 °C; Table S18: Absorbance measurements in UVvis (400-800 nm) for
2018 red wine—laccase oxidation test; Table S19: Absorbance measurements in UVvis (400-800 nm) for 2018 red
wine—hydrogen peroxide oxidation test; Table S20: High resolution UPLC-MS for 2018 red wine; Table S21: High
resolution UPLC-MS for 2014 red wine; Table 522: High resolution UPLC-MS for 2010 red wine; Table S23: High
resolution UPLC-MS for 2018 wine at 60 °C; Table 524: High resolution UPLC-MS for 2018 red wine—laccase
oxidation test; Table S525: High resolution UPLC-MS for 2018 wine—hydrogen peroxide oxidation test.
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Chapitre III — propriétés redox des vins rouges

Apres la mise au point des tests de vieillissements accélérés répétables, ces derniers ont été

appliqués a un nombre plus important de vins (9 vins rouges de différents cépages et

millésimes) en paralléle d’une étude électrochimique. Pour cette dernicre, la voltammétrie

cyclique utilisant des ¢lectrodes jetables a été choisie, technique rapide, sensible, peu colteuse

et nécessitant une petite quantité d’échantillon. Les objectifs de ce chapitre étaient :

De mesurer les cinétiques de consommation d’oxygeéne de ces neuf vins soumis au trois
protocoles de vieillissements accélérés décris dans le chapitre précedent

De caractériser leur comportement électrochimique par voltammétrie cyclique. Pour
cela, les vins avant et aprés oxydation ont été analysés. Les soustractions des valeurs
des charges obtenues (avant - aprés oxydation) ont permis ainsi d’obtenir des valeurs
représentatives des phénomeénes d’oxydation uniquement.

D’évaluer de potentielles corrélations entre les paramétres €lectrochimiques (charges),
la composition phénolique des vins et leurs cinétiques de consommation d’oxygene lors
des tests de vieillissement accéléré afin de conclure quant a [’utilisation de la

voltammétrie cyclique pour prédire 1’évolution oxydative des vins rouges

Les méthodes utilisées pour mener cette étude ont été les suivantes :

Des mesures non-invasives de la concentration en oxygene dissous par luminescence et
fibre optique

Une méthode électrochimique (voltammétrie cyclique) utilisant des électrodes jetables
(nanotubes de carbone simple-feuillet) afin de déterminer la capacité réductrice
(antioxydante) des vins et caractériser les composés les plus facilement oxydables.

Une méthode de mesure quantitative des taux de SO présents dans les vins par GC-MS

Les hypothéses étaient les suivantes :

l.

Des vins avec des compositions polyphénoliques différentes peuvent avoir des vitesses
de consommation d’oxygene différentes et des comportements différents d’un point de
vue ¢€lectrochimique.

Les résultats des mesures ¢lectrochimiques utilisant des ¢électrodes jetables peuvent étre
corrélés aux vitesses de consommation d’oxygeéne et/ou a la composition phénolique
des vins

La sensibilité d’un vin face a certains phénoménes d’oxydation peut étre prédit grace a

la voltammétrie cyclique.
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Conclusions :

1. Le comportement oxydatif des vins dépend a la fois du vin considéré et du type de
vieillissement accéléré utilisé.

2. Les valeurs issues de la soustraction des voltammogrammes des vins non oxydés des
voltammogrammes des vins oxydés correspondants permettent une vue d’ensemble de
I’impact des différents tests sur les vins.

3. Des corrélations significatives négatives ont €té observées entre les parameétres
¢lectrochimiques (charges) des vins non oxydés (référence) et les vitesses de
consommation d’oxygene lors de tests de vieillissement accélérés avec la température
et les laccases. Ainsi, la voltammétrie cyclique semble étre une technique prometteuse
pour prédire ces deux tests de vieillissements accélérées et refléte la sensibilité des vins
face aux phénoménes d’oxydation. En revanche, il n’est pas possible d’utiliser la
voltammétrie cyclique pour prédire I’oxydation chimique des vins par le peroxyde

d’hydrogene a partir des vins de référence.

Cette étude a fait ’objet d’un article scientifique, publié¢ dans le journal Antioxidants (octobre

2021), sous la référence :

Deshaies, S.; Garcia, L.; Veran, F.; Mouls, L.; Saucier, C. ; Garcia, F. Red wine oxidation

characterization by accelerated ageing tests and cyclic voltammetry

Et présenté ci-apres.
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Abstract: In order to obtain information on the oxidative behavior of red wines, oxygen consumption
rates and electrochemical changes (cyclic voltammetry) were measured for nine red wines subject
to three different accelerated ageing tests: chemical (with hydrogen peroxide), enzymatic (with
laccase from Trametes versicolor), and temperature (at 60 °C). Oxidative behavior depended both
on the wine sample and accelerated ageing test type. A good correlation was observed between
electrochemical parameters of charges for reference/non-oxidized wines, in accordance with their
antioxidant capacity, and the variation of charges after enzymatic and temperature tests, meaning
that cyclic voltammetry could be used in order to predict these two oxidation tests and reflect the
wine sensitivity towards respective oxidation targets. However, it was not possible to predict wine
chemical oxidation test based on hydrogen peroxide from the electrochemical measurements.

Keywords: cyclic voltammetry; phenolic compounds; red wine; oxygen consumption rate; oxidation

1. Introduction

During the winemaking process and storage, red wines can undergo many undesirable
changes, particularly oxidative degradation due to numerous atmospheric oxygen intakes.
This spoilage can deeply impact organoleptic properties [1-5] and color stabilization [6]
but its impact is strongly wine dependent [7-9].

Phenolic compounds constitute primary targets to oxidation reactions [10-12], partic-
ularly those possessing an ortho-diphenol functional group which are going to be quickly
converting into quinones; unstable and highly reactive compounds. Indeed, quinones are
able to undergo nucleophilic addition, which is one of the main mechanisms responsible
for oxidative degradation [5]. Numerous nucleophiles are available in wines, includ-
ing SO, phenolic compounds, amino acids, ascorbic acid, and volatile and non-volatile
thiols [7,13-17].

Consequently, due to the manifold possible reactions and the complexity of the media,
oxidation reactions effects are still difficult to predict. Thus, for example, Ferreira et al. [8]
recently highlighted the unusual behavior of certain red wines towards antioxidants as
SO, and so the presence and competition of more reactive antioxidants.

Electrochemical methods, in particular linear sweep voltammetry and cyclic voltam-
metry (CV), using either carbon paste or glassy carbon electrodes, were developed and
applied to the analysis of wine phenolic compounds [18-21]. Recently, electrochemical
techniques became widely used to determine antioxidant capacities of food or beverages
as well as to analyze polyphenols [22,23] as they appear as sensitive, fast, and easy to use
techniques [24].

Cyclic voltammetry is among the most commonly used method to characterize total
polyphenols content, antioxidant capacity, as well as to discriminate wine samples [25,26].
Voltammograms represent both anodic and cathodic curves. Concerning the anodic one,
corresponding to the oxidation phenomenon, information can be drawn from the following
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parameters: (i) the peak current, proportional to the concentration of oxidizable compounds
in solution; (ii) the peak potential, corresponding to the ease of oxidation of involved
compounds (the more the potential is low and the more the compounds are easy to
oxidize); (iii) the charge (corresponding to the area under the curve) which allows for the
characterization of antioxidant capacity [22].

Glassy carbon is used as a material for classical electrochemical electrodes but presently,
carbon based disposable screen-printed electrodes appear as a promising tool and are
become more widely used [27]. Indeed, they offer numerous advantages, including dis-
posability [28], reproducibility, practicality, high sensitivity, their ability to limit samples
consumption thanks to miniaturization, and low detection limits [29,30]. Among these,
carbon nanotubes are used, allowing for the increase in, among others, sensitivity. Two
categories of carbon nanotubes electrodes exist: multi-walled carbon nanotubes (MWCNTS)
and single-walled carbon nanotubes (SWCNTs) [27,31,32]. SWCNTs were privileged in this
work for their good results concerning wine polyphenols characterization and antioxidant
capacity as shown by Newair et al. [33]. The objectives of this article were first to determine
the phenolic composition of nine different red wines (different varieties and vintage). Then,
for each wine, their oxygen consumption rates (initial and average) and their voltammetry
behavior with different accelerated ageing tests (H>O,, laccase and temperature) were
analyzed. Finally, the possible correlations of electrochemical parameters with ageing tests
results, and phenolic compounds were evaluated in order to use them as a quick method
of characterization of red wine oxidation.

2. Materials and Methods
2.1. Chemicals and Reagents

Ethanol (absolute), tartaric acid (>99.5%), laccase from Trametes versicolor (0.94 U-mg™1),
Folin—-Ciocalteu reagent, sodium hydroxide, chloride acid (1 M), (+)-catechin, (—)-epicatechin,
quercetin and caffeic acid were purchased from Sigma-Aldrich (Saint-Quentin Fallavier,
France). Oenin chloride was obtained from Extrasynthese (Genay, France).

2.2. Model Wine Solution

The model wine solution used as blank for electrochemical measurements was com-
posed as follows: 12% vol. ethanol in water, 0.033 M tartaric acid and pH adjusted to 3.6
(sodium hydroxide 1 N).

2.3. Red Wines

Wines with different characteristics were selected for experiments. Commercial red
wines were selected from various grape varieties from four vintages, 2019, 2018, 2014 and
2010, and origins: Cotes du Rhone (Syrah 2018, 2014 and 2010 from the same winery)
corresponding to R1 to R3, Chinon (Cabernet Franc, 2018) corresponding to R4, Morgon
(Gamay, 2018) corresponding to R5, Alsace rouge (Pinot noir, 2018) for R6, Ardeche (Syrah,
2019) for R7, Coteaux de Béziers (Syrah 2019) for R8 and Grés-de-Montpellier (Syrah, 2019)
for RO.

A bottle of each wine was opened and slowly homogenized under nitrogen to avoid
oxidation reactions. Aliquots of 50 mL tubes were then immediately frozen at —80 °C.

2.4. Wine Global Chemical Characterization
2.4.1. Wine Global Chemical Characterization

Studied wines were characterized with enological usual chemical analyses (Natoli lab-
oratory, St Clément de Riviére, France) according to OIV procedures (www.oiv.int, accessed
on 23 November 2021). Analyses included: alcoholic percentage (Fourier transformed
infrared spectroscopy: FTIR); total acidity (FTIR); volatile acidity; total sulfur dioxide
(automated colorimetric method); pH (FTIR); Fe (colorimetric method, reaction with dis-
odium salt of (pyrildil-2)-3bis(phenyl-4-sulfonic 5-6 triazin-1,2,3,4) acid), absorbance read
at 570 nm on a sequential analyzer (Olympus AU2700); Cu (colorimetric method 4-(3,5-
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Dibromo-2-Pyridilazo)-N-Ethyl-N-(3-Sulfopropyl) aniline reaction, absorbance read at
570 nm on a sequential analyzer (Olympus AU2700) (Supplementary Data Table S1).

2.4.2. Quantitative Analysis of Free SO, Levels (GC-MS)

Free SO, level (samples after oxygen saturation) was determinate by head-space
gas chromatography coupled to a quadrupole mass spectrometer detector (HS-GC-MS)
following the method described in Carrascon et al. [34] with slight modifications. GC-MS
analysis was carried out on a GC Trace Ultra gas chromatograph (Thermo Fisher, Waltham,
MA, USA) and coupled to an ISQ Series mass spectrometer (Thermo Fisher, Waltham, MA,
USA). A DB-WAX (30 m x 0.25 mm i.d. x 0.25 um) capillary column (Agilent Technologies,
Santa Clara, CA, USA) was used for the chromatographic separation. For the analysis,
4.5 mL of sample was placed into a 10 mL headspace vial and 500 uL of ortho-phosphoric
acid (85%) was added before closing and vials were incubated at 40 °C for 15 min. After
this, 400 uL of the headspace was injected into a PTV injector, working in split mode (1:7
split ratio) and kept at 200 °C. An AOC-5000 autosampler (Shimadzu, Kyoto, Japan) with a
static headspace unit was used and the 1mL gas-tight syringe was heated at 50 °C. After the
injection, the hot syringe was cleaned by purging for 5 min with nitrogen. The temperature
method started at 50 °C for 4 min then raised to 220 °C at 50 °C/min and was kept at
this temperature for 5 min. The carrier gas employed was helium at 1.5 mL/min. The
mass spectrometer was used with an electron impact (EI) ion source and acquisition was
performed in single ion monitoring (SIM) mode. The m/z used for quantification were 48
and 64.

External calibration curves in model wine containing known amounts of SO, (as
potassium metabisulfite) were prepared.

2.5. Accelerated Ageing Tests

Three accelerated oxidation tests were applied to the nine wines after oxygen satu-
ration. Each wine sample was saturated with air by vigorously shaking a 500 mL flask
containing 35 mL of wine for 10 s, after which the cap was opened (5 s) to let fresh air enter
the flask. This saturation operation was repeated three times. The procedure and the test
optimization have been previously described by Deshaies et al. [35]:

Briefly, enzymatic test was performed by the addition of 50 pL of a 10 mg-L~! laccase
from Trametes versicolor solution in 11 mL of red wine.

For chemical test, 20 uL of hydrogen peroxide solution (30% in water) was added to
11 mL of red wine.

Finally, the heat treatment was performed by heating 11 mL of wine at 60 °C.

For each test, red wine was put in Hermetic Pyrex 11 mL culture tubes (VWR 7344224,
Radnor, PA, USA) containing Pst3 oxygen sensors (Presens—Precision Sensing GmbH,
Regensburg, Germany) with a minimum headspace.

2.6. Determination of Phenolic Composition
2.6.1. Determination of Total Phenolic Content (TPC)

The Folin-Ciocalteu method, revised by Magalhaes et al. [36], was used to determine
total phenolic content. Absorbances were measured on a multiplate reader (Spectrostar
Nano—BMG Labtech) equipped with spectrophotometric detection and 96-well plates.
Each well contained: 50 uL diluted wine (1/100) + 50 uL Folin Ciocalteu reagent (1:5v/v
in water) + 100 pL sodium hydroxide solution (0.35 M). Absorbance at 750 nm of formed
blue complex was read after 3 min.

The absorbance values for the wine samples were related to the calibration curve
(gallic acid solution: 10 mg-L~! to 200 mg-L~!). They reflected the total phenolic content
in the considered wine. TPC was expressed in gallic acid equivalent (mg/L) and the result
was multiplied by the associated dilution factor.
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2.6.2. Total Tannins Content (TC)

The Bate-Smith method was used to determine total tannins content (TC) [37]. To
4 mL 1/50 diluted wine (in water) in a tube was added 2 mL water and 6 mL HCI (12 N).
The tube was then heated in a water bath at 100 °C for 30 min. The reference tube was
identically treated without the heating step. A total of 1 mL ethanol (95%) was added
to both tubes and absorbances at 550 nm were measured on spectrophotometer UV-1900
(Shimadzu, Marne-La-Vallée, France) against water under one cm of optical path. Assy
values were plotted on a standard curve drawn from reference oligomers.

2.6.3. Total Pigments Index (TP)

Wine samples were diluted in HCL 1 M (1/100) in a hermetic flask. After 30 min out
of light, absorbance at 520 nm was read on spectrophotometer UV-1900 (Shimadzu, Marne-
La-Vallée, France) against water under 1 mm of optical path. The result was multiplied by
the associated dilution factor [1,38].

2.6.4. SO, Bleaching Resistant Pigments Index (RP)

To 10 mL wine in a hermetic flask, 150 uL of SO, solution was added (Na,S,0Os5 in water
at 200 g/L). After 30 min out of light, absorbance at 520 nm was read on spectrophotometer
UV-1900 (Shimadzu, France) against water under 1 mm of optical path. The result was
multiplied by the associated dilution factor [39].

2.7. Electrochemical Apparatus and Measurements

Electrochemical measurements were performed with potentiostat/galvanostat (Auto-
lab PGSTAT 302N) using software Nova 2.1.5 (Metrohm, Herisau, Switzerland). Model
wine solution was used to dilute wine samples (1/75). Measurements were performed in
the range of —0.2 V to 0.8 V (vs. Ag() with a scan rate of 100 mV /s using single-walled
carbon nanotubes-modified screen-printed carbon electrode SWCNTs-SPCE (4 mm diam-
eter, Dropsens, Oviedo, Spain) in a three-electrode configuration (silver solid reference
electrode and carbon counter electrode). A total of 200 pL of sample were dropped at
the electrode surface and measurements were immediately carried out. The experimental
set-up is presented in Figure 1.

_ Counter electrode (C.E.)
« | — Reference electrode (R.E.)
I(.‘ — Work electrode (W.E.)

ey BOXED CONNECTOR | pup|  POTENTIOSTAT

W.E.
connection

,/
GE: R.E.
connection connection

Figure 1. Cyclic voltammetry experimental set-up.
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2.8. Statistical Analysis

The ANOVA, correlation and PCA (principal component analysis) tests were per-
formed using XLSTAT software (Addinsoft version 19.02, Paris, France). A Tukey test
was carried out and where p-values were <0.05 was considered as significant. Pearson’s
correlation coefficient was carried out for the determination of correlations between electro-
chemical parameters, oxygen consumption rates and phenolic composition. All analyses,
experiments and tests were performed in triplicate.

3. Results and Discussion
3.1. Wines Phenolic Characterization

According to Table 1, phenolic and tannin contents were mostly in accordance, with
significant highest contents for R8 wine concerning phenolic content (3.1 g GAE-L™!), and
R8 (4.6 g'L™1),R3 (4.4 g-L ') and R4 (4.2 g-L ') concerning total tannins content, whereas
lowest contents were observed for R7 (1.4 g-L~! and 2.1 g-L~! respectively). These values
were also in accordance with pigment index ones, with total pigment index values ranging
from 4.8 for R6 to 21.2 for R9 and also the SO, bleaching resistant pigments index from 1.7
to 7.2 for the same wines. Finally, it can be concluded that, although some wines were from
the same cultivar, the nine wines presented very different initial phenolic composition.

Table 1. Phenolic characterization of the different red wines. Values represent means of triplicate determination + SD. GAE:
gallic acid equivalent. Different letters indicate the significant differences between samples in one column according to

Tukey’s test, p < 0.05.

» Total Phenolic Total Tannins Content . SO; Bleaching Resistant
Wine Sample o nient (5 GAE/L) (g/L) otal Figments Index Pigments Index
R1 19+0.14 28+0.249 1924092 54+04b
R2 1.9+014 324014 49 +0.14 43+ 0.1¢d
R3 254+0.1b 44+013b 60+054 4.8+ 0.1bc
R4 24401°b 42 +0.12b 835+ 1.1°¢ 4.6+ 03bc
R5 2.6 +0.1b¢ 34401°¢ 9.14+01°¢ 354024
R6 2.7 +02P 28+0.14 48 +0.34d 1.7+01¢
R7 144+01¢ 21+01¢ 147 £ 05P 35+0449
RS 3140052 46+0.12 162 +1.3P 6.8+022
R9 254+0.1Pb 41+02°b 212+192 724012

3.2. Accelerated Ageing Tests: Oxygen Consumption Parameters

The red wines were submitted to three accelerated ageing tests experiments [36]:
chemical (H,O, added), enzymatic (by laccase from Trametes versicolor) and heat treatment
(at 60 °C). The oxygen consumption was monitored non-destructively by means of fluores-
cence oxygen sensors. The wine samples submitted to ageing test oxidations consumed an
oxygen concentration of approximately 6.5 mg-L~! whereas, in the case of non-oxidized
controls, average total consumed oxygen was only 0.20 + 0.15 mg-L 1.

Table 2 data confirm that wines can differ for their kinetics to consume oxygen, in
agreement with recent studies [7,8].
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Table 2. Oxygen consumption rates (ppm-h 1) of wines for the accelerated ageing tests. Values represent means of triplicate
determination =+ SD. Initial O; rate (OCR) is calculated as tangent to the linear regression O; = f (time) in the first 30 min.
Average O, rate (aOCR) is calculated between the first O, value before the aging test and the first O, value of the final
threshold. Different letters indicate the significant differences between samples in one column according to Tukey’s test,

p < 0.05.

Initial O; Rate Average O, Initial O2 Rate  Average O; Rate Initial O, Rate Average O,

iOCR Rate aOCR iOCR aOCR iOCR Rate aOCR

R160°C  2.40 + 0.06 2P 1.27 4 0.05 2 Rllac  3.33 +0.05°¢ 1.35 +0.21 @b R1 H,O,  2.86 + 0.28 ¢d 144 4+0.21°¢
R260°C 1.83+0523bc 071 +030b¢4 R2lac 258 + 0.40 <4 1.19 + 0.13 be R2 H,0, 51+0.19° 2.65 +0.74 b
R3 60 °C 2.59 +0.322 1.02 +£0.10*®  R3lac 5.47 4+ 0.82 2 1.9 + 0.50 2 R3H,O, 374 4+0.05b¢  235+0.17b¢
R460°C  1.07 4+ 0.09 ¢4 0.54 + 0.11 ¢4 R4 lac 1.2 + 0.04 & 0.77 +0.09 b4 R4 H,O, 533+ 0.77° 29+ 0.12°
R560°C  2.14+0.10*® 093 +0.112P¢  R5lac 1.4 4 0.05 ¢f 0.8 + 0.05 bed R5H,0,  4.89 +0.89° 24 +0.14b<
R660°C  0.87 +0.21 °d 0.33 + 0.124 R6lac  1.8540.119¢ 0.57 +0.13 ¢4 R6 H,O, 1.69 + 0.58 4 0.25 + 0.08 4
R7 60 °C 2440242 0864 0.0225¢  R7lac 42+ 0.09° 2+008? R7 H,O, 8.55 4+ 0.192 2.72 +0.09"
R8 60 °C 0.7+0114 0.37 + 0.06 4 RS lac 038 +0.10f 0.17 +0.03 4 R8 H,O, 9.32 +0.25° 440152
R960°C 1.61 £043P<d .89+ 0.012Pc  R9lac 1+ 0.05¢f 0.54 + 0.01 ¢4 R9 H,0, 1.69 + 0.05 4 022 +0.06 ¢

Oxidation mechanisms in wine start with oxygen activation by metal catalysis (Fe or
Cu), inducing radicals named reactive oxygen species (ROS). Quinones are then formed
as well as hydrogen peroxide, both capable of reacting with several other wine com-
pounds [5,11,17]. Consequently, a decrease in the dissolved oxygen concentration is sys-
tematically observed and the measure of this reflects the evolution of wine oxidative
kinetics [8,11].

Experiments were carried out in hermetic culture tubes with minimum headspace.
It was previously shown that this procedure allowed a headspace volume between 0 pL
and 120 uL [8], and so oxygen ingress through the cap was negligible and only evolution
of dissolved oxygen in wine was considered during the time of the experiment. Oxygen
consumption parameters are summarized in Table 2. Important differences were observed
between wines both for initial and average O, rates. Values ranged from 0.17 ppm-h~!
(R8 lac) to 4 ppm-h~! (R8 H,0,) for average O, rates and from 0.38 ppm-h‘1 (R8 lac)
t0 9.32 ppm-h~! (R8 H,0,) for initial O, rates. The wines can have completely opposite
behaviors towards the oxidation process. R9 and R7 wines showed similar rates around
1 ppm-h~! whatever the oxidation protocol, whereas R8 and R4 wines also had low
consumption rates less or around 1 ppm-h~! for temperature and enzymatic tests but
were among the highest rates for chemical oxidation (9.32 and 5.33 ppm-h~! respectively).
Globally, chemical oxidation using H,O, showed the equal highest oxygen consumption
rates for all considered samples except for R1 and R3, for which enzymatic oxidation (using
laccase) showed the highest consumption rates.

Several factors can influence the oxygen consumption rates of wine as pH, ascorbic
acid concentration or metals concentration [8,13] pH, and also copper and iron concentra-
tions, are shown in the supplementary data, all play a part in oxygen consumption during
experiments. For example, R8, which had the highest metals concentrations, very quickly
consumed oxygen when it was oxidized adding H,O, compared to other samples (Table 2).
On the contrary, R6 had the lowest metal concentrations and was globally oxidized slower
than other samples whatever the considered oxidation protocol. However, it is difficult to
conclude on a clear relation between OCRs and the above variables, metals concentrations
not completely reflecting the fraction involved in oxidation reactions [13,26,40,41].

As an antioxidant, SO; can affect oxygen consumption kinetics during accelerated
ageing tests. Free SO, values are available in the supplementary data (Tables S1 and S2) and
were measured after oxygen saturation (before oxidation) and after the different controlled
oxidations. Chemical and temperature tests completely consumed available free SO (if
available after saturation) whatever the initial concentration, this latter having consequently
a limited impact on OCRs. This decay in SO, was primarily due to its reaction with the
quinones and H,O, deriving from oxidation of phenolics [42]. Concerning enzymatic
oxidation, all the available SO, was not systematically consumed. However, R3 and R7
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samples were statistically the ones with highest OCR|,. (initial and average) but these two
samples presented no available free SO, before enzymatic oxidation. Consequently, it can
be hypothesized that free SO, content had no impact on enzymatic oxidation.

Several factors can be responsible for SO, consumption as ascorbic acid concentra-
tion [43] or sulfonation reactions [44]. Even if a theoretical molar reaction ratio of 2:1
(50, /03) should be expected [7], it is generally not observed. Recent studies showed that
such a molar ratio can hardly be applied to a complex media such as wine [9,45]. Indeed,
SO, does not directly react with oxygen and other chemical species are involved and other
strong reductants can compete with it, as recently observed by Ferreira et al. [8]. For certain
wines, oxygen consumption might be really fast but not result in immediate SO, loss, other
highly reactive reductants can consume O, with no involvement of SO;.

3.3. Electrochemical Behavior of Standard Polyphenols and Wine Samples Oxidized with the Three
Different Protocols

3.3.1. Electrochemical Behavior of Standard Polyphenols

Figure 2 represents the cyclic voltammograms of representative wine polyphenols
(flavanol, hydroxycinnamic acid, benzoic acid, anthocyanin and flavonol) in model wine
solutions using single-walled carbon nanotube (SWCNT) electrodes. The corresponding
anodic (oxidation) peak potentials are given in Table 3. Only one anodic peak was present
for caffeic acid at a potential of 166 mV, whereas for catechin and gallic acid two peaks were
present with a potential of 151 mV for the first one (Ep,aj). This is attributed to the oxidation
of hydroxyl groups (on B-ring for catechin) into corresponding ortho-quinones [19,46,47].
The formed ortho-quinones can be reduced on the reverse scan generating a well-defined
cathodic peak as, for example, for caffeic acid (Figure 2b). The second anodic peak ob-
served only for catechin and gallic acid (Ep,a; = 476 mV) corresponded to the oxidation
of catechin A-ring hydroxyl group [48] and to the oxidation of the third phenol group
adjacent to the ortho-diphenol group in gallic acid [49]. For quercetin, only one peak at
low potential (166 mV) was present and the second peak was not clearly observable. At
last, concerning anthocyanins, electrochemical behavior of oenin chloride in model wine
was also investigated showing only one peak at 398 mV. Oenin chloride revealed that
anthocyanins tend to be less easily oxidizable compounds than other phenolic compounds.

15 15

Catechin 0.1mM SWCNT (a) Caffeic acid 0.1 mM SWCNT (8)
10 10
s
i %o 1
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] °
0. 0. & HO
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15 « I
10
=]
10 HOT O TOH
Y o is
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Figure 2. Cyclic voltammograms of different standard polyphenols at SWCNT-SCPE: catechin
(A); caffeic acid (B); gallic acid (C); oenin chloride (D) and quercetin (E) at a concentration of
0.1 mM (blank subtracted); SWCNT-SPCE: single walled carbon nanotubes modified screen printed
carbon electrodes.
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Table 3. Voltammetric peak potentials of the standard polyphenols (concentration of 0.1 mM) in
model wine solution (pH 3.6) using SWCNT-SPCE. Ep,a; represents the potential of the first anodic
peak and Ep,a; represents the potential of the second anodic peak.

Potential (mV) SWCNT-SPCE (vs. Ag))

Standards
Ep,a; Ep,a;
Catechin 151 476
Caffeic acid 166 /
Gallic acid 154 476
Oenin chloride 398 /
Quercetin 151 /

The classification obtained considering only the first peak potential for the studied
standards at equal concentration (0.1 mM) by increasing potential was as follows: quercetin
151 mV /catechin 151 mV < gallic acid 154 mV < caffeic acid 166 mV < oenin chloride
398 mV and revealed the ability of the compounds to oxidize at different potentials. These
potentials depend on a molecule structure’s chemical reactivity. This ranking appears to
be logical when considering substituents to catechol groups. An electro donating group
reduces potential values while electro accepting groups (as carboxyl) tend to increase
potential values. Moreover, it is noteworthy that the galloyl substitution of gallic acid is
more oxidizable than the catechol group of caffeic acid [33].

3.3.2. Electrochemical Behavior of Wines Non-Oxidized and Oxidized with Different
Oxidation Protocols

Electrochemical methods, and in particular cyclic voltammetry (CV), involve mech-
anisms similar to those occurring in wines [20]. CV is consequently of major interest in
order to study wine oxidation. It has already been applied to the study of white wine
oxidation [26,50,51] and recently, carbon-based screen printed sensors turned out to be a
rapid and reproducible device for the analysis of polyphenols [52] and wine components.
They give access to voltammograms resulting from the current responses from a large
number of polyphenols.

Values in Table 4 showed the high variability in anodic current measurements through
the resulting calculated charges, depending on each wine. Wine samples were increasingly
diluted (in model wine solution) from 1/100 to 1/10 and acquisitions were performed on
1/75 diluted samples. This dilution allowed for the linear part of the total charge response
as a function of wine concentration. Moreover, experiments were performed on wines
diluted 75 times in order to discard free SO, influence in anodic reactions (oxidation) [53].
Indeed, with higher SO, contents, semi quinone radicals formed during electrochemical
oxidation can react, leading to quinone reduction back to the original polyphenol [54].
Further reactions could also take place as the formation of sulfonic acid derivatives, dis-
rupting CV results by increasing anodic peak intensity and also decreasing the cathodic
peak intensity [54].

Voltammetric experiments were carried out for all reference wines as well as all
oxidation protocols. Cyclic voltammograms showed for each sample three peaks at ap-
proximately the same potentials: around 220, 480 and 700 mV. Reverse cathodic peak was
also observed. An example of obtained cyclic voltammograms for the reference R2 wine
and the three accelerated protocols (blank subtracted) is presented in Figure 3.
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Table 4. Charges (Q) for reference (non-oxidized) wines (blanck substracted) and difference of charges (AQ) between
reference wines and oxidized wines with three different accelerated protocols (60 °C, laccase and H,O;). Q and AQ are
expressed in uC. Different letters indicate the significant differences between samples in one column according to Tukey’s

test, p < 0.05.

A Q240mv Qs520mv Q520mv-Q240mv Q240mv/Q800mVv Qgoomv

R1 7.64+0.764 20.49 + 1.74 4 12.83 + 1.12¢ 0.21 +0.03 b< 3730 +1.98¢
R2 742 +12649 26.11 +2.234 18.54 + 1.01 4% 0.15 + 0.02 ¢4 50.25 + 3.21 cde
R3 9.67 + 1.55 ¢d 27.62 +3.324 17.94 + 1.67 4 0.23 + 0.06 b< 4257 +3.87°¢
R4 19.00 + 5.41° 46.00 + 3.02 b 27.96 + 221 bc 0.29 + 0.03 2P 65.11 + 12,92 bed
R5 16.21 + 1.93 b< 38.25+0.29°¢ 22.04 4+ 1.42 ¢4 0.38 +0.012 4329 + 6.78 4
R6 20.73 4+ 0.46 P 51.30 + 4.36 P 30.55 + 3.62P 0.31 4+ 0.01 2b 67.75 + 0.96 b<
R7 3.60+0.744 17.93 + 1.824 14.33 +1.07 ¢ 0.09 +0.014 37.75 + 6.28 ¢
R8 29.28 +2.77 2 96.52 + 1.122 69.71 + 0.87 0.30 + 0.03 &b 99.00 + 1.88
R9 10.67 + 2.13 ¢4 38.98 +4.40°¢ 28.31 +2.25b¢ 0.14 + 0.04 ¢4 75.98 + 8.51 ab
B AQ240mv AQs20mv A(Q520mv-Q240mv)  A(Q240mv/Qsoomv) AQgpomv
R1 60 °C of 0d of iR 0d

R2 60 °C 8.20 =+ 0.86 b< 17.30 + 0.87 € 9.11 +0.014 0.34 + 0.032 2411+0.10°
R3 60 °C 0.56 + 0.53 &f 3.88 + 0.46 4 3.35 + 0.07 ¢ 0.05+0.052 10.62 + 0.8 ¢4
R4 60 °C 10.70 + 0.37b 70.20 + 0.56 2 59.53 + 0.19 @ 0.24 +0.012 44.32 +0.50
R5 60 °C 3.36 + 2.05 4 5.50 4+ 4.914 2.13 +2.87¢f 0.52 + 0.602 1170 £ 7.22°¢
R6 60 °C 10.56 + 1.06 ® 23.80 + 1.64° 13.24 4+ 0.58 ¢ 0.40 + 0.032 2642 +441°
R7 60 °C of 235+ 1.094 234 +1.029f 0@ 461 +1.12¢d
RS 60 °C 23.22 + 1.662 49.04 + 6.16° 50.23 +- 0.82 P 0.48 + 0.032 73.45 4 2482
R9 60 °C 5.64 + 1.06 ¢4 16.27 +2.15¢ 10.64 + 1.09 ¢d 0.17 £ 0.022 31.98 + 5.26 P
C AQ240mv AQs20mv AQ520mv-Q240mv)  A(Q240mv/Qs00mv) AQsgoomv
R1 Lac. 337 +0.6094e 574+ 159de 2.36 + 1.00 de 0.30 + 0.09 2 11.37 + 1.48¢
R2 Lac. 022 +0.17¢ 0.61 + 0.24 &f 0.40 + 0.08 © 0.02 +0.01°¢ 949 +247¢
R3 Lac. 0e of 0e 0c¢ 1.61 + 053¢
R4 Lac. 2.05+0.13 de 1.48 + 052 ¢f 0e 0.47 +0.192 493+211°¢
R5 Lac. 5.88 + 1.69 ¢ 8.92 +2.634 3.04 +0.94 de 0.41 +0.032 14.15 + 3.04
R6 Lac. 11.80 +1.29P 32.31 4+ 1.48P 20.50 +0.22 b 0.40 + 0.022 29.13 +1.43P
R7 Lac. 0.63 +0.51°¢ 4.68 + 1.63 def 403 +1.124 0.05 + 0.03 ¢ 12.18 + 4.83¢
R8 Lac. 22.80 + 2312 46.31 + 8552 48.78 +1.59 2 0.50 + 0.04 2 71.58 + 0.722
R9 Lac. 5.70 + 2.09 ¢4 16.43 +4.40°¢ 10.73 +2.31¢ 0.18 + 0.02 b< 31.49 +820°
D AQ240mv AQs520mv A(Q520mv-Q240mv)  A(Q240mv/Qsoomv) AQgoomv
R1 H,0, 329 +0.13%d 573 +0.08 %de 2.45 + 0.05 < 0.07 +0.012 45.39 +2.642
R2 H,O, 145+ 0.049¢ 405+ 1.08 def 2.7+ 0.88P 0.55 4+ 0.58 2 5.28 + 4.12 ¢4
R3 H,0, 3.66 + 0.88 b< 9.56 + 1.13 be 5.87 +£0.252 0.18 +£0.032 19.77 +1.81°
R4 H,0, 22240324 813 +0.56 bed 591+ 0.232 0.16 + 0.08 2 17.22 +9.48 b<
R5 H,0, 268 +089%d 536+ 249cde 2.68 +1.57P 0.11 +0.032 23.75 +0.53 P
R6 H,O, 13.11 + 1462 15.50 4+ 3.312 2.39 +1.85b¢ 0.30 +0.012 4327 +6.75°
R7 H,0, 0e 1.35 + 0.19 ¢f 1.35 4+ 0.19 b< 0a 3.77 + 1.45 ¢4
RS H,0, 0e of 0¢ 0@ 0d

R9 H,0, 572 +1.03P 11.92 + 1.90 @b 6.20 +0.872 0.39 4+ 0.09 2 15.59 + 5.98 b
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Figure 3. Cyclic voltammograms of R2 wine non-oxidized (ref) and oxidized with three different
protocols: temperature (60 °C), chemical (H,O5) and enzymatic (laccase) with SWCNT.

The first oxidation peak can be assigned to the most oxidizable compounds as catechin-
type flavonoids [52], including oligomers and polymers, caffeic acid and derivatives,
flavonols containing a catechol or a galloyl group (Table 3). As described by Newair
et al. [33], red wines contain high concentrations of flavan-3-ols, caffeic acid and gallic acid,
all responsible for the first anodic peak intensity.

The second peak on the voltammograms at around 520 mV could correspond to
overlaps [53] mainly resulting from the malvidin anthocyanins oxidation as well as to the
second oxidation of catechin type flavanols and galloyl containing compounds (Table 3).
Ferulic acid and trans resveratrol or similar polyphenols could also interact [18].

Concerning the third peak, its presence was less marked on the voltammograms and
can corresponds to the oxidation of phenolic compounds with high oxidation potentials,
such as para-coumaric or vanillic acids [19,55,56]. The presence of a cathodic peak on the
reverse scan on the voltammograms is noteworthy.

As mentioned previously, differences between wines were mainly notables on inten-
sities on cyclic voltammograms. In addition to that, oxidized wine intensities on voltam-
mograms were almost equal or inferior to the reference ones corresponding, reflecting the
oxidation protocol impact on the oxidizable compound content in the sample. For example,
concerning the R2 wine in Figure 3 representing cyclic voltammograms for reference wine
and three accelerated protocols, enzymatic and chemical oxidation protocols appeared to
have a moderate impact on the wine compared to temperature oxidation, with the latter
having the most important one.

3.3.3. Charges of Non-Oxidized Red Wines and Charge Variation after Accelerated Ageing
Tests

The different charges extracted from voltammograms and corresponding to the area
under the anodic curve until the given potential value shown in Table 4 allow us to illustrate
the polyphenol’s capacity to be oxidized at the working electrode [52]. The total charge
Qgoomy corresponds to all oxidizable phenolic compounds that will contribute to the total
antioxidant capacity of the wine sample. Q40my represents the electrochemical charge of
the most easily oxidizable polyphenols (generally hydroxyl group oxidation into quinones
for flavan-3-ols, phenol acids and flavonols) that have consequently the highest antioxidant
capacity. Qspomy estimates the charge of the compounds which oxidize until 520 mV (the
major part). In addition to that, the difference (Qsyomyv—Q2omv) gives the charge of the
compounds that correspond to the second oxidation peak on the voltammograms, whereas
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the ratio Qu4omv /Qgoomy illustrates the contribution of the most antioxidant compounds to
the total antioxidant capacity of the wine.

For the reference wines (Table 4A), the charges (Q) values were extracted from voltam-
mograms with blank subtracted (model wine solution), whereas for the oxidized wine
samples (Table 4B-D), the difference of charges (AQ) values were extracted from voltammo-
grams corresponding to oxidized wines with reference wine subtracted in order to obtain
values representing only oxidized compounds.

For non-oxidized wines the obtained charges values (Q240mv, Qs20mv and Qgoomv)
were very different (Table 4A). The lowest values for the charges were observed for R7
wine and these weak values were in accordance with its phenolic and total tannins contents
which were also the lowest ones (Table 1). On the opposite end, the highest values were
observed for R8 wine which presents a significantly high content of polyphenols and
tannins, compared to other wines.

Values in Table 4B-D were those of reference wines minus oxidized wines (AQ)
in order to take into consideration only oxidation effect. As described by previous re-
searchers [18-20], the majority of compounds involved in wine oxidation reactions (phe-
nolic compounds, ascorbic acid) are able to oxidize at the surface of an electrode and
therefore can be analyzed using voltammetric methods. A comparison of oxidized wines
with their corresponding non-oxidized ones (subtractive approach) can provide additional
information on global wine oxidation. Indeed, due to the numerous simultaneous voltam-
metric signals occurring during wine analysis, this method is unable to provide specific
information on individual wine components.

Interestingly, charge differences (AQ) of subtractive voltammograms were also strongly
wine-dependent, which provides interesting information on chemical reactions involving
the major wine oxidizable compounds during oxygen consumption. Some wines showed
important current decrease at 240 mV and consequently high values of difference of charge.
It was the case for R8 wine oxidized with laccases or at 60 °C or R6 wine for all oxidation
types. It revealed that they contained oxidizable species which were easily degraded upon
oxygen consumption. On the other hand, other wines showed opposite behavior, as for R7
wine oxidized with H,O, or at 60 °C. Moreover, the different values of A(Qs20mv—Q240mv)
indicated that oxidation also induced changes in less easily oxidizable compounds.

All these measurements were also very different depending on the considered oxida-
tion protocol, as for R2 wine values, which were among the highest ones with temperature
oxidation and among the lowest ones with laccase or HO, oxidation protocols, whereas
R1 wine showed opposite trends for the same protocols. These results are in accordance
with the influence of wine composition on its oxidation ability.

It is noteworthy that even older wines (R2 and R3 were respectively from 2014 and
2010) contain oxidizable compounds and can undergo further oxidations. Hydrogen
peroxide had an impact on them whereas R7 and R8 wines were very little impacted.
On the contrary, enzymatic oxidation had a negligible impact on them. Temperature
oxidation impacts R2 and R3 wines whereas it was not true for R1 wine (2018 Syrah wine).
Even if oxidation phenomena are strongly wine dependent, these results can suggest that
oxidation reactions lead to the formation of different products which are able to further
oxidize themselves.

3.4. Correlation between Phenolic Composition, Oxygen Consumption Rates and Electrochemical
Parameters

Table 5 represents the Pearson correlation matrix between electrochemical parameters
for non-oxidized wines and for all accelerated ageing tests (H,O;, laccase and at 60 °C),
OCRs (initial and average oxygen consumption rate) and wine composition (tannins,
polyphenols, total pigments, and SO, bleaching resistant pigments).
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Table 5. Pearson’s correlation coefficients between electrochemical parameters, phenolic composition, and oxygen consumption rates. * (in green) represents significance at p < 0.05 and **

(in red) represent significance at p < 0.01.

Foli
'I?PCn TC P RP Q240mV ref Qs20mV ref Q520mv—Q240mV ref Qaaosoomvret  Qsoomvret  AQuuomvizoz  AQsamvizoz  A(Qs2mv-Q2aomv)izoz Q240/800mv 1202 AQs0omv 1202
Folin TPC 1.00 0.91 ** —0.08 0.26 0.86 ** 0.80 ** 0.74 * 0.53 0.74* 031 0.29 0.09 0.00 0.06
TC 1.00 —0.15 0.36 0.72* 0.69 * 0.65 0.33 0.73 * 0.25 0.36 0.37 0.14 —0.07
TP 1.00 0.72* —0.10 0.09 0.18 —0.49 0.21 —0.26 —0.25 —0.09 —0.35 —0.06
RP 1.00 0.10 0.32 041 -0.40 0.45 —0.45 —-0.29 0.18 -0.06 —0.38
Q240mV ref 1.00 0.94 ** 0.87 ** 0.66 0.80 ** 0.18 0.03 —0.25 -0.23 —0.03
Qs20mV ref 1.00 0,99+ 0.43 0.90 ** 0.00 0.16 0.35 023 0.27
Qs20mv— 1.00 0.31 0.90 ** —0.08 —0.24 —-0.39 —-0.23 —0.37
QMOmV ref
Q240/800mV ref 1.00 0.09 0.14 0.00 —0.25 —0.35 0.31
Qs00mV ref 1.00 0.14 0.07 —0.09 0.07 —0.30
AQ240mv H202 1.00 0.90 ** 0.21 0.37 0.70 *
AQ520mv H202 1.00 0.62 0.47 0.63
AQsz0mv- 1.00 0.39 0.14
QoaomvIH202
AQ240/800mv H202 1.00 0.00
AQspomv H202 1.00
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Folin TPC 0.71*% 0.65 0.53 0.62 0.58 0.67 * 0.55 0.49 0.66 0.65 0.02 0.77 * 0.49 0.12 0.58 0.63
TC 0.49 048 0.33 0.40 0.39 0.63 0.63 0.60 043 0.74 % 0.06 —0.61 —048 -0.15 —043 —0.60
TP 0.23 0.26 —0.49 0.10 043 —-0.03 —0.03 —-0.02 —0.35 -0.03 —0.10 —0.15 0.36 0.08 —-0.22 0.07
RP 0.24 0.29 —0.40 0.02 0.36 0.26 0.29 0.28 —0.15 0.35 023 -0.27 0.21 0.14 —-027 —0.06
P 086  0.81% 0.66 g 065 0.87 0.80 ** 0.73* 0.74 0.76 * 025 —0.82 % —0.75* 021 —0.71° —0.84 **
Q520mV ref 0,93 ** 0.92 ** 043 0.69* 0.79% 0.94 ** 0.81 ** 0.72 % 0.66 0.80 ** 0.36 —0.79 * —0.72* 0.38 —0.69* —0.82 **
QQ”"““; 0.93 ** 0.94 ** 0.31 0.59 0.83 ** 0.93 ** 0.78 * 0.68 * 0.60 0.78 * 0.40 0.74 * —0.68* 0.44 —0.65 0.77 *
240mV
Q240/800mV ref 0.39 0.28 1.00 ** 0.68 * 0.02 0.34 0.34 0.32 0.62 0.16 0.28 —0.33 -0.33 0.11 —-0.25 —0.31
Qs00mV ref 0.81 ** 0.82 ** 0.09 0.54 0.83 ** 0.90 ** 0.79* 0.71 % 0.53 0.91 ** 0.10 —0.84 ** —0.74* 0.16 —0.76 * —0.88 **
AQ210mv H202 0.13 0.08 0.14 0.17 0.20 —0.02 —0.16 —-0.20 0.15 0.02 —0.84 ** —0.28 —0.27 —0.77 * —0.10 —0.31
AQ520mv H202 —0.14 —0.19 0.00 0.04 —0.04 —0.18 —0.16 —0.15 —0.03 0.05 —0.84 ** —0.17 —0.10 —0.88 ** —0.02 —0.17
QA2 i?:é‘;‘;::(; 0.55 0.57 0.25 0.23 045 0.35 0.08 0.02 0.34 0.07 0.36 0.12 027 0.59 0.14 017
AQ240/800mv H202 —0.28 —0.28 —0.35 —(0.38 —0.08 —-0.01 —0.14 —0.18 0.16 0.17 —0.44 —0.14 —0.12 —0.55 —-0.10 —0.11
AQgpomv H202 —0.09 —0.19 0.31 0.26 —-0.15 —-0.35 —0.36 —-0.34 —0.13 —0.40 —0.70 * —0.02 0.26 —0.75* 0.11 0.10
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AQgpmv 0°c 1.00 0.26 0.78 0.79 * 0.21 0.75* —0.89 **
a0CR H,0, 1.00 0.07 —017 0.89 ** —0.03 —0.05
aOCR lac 1.00 0.62 0.08 0.95 ** 0.85 **
aOCR 60 °C 1.00 0.27 057 0.90 **
iOCR H,0, 1.00 —0.06 ~0.10
iOCR lac 1.00 0.80 %
iOCR 60°C 1.00
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Concerning the phenolic composition, the charges Q240mv ref and Qs2omy ref Were well
correlated with TPC (itself well correlated with TC (R = 0.91)) with R = 0.86 and 0.80
respectively. A better correlation between TPC and the total charge Qggomy ref could have
been expected since the Folin-Ciocalteu test (TPC) is a global method for which all hydroxyl
groups that are able to react with the F-C reagent are implied [34]. These three charges
were also well correlated with the values of their corresponding difference of charge at the
same potential for enzymatic and temperature oxidation tests, while no correlation was
observed with chemical oxidation using hydrogen peroxide. The fact that the calculated
charges of non-oxidized (reference) wines, in accordance with its oxidability, presented high
correlations with the difference of the charges for enzymatic as well as temperature oxidized
wines (reference subtracted) emphasizes that cyclic voltammetry can partly predict these
two oxidation tests and reflects the wine sensitivity towards respective oxidation targets.
However, it is not possible to predict the wine chemical oxidation test using hydrogen
peroxide. These last results are in accordance with the good negative correlations between
the oxygen consumption rates and the charges of the reference wines: between aOCR,.
and Q240mv ref (R = —0.82) or Qgoomy ref (R = —0.84), and between iOCRgpoc and Qa4omv rets
Q520mV ref and Qgoomy ref (R = —0.84; —0.82 and —0.88 respectively).

Considering the parameters related to oxygen consumption kinetics, for a same
oxidation test, iOCR was highly correlated with aOCR: RGOCR4ye /aOCRge) = 0.89;
R(GHOCR,:/a0OCR},c) = 0.95 and R(IOCRp202/a0OCRH202) = 0.90. These results are in
accordance with previous studies studying OCR of oxygen saturated white wines [26]. It is
worth mentioning that OCRs for enzymatic by laccase and temperature at 60 °C oxidations
were partly correlated to each other (iOCRgec correlated with aOCR|,. and iOCR},. with
respectively R = 0.85 and 0.80).

Concerning the relation between OCRs and the differences of charges (AQ) for ox-
idized wines, strong negative correlations were observed for the temperature oxidation
between the oxygen consumption rates and the charge at low potential AQ240mv ¢0°C as
well as the total charge AQgyomv 60°c and more particularly for iOCRgpc. For the laccase
oxidation test, less robust correlations were obtained.

Kinetic parameters for the HyO; ageing test i(OCRp202 or aOCRH202) were not corre-
lated with the electrochemical parameters of reference wines but showed a high negative
correlation with AQspomy 1202 With R = —0.88 and —0.84, respectively (R = —0.84 between

aOCRpH202 and AQs20mv H202)-

3.5. Principal Component Analysis

Principal component analysis (PCA) was used in this work in order to classify wines.
Factor analysis was calculated with the same parameters as the ones used for Pearson’s
correlation in Table 5. Figure 4 shows the plots of loadings and scores in the space described
by the 1st and 2nd factors.

The first factor explains 51.19% of the total data variability and it is mainly related to
the richness in polyphenols and tannins (TPC and TC) and to the electrochemical parame-
ters for non-oxidized wines, enzymatic and temperature oxidations, and their respective
OCRs. It allows us to distinguish red wine samples depending on their oxidation rates with
laccases or at 60 °C. Indeed, the first factor is positively correlated with electrochemical
parameters, TPC and TC, while it is negatively correlated with OCRs. R1, R3, as well as R7,
are red wines being the fastest oxidized by laccases and by temperature. R1 and R7 wines
are among the lowest in TPC and TC values.
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Figure 4. Representation of the loadings (variables) and the scores (wines) in the plane defined by
respectively the first (F1) and second (F2) factor (explained variance: 69.87%).

The second factor explains 18.68% of the total data variability. Itis positively correlated
with electrochemical parameters concerning chemical oxidation with H,O and negatively
correlated with corresponding OCRs and with anthocyanins content (TP and RP). R8 is the
red wine with the highest TPC and TC and the fastest oxidized by hydrogen peroxide, and
the slowest oxidized by the two other tests.

Wines can consequently be discriminated in Figure 4 into three groups depending on
their variable responses. The three Syrah wines (R1, R2 and R3) from the same winery but
with different vintages are gathered together on the left of the PCA while both 2019 aged
Syrah wines (R7 and R8) are at the bottom of Figure 4. All other wines from different grape
cultivars are gathered in a third group, also containing the last 2019 aged Syrah wine (R9),
a hypothesis being that it is the only Syrah wine in the study which was aged in barrels.
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Figure 5 is a PCA of the reference wines according to their electrochemical parameters
(except Qa4omv/Qgoomy ratio). It shows the plots of loadings and scores in the space
described by the 1st and 2nd factors. The first factor explains 92.47% of the total data
variability while the second one explains 5.23%. Three groups can be seen on Figure 5
depending on wine OCRs (initial or average). Indeed, the first group contains R1, R3 and
R7 wines, and corresponds to the wines which consume oxygen the most quickly when
oxidized with temperature or laccases, while R8 wine shows really low OCRs with these
two oxidation processes. All other wines (R2, R4, R5, R6 and R9) have intermediate values
compared the two previous groups. Consequently, electrochemical measurements on non-
oxidized (reference) wines allow us to classify wines depending on their OCRs (for laccase
and temperature). It is then possible to predict a wine’s sensibility towards oxidation
(laccase and temperature) thanks to electrochemical measurements of the reference wines.
This method is very promising as it is quick and necessitates a sample diluted drop.
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Figure 5. Representation of the loadings (variables—electrochemical parameters (except
Q240mv / Qgoomy ratio) for the reference wines) and the scores (wines) in the plane defined by respec-
tively the first (F1) and second (F2) factor (explained variance: 97.74%).
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Another PCA representation gathering all the electrochemical parameters (before and
after oxidation) also reveals a discrimination into three main groups (Supplementary data
Figure S1) and confirms previous results.

4. Conclusions

Overall, the results of this work confirm that different wine ageing tests produce dis-
tinct results for different red wines, depending on the chemical molecules targeted [8,34,57].
These wines also showed different electrochemical behavior (cyclic voltammetry) before
and after oxidation protocols. Wines were discriminated into three main groups depending
on their electrochemical behavior, chemical composition, and OCRs: the first group gath-
ered three Syrah wines from the same winery with different ages, the second one gathered
two 2019 Syrah wines, while the other samples were gathered in the last group.

Electrochemical parameters before oxidation (temperature and laccases) revealed a
discrimination into three groups between red wine samples according to their oxygen
consumption rates. Electrochemistry and more specifically cyclic voltammetry appears
then as a promising method to predict red wine oxidation and seems to be effective even
on older vintages. Moreover, this method appears to be fast and allows us to obtain results
with really few samples.

Further research is needed in order to confirm the obtained results by the oxidative
and electrochemical characterization in a larger series of red wines.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox10121943/s1. Table S1: enological analytic characterization of the red wines, Table
S2: free SO, levels in the red wines after the different oxidation tests, Figure S1: representation of
the scores (wines) (variables—electrochemical parameters for the reference wines (Q) and oxidized
wines by the three protocols minus reference wines (AQ)) in the plane defined by respectively the
first (F1) and second (F2) factor (explained variance: 79.55%).
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Chapitre IV — Approche ciblée : identification et obtention de marqueurs d’oxydation

Le prochain chapitre aborde une approche ciblée des marqueurs d’oxydation. Il se divise en

deux parties

Partie I — Analyse structurale par RMN de marqueurs d’oxydation dimériques obtenus par

oxydation enzymatique de la (+)-catéchine.

Partie II — identification de ces marqueurs par UHPLC-Q-Orbitrap/MS? dans des extraits de

pépins et de vin rouge. Impact de la maturation des baies et du vieillissement du vin.

Partie 1
Les objectifs de la premiére partie étaient

- D’effectuer une étude comparative du profil produits d’oxydation de type dimeére de la
(+)-catéchine par trois types d’oxydoreductases :
e laccases de Trametes versicolor (commerciales)
e laccases de Botrytis cinerea (extraites)
e polyphenoloxidases (PPO) extraites de pépins
- D’isoler certains produits d’oxydation de la catéchine par les laccases de Trametes

versicolor et de déterminer leurs structures moléculaires
Les méthodes utilisées étaient les suivantes :

1. UHPLC-MS afin d’acquérir les chromatogrammes UV (280nm) des produits de
réaction de la catéchine par les différentes enzymes et de suivre les avancements de
réaction

2. Des méthodes de purification telles que la chromatographie flash pour séparer les
différents oligomeres entre eux, et la chromatographie semi-préparative pour séparer les
dimeres les uns des autres et obtenir des produits purs.

3. Acquisitions RMN :

e ID!Het!3C
e 2D homonucléaire '"H TOCSY et ROSEY and heteronucléaire 'H/'*C HSQC et
HMBC
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Les hypothéses étaient les suivantes

1.

2.

Les produits de réaction de différentes oxydoreductasess peuvent entrainer des
différences de produits formés et de niveau d'oxydation.

L’utilisation du nitrate de cadmium pour les analyses RMN pourrait permettre d’obtenir
des signaux OH phénoliques résolus et ainsi d’aboutir a des structures complétes de

composés phénoliques.

Conclusions

Les trois différentes oxydoréductases utilisées dans cette étude ont produit globalement
des profils UV similaires contenant 8 pics. Parmis ces 8 produits, différents états
d’oxydation sont relevés (m/z=579 ou 577 en fonction du nombre de liaisons créées
entres les unités de catéchine)

Un produit supplémentaire est visible pour les laccases de Botrytis cinerea et la
polyphenoloxidases extraite du raisin. Les ions moléculaires des produits obtenus ont
¢galement des masses similaires dans les trois cas. Ainsi les laccases commerciales de
Trametes versicolor peuvent étre utilisées comme moyen biologique d’obtention par
hémisynthése de potentiels marqueurs d’oxydation du raisin et du vin.

Six produits d’oxydation dimériques ont ét¢ structurellement identifiés par RMN : N2,
N3, N4, N6 et N8. N2 et N4 présentent des liaisons interflavaniques de type C-C, avec
N4 contenant deux isomeéres. N3 et N6 présentent des liaisons interflavanes de type C-
O-C. N8 présente un état d’oxydation supérieur et plusieurs liaisons interflavanes, il est
connu sous le nom de déhydrodicatéchine A.

L’utilisation du nitrate de cadmium pour les analyses RMN permets ’identification de
N6 et N8 directement. Il permet de réduire les échanges intermoléculaires entre les
protons des OH et ceux du solvant, et ainsi d’accroitre la résolution des OH phénoliques
Des signaux OH phénoliques résolus ont été obtenus pour N2, N3 et N4 avec également
utilisation du nitrate de cadmium mais aussi grice a une étape supplémentaire

d’évaporation et de resolubilisation.

L’ajout de cadmium n’a pas d’effet sur les OH aliphatiques. Des ajouts croissants de
cadmium n’ont pas d’effet croissants sur la résolution des OH phénoliques. Une
température d’acquisition a 15°C permets de séparer certains signaux superpos¢s entre

les OH aliphatiques et phénoliques.
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Les principaux spectres utilisés pour la détermination structurale des composés sont présentés en
annexes (p 97 a 124). Cette ¢tude a également fait I’objet d’un article scientifique, publié dans

le journal Molecules en septembre 2021 sous la référence :

Stacy Deshaies, Christine Le Guernevé, Lucas Suc, Laetitia Mouls, Francois Garcia and Cédric
Saucier. Unambiguous NMR structural determination of (+)-Catechin-Laccases dimeric

reaction products as potential markers of grape and wine oxidation.

Et présenté ci-apres
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Abstract: (+)-Catechin—laccase oxidation dimeric standards were hemi-synthesized using laccase
from Trametes versicolor in a water-ethanol solution at pH 3.6. Eight fractions corresponding to
eight potential oxidation dimeric products were detected. The fractions profiles were compared
with profiles obtained with two other oxidoreductases: polyphenoloxidase extracted from grapes
and laccase from Botrytis cinerea. The profiles were very similar, although some minor differences
suggested possible dissimilarities in the reactivity of these enzymes. Five fractions were then isolated
and analyzed by 1D and 2D NMR spectroscopy. The addition of traces of cadmium nitrate in the
samples solubilized in acetone-dg led to fully resolved NMR signals of phenolic protons, allowing the
unambiguous structural determination of six reaction products, one of the fractions containing two
enantiomers. These products can further be used as oxidation markers to investigate their presence
and evolution in wine during winemaking and wine ageing.

Keywords: oxidation marker; (+)-catechin; phenolic NMR signals; laccase; cadmium nitrate; polyphe-
nol oxidase

1. Introduction

Polyphenols are a family of chemical compounds widely present in nature. They
are found in significant amount in tea [1], cacao [2,3], blueberries [4], grapes [5], and
fermented products like wine [6]. Being primary oxidation targets [7,8], polyphenols
chemical structures continually evolve. These changes impact the organoleptic properties
of many types of food; they are responsible for phenomena such as food browning [9]
and modifications of wine’s sensory characteristics [10,11]. In enology, this oxidation
phenomenon takes place in grapes or wines. Concerning enzymatic oxidation, the main
enzymes responsible for browning are oxidoreductases, more precisely, polyphenol oxidase
present in grapes and laccase produced by Botrytis cinerea [12].

Enzymatic oxidation mainly occurs in grape must, but further wine browning may
be due to chemical oxidation reactions [7,13] or to Botrytis cinerea laccase that can be very
stable during wine ageing [14]. Two oxidation enzymatic activities may occur on phenolic
substrates: monophenol oxidase activity characterized by the hydroxylation of an existing
hydroxyl group adjacent position and diphenol oxidase activity corresponding to the
oxidation of ortho-dihydroxybenzenes to ortho-benzoquinones.

According to the Nomenclature Committee of the International Union of Biochemistry
and Molecular Biology (NC-IUBMB), these enzymatic activities are catalyzed by E.C.1-class
enzymes corresponding to oxidoreductases. Among them, the three main classes of oxidore-
ductases catalyzing polyphenol oxidation are E.C.1.14.18.1 (monophenol monooxygenase),
E.C.1.11.1 (peroxidase/POD), and E.C.1.10.3 (oxidoreductases acting on diphenols).
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This last class is divided in different subclasses, and two of them appeared particularly
interesting for this study: E.C.1.10.3.1 (polyphenol oxidase /PPO) and E.C.1.10.3.2 (laccase)
(See Supplementary Materials Figure S1).

PPO, laccase, and peroxidase are the oxidoreductases mainly responsible for browning
during grape processing [13]. Browning caused by POD is negligible in fruits but can
increase phenols degradation when combined with PPO [15]. PPO are naturally present
in grapes and are able to catalyze the oxidation of monophenols to catechols and of
catechols to brown pigments [8,13,16]. Laccases, occurring in Botrytis-infected grapes, have
a wider action spectrum [17] as they can catalyze the oxidation of many different substrates.
The main laccases’ oxidation targets remain 1-2 and 1-4 dihydroxybenzene.

In wine, benzoquinone produced by oxidation (PPO or laccases) can easily undergo
further reactions depending on their redox properties and electronic affinities [15]. They
can either act as electrophiles and react with amino derivatives [18] or act as oxidants and
react, among others, with phenolic substrates. Depending on their chemical conformation
(quinone or semi-quinone), benzoquinone can lead to different oxidation reaction products.
At a neutral pH, (+)-catechin will be oxidized to quinone on the A-ring position C5 or C7
and lead to the formation of six possible dimeric isomers implying a linkage between the
B-ring position C2’, C5', or C6’ of the upper catechin unit and the A-ring position C6 or C8
of the lower unit [19,20]. Dehydrodicatechin is a well-known product of this coupling [21].
The labeling positions of the structures are displayed in Figure 1. Under acidic conditions,
semi-quinone forms can also be present on the B-ring (position OH3" or OH4’) and lead to
four possible dimeric isomers [20,22] with the upper catechin unit and the A-ring of the
lower unit (position C6 or C8). Catechin enzymatic oxidation was investigated in previous
studies [22,23], and the associated oxidation products were characterized by HPLC [24],
though more rarely isolated and never completely characterized by NMR.

Figure 1. Example of a dimeric oxidation product. A, B, C rings are labelled with u for upper units and with 1 for lower

units.

The aim of this work was first to compare by UHPLC-MS the dimeric (+)-catechin
oxidation products profiles in the presence of three oxidoreductase extracts, i.e., PPO
extracted from grapes, laccase from the fungus Botrytis cinerea present in botrytized sweet
wines [14], and laccase from Trametes versicolor.

The second objective was to hemisynthesize and characterize the structures of some
dimeric oxidation products by NMR spectroscopy obtained with laccase from
Trametes versicolor.
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2. Results and Discussion
2.1. Comparison of Dimeric Reaction Products Profiles with Three Different Oxydoreductases
and (+)-Catechin

(+)-Catechin was first oxidized in the presence of laccase from Trametes versicolor at
pH 3.6 in the model wine solution. After separation of the dimeric fraction from residual (+)-
catechin and other polymeric fractions, eight major fractions were collected and analyzed
by UHPLC-UV-MS, noted from N1 to N8 in increasing retention time order (Table 1).
The electrospray mass spectra in positive mode showed the ion peaks [M + H]* at m/z 579
for N1 to N6, hypothetically corresponding to a dimer formed by a single bond between
two catechin units, and [M + HJ* at m/z 577 for N7 and N8, hypothetically suggesting the
formation of an additional linkage.

Table 1. Analytical reversed-phase UHPLC retention times, absorbance maxima, corresponding m/z
(Th), and yields (%) for the eight major oxidation products collected.

Compound R¢ (min) Amax (nm) m/z (Th) Molar Yield (%)
N1 6.14 + 0.02 280 579 0.4
N2 6.91 + 0.02 280 579 0.1
N3 10.34 + 0.03 280 579 0.7
N4 14.11 £ 0.07 280 579 0.3
N5 17.13 £+ 0.02 280 579 0.2
N6 19.03 + 0.01 280 579 0.7
N7 20.63 + 0.03 263, 318 577 0.1
N8 25.23 + 0.01 256, 280, 286 577 0.2

These eight oxidation fractions were potentially observed after the chemical depoly-
merization of a tannin fraction in previous works [25,26] and could possibly be the same
as those already described by Guyot et al. [20], even if the experimental conditions were
slightly different. Indeed, in this previous study, a crude PPO extract was used at pH 3 and
6 to obtain eight fractions. In the present study, three different enzymes were compared at
pH 3.6 in the model wine solution. The LC-MS comparative analysis of the major oxidation
fractions obtained with the three different enzymes (laccase from Trametes versicolor, lac-
case from Botrytis cinerea, and polyphenoloxidase extracted from grapes) are presented in
Table 2. For each of the eight fractions, the retention times were almost identical with the
different enzymes, and similar 7/z were determined with the MS analysis. These results
support the hypothesis that the same fractions were obtained for each enzyme, containing
products with structures similar to those hypothesized by Guyot et al. [20]. Lopez-Serrano
and Ros Barcel6 [27] also performed a comparative study of the (+)-catechin oxidation
products with two different enzymes: peroxidase and polyphenoloxidase, both extracted
from strawberries. They concluded that the products obtained with the two enzymes
were qualitatively the same. An additional compound named N4’ with m/z = 578 Th and
R¢ = 15.66 min was observed in experiments with laccase from Botrytis cinerea and extracted
PPO but not with laccase from Trametes versicolor, which suggests possible differences in
reactivity for these enzymes.

2.2. Study and Optimization of Physicochemical Parameters on "H-NMR Phenolic and Aliphatic
OH Signals

The structural characterization of procyanidins dimers can be obtained by NMR
analysis. In particular, the precise linkage position between units may be determined using
HMBC and/or ROESY correlation spectra [28,29] (Figures S2 and S3). In the case of an
ether-type (C-O-C) bond, the attribution of the hydroxyl signal protons is necessary. It may
also be crucial in the case of C-C linkages if some aliphatic or aromatic protons overlap or
if some key correlations are missing. However, even in an aprotic solvent, the hydroxyl
protons of polyphenols often appear as broad signals from which no structural information
can be obtained [30]. This issue was tentatively addressed by the addition of traces of
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Cd(NO3); in the sample solutions. Indeed, 'H broad signals of OH groups are due to the
intermolecular exchange between these OH protons and other protons in the solvent or
solute. By reducing intermolecular bonds, the presence of cadmium nitrate in the samples
may decrease these exchanges, thus improving the sharpness of OH proton signals.

2.2.1. Effect of Cadmium Addition

After freeze-drying, the five fractions N2, N3, N4, N6, and N8 were solubilized in
acetone-dg. Then, 1D proton NMR spectra were acquired at 25 °C before (Figure 2A) and
after addition of small amounts of cadmium (Figure 2B). In pure acetone-dg, the phenolic
OH protons of all fractions appeared as broad peaks. After the addition of cadmium, these
protons showed highly resolved signals in the case of fractions N6 and N8, whereas for
fractions N2, N3, and N4 the signals were only a little sharper. It should also be mentioned
that increasing the Cd content had no effect upon OH signal resolution, as no sharpness
or broadness of peak linewidth was observed when successive small amounts of Cd were
added to the samples (data not shown).

Table 2. Qualitative comparison of analytical reversed-phase UHPLC retention times for the eight
major oxidation products with the three different oxidative enzymes: laccase from Trametes versicolor,
laccase from Botrytis cinerea, and polyphenoloxidase extracted from grapes. The results are expressed
as mean values (n = 3) with standard deviation.

R¢ (min)
Laccase from Laccase from Polyphenoloxidase
Compound T . .. Extracted from
rametes versicolor Botrytis cinerea G
rapes
N1 6.14 + 0.02 6.14 + 0.02 6.12 + 0.01
N2 6.91 + 0.02 6.86 + 0.01 6.80 + 0.01
N3 10.34 £ 0.03 10.29 £ 0.02 10.29 £ 0.01
N4 14.11 £ 0.07 14.10 £ 0.01 14.04 + 0.05
N4/ / 15.67 + 0.01 15.66 + 0.05
N5 17.13 4 0.02 17.12 + 0.04 17.11 + 0.06
N6 19.03 £ 0.01 19.00 =+ 0.003 19.00 + 0.03
N7 20.63 + 0.03 20.59 + 0.01 20.60 + 0.03
N8 25.23 + 0.01 25.21 + 0.02 25.22 + 0.03

Highly resolved phenolic OH signals from products N2, N3, and N4 were achieved
thanks to additional drying and resolubilization (Figure 2C,D).

The difference of behavior upon Cd addition between the fractions may be explained
by the strength of molecular interactions: stronger in the case of N2, N3, and N4 compared
to N6 and N8, a further step being necessary to break these bonds.

This additional step may be the key step when using Cd to obtain highly resolved
phenolic OH signals in any situation, whatever the origin of the samples, the synthesis
reaction, or the natural polyphenolic products.

A previous work dealing with the unambiguous structural characterization of polyphe-
nol dimers using highly resolved OH phenolic NMR signals thanks to cadmium nitrate
addition was published in 1996 [30]. To our knowledge, no other research paper using
this methodology has been published since then. Other investigations were subsequently
undertaken to reach this goal, either by picric acid dosed additions [31] or by using a low
acquisition temperature [32]. This may be explained by the further step necessary to get a
decisive effect upon OH peak sharpness with Cd addition, as described above. However,
cadmium seems to be of great value, since highly resolved signals can be obtained without
the need to add precise amounts, in contrast with picric acid or NMR spectra acquisition at
low temperatures.
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Figure 2. Image of 1D 'H spectra of the fractions N2, N3, N4, N6, and N8 at 25 °C, solubilized in acetone-dg (A), at 25 °C in
acetone-dg in the presence of cadmium (B), at 15 °C in acetone-d; in the presence of Cd (with an additional step consisting
in dryness evaporation of the fractions N2, N3, and N4) (C), expansion of the phenolic (D) and the aliphatic (E) OH regions
in the same physicochemical conditions as in (C).

2.2.2. Effect of the Temperature

A decrease of the temperature from 25 °C to 15 °C had no impact on the sharpness
of phenolic OH or aliphatic OH signals. Nevertheless, downfield shifts of exchangeable
proton peaks allowed us to separate some overlapping phenolic and aliphatic OH signals,
making their identification more obvious (Figure 3). By decreasing the temperature, the
proton exchange rate was reduced, and one might expect sharper aliphatic OH peaks [31].
The temperature of 15 °C is obviously not low enough to obtain well-resolved aliphatic
OH signals. However, it allowed us to clearly identify the resonance of two aliphatic OH
protons in samples N3 and N6 and of one in sample N8. The spectrum of sample N2 also
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Acdé6+ Cd
15°C

Acd6+ Cd
25°C

exhibited two OH aliphatic protons signals, which were more distinguishable at 25 “°C
than at 15 °C (Figure 2E). In the case of the sample N4, the signals arising from aliphatic
OH were only partly visible in the spectra, whether the temperature was set at 25 °C or to
15 °C, due to persistent overlapping (Figure 2E).

¥ T * T ¥ T
8.2 8.0 7.8

f1 (ppm) 4.2 4.1 4.0
f1 (ppm)

Ul
Bl 4 a Juw

T T
6 3
f1 (ppm)

Figure 3. Image of 1D 'H spectra of fraction N6 in acetone-dq in the presence of Cd at 25 °C and 15 °C. The expansions
show the effect of temperature upon the aromatic and aliphatic OH signal chemical shifts.

2.3. Structural Characterization of the Dimeric Standards—NMR Spectrum Analysis

The NMR spectra of fractions N2, N3, N4, N6, and N8 showed that the oxidation
products were of high purity, since the signal intensities of other detected compounds were
less than 10% compared to those of these products.

In all spectra, four 'H chemical shift regions typical of catechin units may be distin-
guish (Figure 2C): signals of the aliphatic protons of pyran rings (C rings) are found in the
region from 2.3 to 5.0 ppm, and those of the aromatic signal protons of resorcinol rings
(A rings) and of catechol rings (B rings) from 5.5 to 6.3 ppm and 6.3 to 7.1 ppm, respectively.
The OH phenol signals of both A and B rings appeared from 7.1 to 10 ppm. The NMR
spectra of both fractions showed the presence of distinct signal sets of catechin units in a
constant intensity ratio: two sets of signals were observed in the spectra of fractions N2,
N3, N6, and N8 in accordance with the presence of dimers, and four sets in the N4 spectra,
which can correspond to one tetramer, two dimers, or a mixture of different oligomers, that
is, one trimer plus one monomer. In order to determine the degree of oligomerization of the
products present in fraction N4, an 'H DOSY experiment was performed using a mixture
containing aliquots of both fractions N4 and N2. The diffusion coefficients of all signals
displayed similar values (Figure 4), indicating the presence of two dimers of catechin in
fraction N4.
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Figure 4. Image of 2D 'H DOSY spectra of a sample containing both fractions N4 and N2.

Thanks to the fully resolved OH phenol signals which provide reliable quantitative
results, the type of linkage between the catechin units may be directly deduced from peak
surface area integration. Thus, for both fractions N3 and N6, the lack of one OH phenol
(belonging either to a resorcinol or to a catechol ring) and the lack of one resorcinol aromatic
proton indicated an interflavanic linkage (IFL) of ether type implying an O position in an
A or B ring and a C6 or C8 position in an A ring. In the case of sample N2, two aromatic
protons were lacking, one of a B ring and one of an A ring, implying a CA-CB IFL. The 1D
'H spectrum of fraction N4 showed that two protons of the B ring were lacking, as well
as two protons of the A ring. The bonds between the dimer units of fraction N4 are thus
both of the C—C type. The spectra of fraction N8 were quite different from the four others.
Some signals were typical of catechin units, in which three OH phenols, one aromatic A
ring, and one B ring protons were lacking, as well as one aliphatic OH. On the other hand,
some other NMR signals are atypical of a catechin unit: a methylene with deblinded '3C
chemical shifts (~40 ppm) and a ketone group (~192 ppm).

The proton spin systems of C, A, and B rings were determined using both 'H 1D and
'H 2D TOCSY spectra (not shown). Two ABMX C-ring spin systems (typical of catechin)
were observed in the spectra of fractions N2, N3, N6, and N8, and four for fraction N4.
In the spectra of fractions N2, N3, N6, and N8, two meta-coupled doublets (J~2Hz) and a
singlet in the aromatic A ring region were assigned, respectively, to the A ring protons of
the non-linked catechin unit and to the A ring residual proton of the of C6- or C8-linked
catechin unit. In the spectra of N4, due to the presence of two dimers, four meta-coupled
doublets and two singlets were detected and assigned as described above. The B ring
proton systems were also easily determined from these spectra and allowed us to identify
two ABM proton spin systems for the dimers of fractions N3 and N6, whereas one ABM
and one AB proton spin systems were detected for dimer N2, and one ABM and one AM
proton spin systems for dimer N4. The dimer N8 exhibited only one ABM B-ring spin
system typical of a catechin monomer.

2.3.1. Determination of the A Ring Position of the IFL of the Dimers of Fractions N2, N3,
N4, and N6

The establishment of the bridge location on the A ring of dimers (i.e., C6A- or C8A-
position) requires the attribution of the residual HA proton of the CA-linked catechin
unit. Thanks to the highly resolved phenolic OH signals, an easy starting point was the
identification of the two OH phenol protons of the A ring-linked units, i.e., the A ring that
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had one isolated 'H spin. This may be achieved using 'H->C long-range correlations, as
illustrated in Figure 5. The OH5A was readily identified thanks to a correlation with the
C4aC. This quaternary carbon is indeed characterized by both its chemical shift at ~100 ppm
and a long-range correlation observed with the H4C protons. OH5A also correlated with
two other carbons: the most deshielded (5 > 145 ppm) was obviously C5A, while the other
(5 > 125 ppm) was C6A, which also showed a correlation with the other OHA phenol
proton, i.e., OH7A. This latter correlated with two other carbons: a deshielded quaternary
carbon (8 > 145ppm) and a more shielded carbon (8 > 125 ppm) which were easily attributed
to C7A and C8A, respectively. Once C6A and C8A are assigned, the residual HA proton
may be directly attributed from the HSQC spectra. It thus was found that this residual
HA proton was H6A for all fractions N2, N3, N4, N6. The IFL between catechin units thus
implied a C8A position for all dimers.

2.3.2. Determination of the B Ring Position of the IFL

Dimers of fractions N2 and N4. The spectra of fraction N2 showed two different
types of B ring proton spin systems: one AMX corresponding to the B ring of the non-
linked unit, and one AM with a coupling constant of about 8 Hz, characteristic of H6'B
and H5'B of a C2'B-linked unit. The linkage between the units of the N2 dimer is thus
C2'B-C8A. The NMR spectra of fraction N4 also showed different B spin systems: two
AMX, corresponding to the non-linked B-ring, and two AX spin systems, both displaying
coupling constants of about 2 Hz, which are characteristic of H2'B and H6'B protons of
C5'B-linked units. The presence of long-range "H/!>C correlations between H6'B and C8A,
which were observed in the HMBC spectra of the two dimers, are in accordance with a
C5'B-C8A linkage (Figure 5).

€—> 'H/*HROE correlations

—> H/**CHMBC long range
correlations

N2 : C2’B-C8A \_}

Figure 5. Cont.
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N3 : C3’B-0-C8A

N8 : C'6B-C8A,C3-0-C3’B, C1’B-O-C7A

Figure 5. Scheme of catechin dimers (N2, N3, and N8) showing main 'H/!3C long-range and 'H/"H ROE correlations,
allowing linkage position determination. Blue arrows: upper unit. Green arrows: Lower units. Single arrows: HMBC
correlations. Double arrows: ROEs correlations. A, B, C rings are labelled with u for upper units and with 1 for lower units.

Dimers of fractions N3 and N6. The spectra of fractions N3 and N6 showed the
presence of two AMX B-ring proton systems and the lack of one OH phenol signal. Since
all the OHA phenolic protons of the dimer units were identified (as described above), the
missing OH phenolic signal can be either that of OH3'B or that of OH4'B.

The OH position (3'B or 4'B) may be easily determined through ROE correlations
with H2'B or H5'B, respectively, or using long-range HMBC correlations as illustrated in
Figure 5.
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The attribution of the residual OH of the B rings was readily performed using either
long-range HMBC or ROESY correlations, as illustrated in Figure 5. In the case of dimer N3,
a ROE correlation was observed between the H5'B and the residual OH'B of the catechin
unit linked through its B ring. This OH was thus identified as OH4’B. In the case of fraction
N6, the residual OH'B was assigned to QOHS3'B, since an ROE correlation was observed
between this OH and H2'B. The long-range HMBC correlations are in accordance with
these attributions. The linkage positions of these two dimers were then determined as
follows: CO3'B-C8A and CO4'B-C8A for N3 and N6. respectively.

Fraction N8. Spectrum analysis of the dimer N8 showed that one unit of this dimer
is a catechin with two linkage positions one the A ring, one at the C8A, and the other at
the C-O7A position, since the protons HS8A and OH7A are missing. The other unit of this
dimer exhibited singular spectral features, indicating the loss of the B ring aromaticity and
the presence of several linkage positions on both B and C rings.

The 'H NMR signals arising from the B ring were two doublets at 2.49 and 2.71 ppm,
exhibiting a geminal coupling of ~15 Hz (12.03 ppm) typical of a methylene group and a
singlet at 6.38 ppm arising from an ethylenic proton. Since these methylene and ethylene
protons were not coupled, they are likely to be in positions 2'B and 5'B. The HMBC
spectrum showed all correlations, allowing accurate attributions of these B ring carbons, as
illustrated in Figure 5. The H2C of this unit gave three correlations with B ring carbons: one
is the methylene carbon at ~45 ppm, which was thus attributed to C2'B, and the remaining
two, with carbons resonating at ~90 ppm and ~162 ppm, which can be assigned to C1'B
and C6'B. H5'B gave only strong 3] correlations with two quaternary carbons of this B
ring: one is the carbon previously assigned to C3'B (~95 ppm), and the other one, which
resonated at ~90 ppm, could thus be attributed to C1'B. The carbon at ~162 ppm was then
deduced to be C6B.

The presence of an aliphatic OH (~5.8 ppm) at the C3’B position (~95 ppm) was
determined through its ROE correlation with both H2'B protons. Furthermore, OH3'B
gave HMBC correlation with a quaternary carbon at ~192.5 ppm, characteristic of a ketone
group at the C4'B position.

The shielding of this C1’B of about 40 ppm is in accordance with a loss of the B
ring aromaticity. Furthermore, the lack of OH at the C7A position of the other unit is in
agreement with an ether linkage C1'B-O-C7A.

The NMR data showed that the C ring of this unit does not have any OH3C. The
presence of a C3C-O-C3'B linkage is in accordance with the shielding of C3C of about
1.5 ppm as well as the chemical shift of C3'B which is typical of a hemiketal carbon (95 ppm).

Altogether, the NMR spectral data allow us to conclude that this dimer corresponds to
the dehydrocatechin A described earlier by Weinges et al. [33] and then by Guyot et al. [20].

The structures of the six dimeric compounds determined by these NMR analyses are
shown in Figure 6, N2, N3, N6, and N8 being pure products, and N4 being a mixture of
two isomers.
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Figure 6. Structures of the six dimeric oxidation products formally identified by NMR analysis, N4 corresponding to a
mixture of two isomers. Upper units rings are labelled with u and lower units rings are labelled with 1.

3. Materials and Methods
3.1. Chemicals

(+)-Catechin hydrate > 98%; laccase from Trametes versicolor (0.94 U-mg‘l); sodium
phosphate dibasic dihydrate > 98%; citric acid (ACS reagent, cadmium nitrate tetrahydrate
99.997%; formic acid and Amberlite XAD7HP were obtained from Sigma-Aldrich) (Saint-
Louis, MO, USA). Acetone-dg was purchased from Euriso-top (Saarbriicken, Germany), and
trifluoroacetic acid (TFA) from Roth Labo (Karlsruhe, Germany). Water LC-MS, acetonitrile
LC-MS (ACN), and methanol LC-MS (MeOH) were all from VWR (Radnor, PA, USA).

3.2. Preparation of the Model Wine Solution

The model wine solution was an ethanol/water solution (12/88; v/v) with 0.033 M
tartaric acid, adjusted to pH 3.6 with NaOH 1 M [34].

3.3. Crude Grape PPO Extracts

The PPO extract was prepared as described previously by Singleton et al. [35]. Frozen
grapes were first mixed in an acetate buffer (1.5 M, pH 5; 10 g-L~! ascorbic acid). The
mixture was then filtered and centrifuged (3000 g; 10 min). The residue was finally washed
with acetone (80%) and air-dried.

3.4. Laccase from Botrytis Cinerea

Laccase from Botrytis cinerea was obtained as described by Quijada-Morin et al. [36].
It was produced from the VA612 strain (collected in 2005 in a vineyard in Hautvillers,
Champagne, France, from the Pinot Noir cultivar). Briefly, cultures on solid malt yeast
medium were left for one week at 24 °C under blue light. The spores were then scraped
and inoculated into a 500 mL Erlenmeyer flask containing 125 mL of culture medium
(40 g-L~! glucose, 7 g-L~! glycerol, 0.5 g-L~! L-histidine, 0.1 g-L =1 CuSOy, 1.8 g-L~!
NaNO3, 0.5 g-L~1 KCl,0.5 g-L~! CaCl,-H,0, 0.05 g-L.~! FeSO,4-7H,0, 1.0 g-L ' KH,POy,
and 0.7 g-L~! MgSO,-7H,0). After 3 days of incubation and 2 days of growth in the same
previous medium, gallic acid (2 g-L~!) was added to the pre-cultures. After 5 days, the
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liquid medium was filtered, and the supernatant was submitted to tangential filtration in a
Quixstand filtration system (GE Healthcare UK, Little Chalfont, England) equipped with
a 30 kDa-molecular weight cut off membrane. The concentrate was finally subjected to a
diafiltration against distilled water, and only the fractions that presented oxidant activity
against ABTS were kept (—80 °C).

3.5. Oxidation Procedure

A laccase solution (1 g-L~') in phosphate-citrate buffer was previously prepared and
added to a 6 g-L.~! (+)-catechin solution (model wine) to obtain a laccase final concentration
of 0.3 g-L~!. The obtained solution was then slowly stirred (180 rpm) at room temperature
for 2 h. The concentrations were previously optimized, and the experimentation was
performed in triplicate.

3.6. Reaction Stopping on Resin Amberlite XAD7HP

An amberlite column was conditioned with ethanol (absolute) and rinsed with two
column volumes of milli-Q water. The previous laccase/(+)-catechin reaction medium was
dropped on the column and first eluted with two column volumes of milli-Q water [37].
The column was then eluted with ethanol until the collected fraction was uncolored. Only
ethanol fractions were kept, evaporated, and lyophilized. The powder was stored at —80 °C
until used.

3.7. Purification Procedure of the Dimeric Fraction Using Flash Chromatography

The lyophilized powder was first purified using a flash chromatography system
puriflash430 equipped with a UV detector set at 280 nm and a Puriflash diol 50 pm f0025
column. The binary mobile phase consisted of acetonitrile (solvent A) and methanol
(solvent B), both acidified with 0.1% TFA. A series of injection were performed at a constant
flow rate of 20 mL-min~}, using the following gradient: 100% A for 4.4 min; 0-10% B
in 10 min; 10% B for 5 min; 10-90% B in 5 min; 90% B for 3 min; 90-10% B in 2 min;
10% B for 10 min. The injection volume was 1 mL (300 mg lyophilized powder dissolved
in 1 mL of solvent A). Three distinct fractions were collected each time. The first one
corresponded to residual (+)-catechin, and the third one was a mixture of high-molecular-
weight polyphenols. The second eluted fraction, containing a mixture of dimeric oxidation
products, was evaporated and lyophilized before the second purification step.

3.8. Purification Procedure of Oxidation Products from the Dimeric Fraction Using a
Semi-Preparative Chromatographic System

The fraction containing dimeric oxidation products was purified using a
semi-preparative Bio-Rad NGC 10 medium-pressure chromatography system equipped
with a reversed-phase Varian Dynamax C18 Microsorb column (250 x 21.2 mm; 3 pum).
The binary mobile phase consisted of milli-Q water (solvent A) and 80% acetonitrile, 20%
Milli-Q water (solvent B), both acidified with 0.05% TFA. A series of injections (300 uL)
of the lyophilized powder (20 mg dissolved in 200 uL of solvent A and 100 uL of ACN)
were performed under the following elution conditions: 100% A for 4 min; 0-35% B in
46 min; 35-100% B in 2 min; 100% B for 5 min. Eight distinct fractions were collected each
time, corresponding to pure UPLC signals at 280 nm. Each fraction was evaporated and
lyophilized before NMR analysis.

3.9. Sample Preparation for NMR Analysis

About 1 mg of each lyophilized powder weighted in Eppendorf tubes was solved
into 500 pL of acetone-dg. Then, ~10 uL of a concentrated solution of cadmium nitrate
in acetone-dy was added to the samples, and the resulting solutions were transferred to
5 mm NMR tubes for NMR analysis. An additional step was performed for some samples:
after solubilization of the lyophilized powders in acetone-d¢ in the presence of traces of
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cadmium, the samples were evaporated to dryness and then re-solubilized in acetone-dg
without further addition of Cd.

3.10. Instrument Specifications

UPLC-MS analysis. The reactions were monitored using two UPLC-MS systems.
The first one was used to precisely identify products’ retention times using a long gradient
method. i.e., Waters reversed-phase Ultra-High-Performance Liquid Chromatography
coupled to Mass Spectrometry (UHPLC-MS). The liquid chromatography system was an
Acquity UPLC (Waters, Milford, MA, USA) equipped with a photodiode array detector. We
used an Acquity UPLC HSS T3 column (1.8 um, 2.1 x 150 mm). The column temperature
was 25 °C. The binary mobile phase consisted of 0.1% formic acid in water (solvent A)
and acetonitrile (solvent B). The separation was performed at a constant flow rate of
0.25 mL-min—}, using the following gradient: 8-11% B in 2 min; 11% B for 8 min; 11-25% B
in 15 min; 25-55% B in 5 min; 55-99% B in 1 min; 99% B for 4 min; 99-8% B in 1 min; 8% B
for 4 min. The injection volume was 5 pL. The mass spectrometer was a Waters Acquity
QDa electrospray ionization (ESI) simple quadrupole (Waters, Milford, MA, USA). The
capillary voltage was set at 0.8 kV. The mass spectra were acquired over a mass range of
200—900 Th in the positive ion mode.

The second UHPLC-MS system, used for a rapid verification during the purification
steps, was the same as described previously, with an Acquity UHPLC HSS T3 column
(1.8 um, 2.1 x 100 mm) heated at 38 °C. The separation was performed at a constant flow
rate of 0.55 mL-min~!, using the following fast gradient: 0.1-40% B in 5 min; 40-99%
B in 2 min; 99% B for 1 min; 99-0.1% B in 1 min. The injection volume was 2 pL. The
mass spectrometer was a Bruker amaZon X electrospray ionization (ESI) ion trap (Bruker
Daltonics, Bremen, Germany). The capillary voltage was set at —5.5 kV. The mass spectra
were acquired over a mass range of 50—2000 Th in the positive ion mode.

All UPLC-MS analyses were performed in triplicate.

NMR Instrumentation. All the NMR spectra were recorded on an Agilent DD2
500 MHz spectrometer (Agilent Technologies, Santa Clara, CA, USA), operating at 500.05
and 125.74 MHz for proton and carbon-13 nuclei, respectively, using a 5 mm indirect
detection probe equipped with a z gradient coil. 1D 'H and '*C, 2D homonuclear 'H TOCSY
and ROESY, and heteronuclear 'H/13C HSQC and HMBC experiments were performed
using classical pulse sequences and analyzed using both VNMR]J4.2 and MestReNova 14.2.1
(Mestrelab Research, Spain) software. DOSY measurements were acquired and processed
as previously described [38]. The acquisition parameters of the DgcsteSL pulse sequence
were as follows: the diffusion delay time and the gradient pulse width were set at 50 ms
and 2 ms, respectively, the gradient strength (g) was incremented in 16 steps with equal g2
spacing from 0.3 to 32 G-ecm ™. After phase correction, 2D DOSY spectra were constructed
from the peak height measurement using VNMR]4.2 software.

All spectra were referenced to the solvent acetone-dg, signals ('H residual signal at
2.05 ppm and C signal at 29.92 ppm).

4. Conclusions

The action of three different oxidoreductases (polyphenoloxidase extracted from
grapes, laccase from Botrytis cinerea, and laccase from Trametes versicolor) on (+)-catechin
were investigated, and the LC-UV-MS resulting profiles were very similar, although some
minor differences suggested possible dissimilarities in the reactivity of these enzymes.

The structures of six catechin-laccase oxidation products (using laccase from Trametes
versicolor) were obtained on the basis of specific NMR signatures (four pure products, i.e.,
N2, N3, N6, and N8, and N4, corresponding to a mixture of two isomers). The complete
attribution of phenolic OH signals was possible thanks to the addition of cadmium nitrate
with a simple preparation procedure that allowed the unambiguous attribution of the
linkages between the catechin units for some of the compounds of interest. This procedure
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will greatly simplify NMR analysis of polyphenols mixtures, either synthetized or extracted
from natural products.

The standards obtained in this work may be used in the future as oxidation markers to
investigate their presence and evolution during grape ripening and wine ageing. Besides
catechin, other polyphenol compounds, including flavonoids and non-flavonoids, may
also be used as substrates of laccase to obtain additional new standards.

Supplementary Materials: The following are available online, Figure S1: Classification of enzymes
responsible for enzymatic browning; Table S1: 'H and '*C NMR assignments for compounds N2,
N3, N4, N6, and N8; Figure S2: 2D 'H/'3C HMBC, top 1D 'H, side 1D '3C spectrum (a) N2; (b) N3;
(c) N4; (d) N6, and (e) N8; Figure S3: 'H 2D ROESY spectrum showing correlations (in blue) between
phenolic and aromatic protons, ROE correlations between phenolic protons due to chemical exchange
appear in red (a) N2, (b) N3, (c) N4, (d) N6, and (e) N8.
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Partie I1

Les marqueurs d’oxydation précédemment obtenus dans la partie I de ce chapitre et identifiés
peuvent ensuite servir de standards analytiques pour leur identification dans des milieux
complexes (raisin, vin)
Les objectifs de cette partie étaient de mettre au point une méthode analytique afin d’identifier
les marqueurs d'oxydation précédemment décrits dans la partie I dans des extraits de raisin ou de
vin. Les échantillons utilisés étaient
e des extraits de pépins de différents cépages : Tannat, Merlot et Syrah a différents stades
de maturation : stade vert, véraison et maturité
e des échantillons de vins rouges de Syrah issus du méme processus de vinification mais
a différents millésimes : 2018, 2014 et 2010.
¢ la méthode principale utilisée dans cette ¢tude était une séparation chromatographique
par UHPLC (280nm) suivi d’une séparation/analyse par spectrométrie de masse a trappe

orbitale.

Les hypothéses étaient les suivantes :
1. Les marqueurs d’oxydation dimériques identifiés dans la partie I sont identifiables dans des
extraits complexes de pépins et de vins.

2. La maturation de la baie et le millésime du vin ont un effet sur la teneur de ces marqueurs

Conclusions

1. Chacun des 8 marqueurs d’oxydation dimériques possede un spectre de fragmentations
spécifique qui permets leur identification dans des milieu complexes.

Ces spectres ont pu étre acquis grace aux standards obtenus par hémisynthése.

2. Tous les marqueurs d’oxydation (liaisons interflavanes C-C ou C-O-C) présentent un
fragment spécifique m/z = 393, absent des spectres fragmentation des dimeres natifs de
type B. La fragmentation des diméres d’oxydation possédant une liaison biaryl éther (C-
0O-C) présentent un fragment spécifique m/z = 291 absent des spectres fragmentation
des dimeres d’oxydation possédant une liaison biaryl C-C et des spectres de
fragmentation des dimeéres natifs de type B.

3. L’analyse des extraits de pépins de trois variétés différentes (Merlot, Tannat, Syrah) a
révélé la présence de trois marqueurs N6, N7 et N8. Leur concentration varie selon

I’ordre décroissant suivant Merlot > Tannat > Syrah. Cette différence peut étre di a un
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effet variétal ou a une composition en flavanols initiale variable. La concentration de
ces marqueurs tend a augmenter avec la maturation de la baie (intensité de I’ion
moléculaire multiplié par au moins un facteur 10 entre le stade vert et maturité).

4. L’analyse de trois vins 100% Syrah a trois millésimes différents : 2018, 2014 et 2010 a
révélé la présence d’un marqueur d’oxydation N6 et la présence possible de deux autres
N2 et N5. Une concentration décroissante de ces marqueurs a été observé avec le
vieillissement du vin ce qui peut étre révélateur de réactions supplémentaires survenant

avec 1’évolution du vin.

Cette étude a fait I’objet d’un article scientifique (a soumettre dans le journal Food chemistry)

sous la référence :

Stacy Deshaies, Nicolas Sommerer, Frangois Garcia, Laetitia Mouls and Cédric Saucier.
« UHPLC-Q-Orbitrap /MS? identification of (+)-Catechin oxidation reaction dimeric

products in red wines and grape seed extracts: Effect of grape maturation and wine age »

Et présenté ci-apres
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Article 4
UHPLC-Q-Orbitrap /MS? identification of (+)-Catechin
oxidation reaction dimeric products in red wines and grape
seed extracts: Effect of grape maturation and wine age

Stacy Deshaies !, Nicolas Sommerer !, Frangois Garcia !, Laetitia Mouls ! and Cédric

Saucier I'*

' SPO, Université de Montpellier, INRAE, Institut Agro, 34000 Montpellier, France;

stacy.deshaies@umontpellier.fr (S.D.); nicolas.sommerer@inrae.fr (N.S.) ;

francois.garcia@umontpellier.fr (F.G.); laetitia.mouls@supagro.fr (L.M.);

cedric.saucier@umontpellier.fr (C.S)

* cedric.saucier@umontpellier.fr (corresponding author)

ABSTRACT

B-type procyanidin dimers (B1, B2, B3 and B4) and (+)-catechin dimeric oxidation products
were analyzed in grapes and wine by UHPLC-Q-Orbitrap MS. The different dimers gave
different fragmentation patterns according to their interflavan linkage (IFL) position. Oxidation
dimeric compounds (C-C or C-O-C type) gave a specific fragment ion at m/z 393, missing for
B-Type dimers fragmentations. A fragment ion at m/z 291 was also observed as specific for
oxidation dimeric compounds with a bi-aryl ether linkage. Higher level oxidation products were
relatively resistant to fragmentation with abundant specific fragments at m/z 425 (Retro Diels
Alder), 397 and 245. These specific fragmentations were very useful to identify them in
complex samples such as grape seed extracts and wines. Three grape varieties (Merlot, Tannat,
Syrah) and three ripening stages (green stage, veraison and maturity) were used and the
corresponding seed extracts were obtained. The UHPLC-Q-Orbitrap MS analyses revealed a
global increasing trend for the dimeric-catechin oxidation markers during grape ripening. The
analysis of monovarietal Syrah wines (three vintages: 2018, 2014 and 2010) revealed a global
decreasing trend of these molecules during wine aging which might be due to further oxidation

or other chemical reactions.

Key words: oxidation, red wine, flavanol, markers, grape seed, UHPLC/MS, orbitrap
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1. Introduction

Condensed tannins are important for red wines as they are associated with organoleptic
properties (astringency, color) and product stability. They undergo many modifications through
wine making process and wine evolution due to their structures. Their structures consist in a
succession of one or several flavan-3-ols units, each of them containing a catechol ring that can
be oxidized to form a quinone which is a highly reactive electrophilic compound [1]. Addition
reactions with nucleophilic compounds can then occur [2]. One of them is with other flavonoids

which may act as nucleophilic compounds due to their phloroglucinol nucleus.

Browning in most fruit [3,4] and, in the early stages of juice or must preparation for wine is
mainly the result of enzymatic oxidation of phenolic substances naturally present in grapes [5]
or wines [6]. The phenolic compounds in grapes berries are the primary targets to enzymatic
oxidation as they are located in the skins [7,8] and seeds in the grapes [9] and are substrates for
polyphenol oxidases [10]. They can then be released in wine, depending on wine-making

process, possibly affecting the quality of the product through oxidation reactions.

Numerous oxidation molecular markers with very different molecular weight will develop
during wine making process and aging. Many studies on flavanols oxidation focused on the
dimeric oxidized forms (molecular positive ions at m/z 579 or 577 depending on the oxidation
level). They differ from the initial proanthocyanidin dimers by the nature and position of the
interflavan linkage (IFL). The latter contains either a C-C IFL or a C-O-C IFL between upper
unit B-ring and lower unit A-ring while proanthocyanidin dimers have a C-C IFL at C-4/C-8
between C-ring and A-ring with ion at m/z 579. Four major proanthocyanidin dimer isomers

are usually found in wines: B1, B2, B3 and B4 [11].

Considering the complexity of oxidation dimer structures and the large number of possible
isomers, it remains difficult to obtain information on these molecules and to distinguish them
from initial proanthocyanidin dimers rapidly and robustly [12] in a complex environment such
as wine. Many studies based on high performance liquid chromatography (HPLC) were
designed to analyze natural procyanidin dimers but remain weak to identify and characterize
isomers [13]. Methods based on molecular mass information (electrospray ionization mass

spectrometry coupled to HPLC) [14-16] are a second step to identify complex composition but
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does not allow the identification of two dimers with similar retention time. UHPLC coupled
MS/MS is then the best option to obtain specific fragmentations and distinguish dimers from

each other and identify them in complex mixtures. (Sun ef al. [17] and Mouls & Fulcrand [18]).

Recently, UHPLC-LTQ-Orbitrap-high resolution mass spectrometry allowed the investigation
of complex polymeric polyphenols in model solution and the determination of numerous
adducts after depolymerization [19]. Oxidation marker identification in wine after

depolymerization was also done, by UHPLC/MS/MS [20].

In this study, we targeted specifically the dimeric oxidized forms of (+)-catechin resulting from
the addition of two monomeric (+)-catechin units that could be present in grape seed or wines.
Eight standards of these dimeric oxidation markers were previously detected and five of them

fully characterized by NMR *. Their structures are reported in figure 1.

The goal of this paper is to investigate the presence of these 5 compounds together with
procyanidin B1, B2, B3, B4 in grapes seeds extracts and Syrah red wines and to follow their
evolution during grape ripening and wine ageing. For the grapes, three varieties (Merlot, Tannat
and Syrah) and three stages of ripening were considered: green stage, veraison, and maturity.

For the wines, three vintages of Syrah wines (2018, 2014 and 2010) were used.
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Figure 16 : five identified oxidation markers with different oxidation states: N2, N3, N4 and N6 ions at
m/z 579 Da and N8 (dehydrodicatechin A) corresponding to a superior oxidation state at m/z 577 Da
(adapted from *)

3. Material and methods
2.1. Reagents and Materials

Procyanidin B1 (=90%), procyanidin B2 (=90%), procyanidin B3 (=90%) and procyanidin B4
(>90%) were purchased from Extrasynthese (Genay, France). Formic acid and acetonitrile were
obtained from Prolabo (Fontenay S/Bois, France). Deionized water was purified with a Milli-Q

water system (Millipore, Bedford, MA) prior to use.
2.2. Wine samples

Three red wines samples, 100% Syrah, 13.5% alcoholic strength, were obtained from the same

producer (Domaine des Bouzons, Cotes du Rhone, France) and from three different vintages
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* reference article 3 “Unambiguous NMR structural determination of (+)-Catechin-Laccases dimeric
reaction products as potential markers of grape and wine oxidation.”
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(2018, 2014, 2010). Wine production: 20 days vatting time in stainless steel vats; maturing of
Syrah (40%) in oak barrels for 10 months. Two 750 mL bottles of each vintage were opened and
slowly homogenized under nitrogen to avoid oxidation reactions. Aliquots of 50 mL tubes were

then immediately frozen at —80 °C.

2.3. Grapes seeds samples

Three V. vinifera varieties (Merlot, Tannat, and Syrah) were harvested in 2018 at different
stages of ripening: green stage 16/07/2018; veraison 19/07/2018 and maturity 03/09/2018 from
INRAE experimental vineyard (Montpellier, France) (coordinates: 43°37'02.7" N 3°51'22.3"
E, average annual temperature: 15.85 °C, average annual precipitation: 629 mm (the weather
was quite dry), and soil: Gravels and river sand). The whole grapes were stored at =80 °C in

plastic bags until polyphenols extraction.

2.4. Grapes seeds samples preparation

Polyphenols were extracted from seeds as described previously by Benbouguerra et a/ [21].
Seeds were first manually removed from the pulp. The polyphenols were then extracted with

100 mL of acetone/water (70/30 v/v) deoxygenated with nitrogen for 5 min.

2.5. Instrumentation

The liquid chromatography separation was done on a Vanquish UHPLC (Thermo Fischer
Scientific, San José, CA, USA) with an Acquity HSS T3 column (150 mm length, 2.1 mm
internal diameter, 1.8 pm particle size; Waters) at 26°C. The mobile phase consisted of
H20O/HCO2H (99/1, V/V) (solvent A) and CH3CN/HCO2H (99/1, V/V) (solvent B). The flow
rate was 0.25 mL/min and the injection volume 2uL. The elution program was as follows: 8—
11% B (0-2 min), isocratic with 11% B (2—10 min), 11-25% B (10-25 min), 25-55% B (25—
30 min), 55-99% B (30-31min), isocratic with 99% B (31-35 min), 99-8% B (35-36min) and
isocratic with 8% B (36-40min).

The Mass Spectrometer was an Orbitrap Exploris 480 from Thermo Fisher Scientific (San José,
CA, USA) equipped with an electrospray ionization (ESI) source and an internal post-source

fluoranthen mass calibrant. In the positive and negative ion modes, the voltages were to 3500
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and 2500V respectively. Sheath, auxiliary and sweep gases were set to 40, 10 and 2 (arbitrary
units) respectively. lon transfer tube and vaporizer temperatures were set to 280°C and 300°C
respectively. The mass range was set to 190-1300 m/z, RF lens was set at 50%, and 1 microscan
was used to set the Automatic Gain Control (AGC). The resolution was set to 120k to have an

acquisition frequency of ca. 4Hz.

For ion intensity comparison purpose, all MS acquisitions were performed the same day, with
blank control between injections. For MS/MS experiments, resolution for the parent ion scan
and the MS/MS scan were set to 60k and 15k respectively. The isolation window of the
quadrupole was set to 2m/z. The targeted ions were fragmented in the HCD collision cell against
Nitrogen with the Stepped Normalized Collision Energy (SNCE) parameter set to 15-30- 45 %
or 20-40-60%.

3. Results and discussion
3.1. Standards separation and MS identification

In the whole study, standards untitled N1 to N8 corresponded to oxidation dimers previously
hemi-synthesized in a previous work® with unambiguous structures for N2, N3, N4, N6 and
N8&. The Bl, B2, B3, B4 dimers correspond to B-type procyanidins (structures available in
supplementary data figure S1). Their retention times and their experimental masses (below

Ippm mass error, exact protonated masses being 577.13405 and 579.14970) are reported in
figure 2.
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Figure 17 : TIC MS (total ion chomatogram) of dimeric mixture containing four B-type dimeric

procyanidins (Bl to B4) and eight oxidation dimeric markers (NI to N§).

The developed method allowed an optimized separation within a short analysis period. A partial

coelution was however observed between Bl and N1 around 6.4 min, N1 showing two close

peaks at 6.4 and 6.5min (N1a and N1b). B2 retention time (10.1 min) was also close to N3 one

(10.6 min). Some of these oxidation dimers were detected and structurally hypothesized in a

previous study [17] but it is the first time that fully NMR characterized standards were used

with a high resolution UHPLC/MS/MS analysis. Further fragmentations were performed to

differentiate isomers. Positive ion mass spectra for N2, N7 and procyanidin B1 are presented in

figure 3 (positive ion mass spectrum for N1a, N1b, N3, N4, N6, N8, B2, B3, B4 are available

in supplementary data figures S2 and S3).
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The positive ion tandem mass spectra of Bl (figure 3.a) gave characteristic fragment ions at
m/z 427 (Retro Diels alder), 409 and 289 with residual abundant ions, resulting from
fragmentations, at 127, 139 and 163 [22]. These ions were similar for other B-type mass spectra
(ion mass spectrum of B2, B3 and B4 available in figure S2). Fragment ion at m/z 453 identified
as abundant in previous study [17] is really low or missing in our study, probably related with

its ability to easily dissociate into m/z 289 ion.

Figure 3(b) and (c) represents the tandem mass spectra of the two types of protonated oxidation
dimers. lon at m/z 289 was identified in every fragmentation spectrum [17] but does not result
from the same fragmentation pathway. This ion is easily formed for natural dimers and
consequently shows a high relative abundance (RA) (figure $2). For elucidated oxidation
dimers containing a C-C IFL this RA is also high, ion at m/z 289 may result from successive
breaks of upper unit A and C rings followed by a RDA mechanism on the lower unit (figure
S5).

However, RA for m/z 289 is noticeably reduced for elucidated dimers with a C-O-C IFL. In this
case, it results from m/z 291 deprotonation. It is noteworthy that m/z 291 is really specific of C-
O-C IFL fragmentation. Indeed, it can be hypothesized that the presence of an oxygen atom on
the IFL favors the fragmentation, on the contrary to C-C IFL.

This ion m/z 289 is missing for dimers with a second oxidation state as N7 or

N8 (dehydrodicatechin A).

Dimers N1 to N6 (([M+H]" = 579 / Figure 3.b) with a C-C or a C-O-C IFL form a specific
fragment ion at m/z 393, missing for B type dimers, their C-C bond between C-ring of the upper
unit and A-ring of the lower unit being very weak. Structure elucidation hypothesis for fragment
ions for N2 and N4 are represented in supplementary data (figures S5 and $6). For dimers with
a bi-aryl linkage (figure S95), this specific fragment may result from the rearrangement of the
dimeric structure after successive water losses. For dimers with a bi-aryl linkage (figure S6), it
can be hypothesized that this fragment ion results from a rearrangement after a HRF

mechanism.

For dimers N7 and N8 ([M+H]" = 577 / Figure 3.c), dissociation in MS/MS experiments was
inhibited by a stable hyperconjuguated n- ® system within the molecules, whereas in native
dimers and N1 to N6, the product ions were stabilized by creating a similar ©- w system. At a

Stepped Normalized Collision Energy of 30% with 3 steps and a 15% window, abundant
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fragment ions for N7 are m/z 397 Da and m/z 245 Da, and m/z 425 Da (RDA [M+H-152]") and
m/z 245 Da for N8 (dehydrodicatechin A). A SNCE of 40% with three steps and a 20% window
has been investigated and it resulted in better fragmentation efficiency for the compounds
(figure S4) even if the parent ion at m/z 577 Da remains largely present. Structure elucidation
hypothesis for the fragment ions of dehydrodicatechin N8 is represented in supplementary data
(figure S7).

In summary, our hemisynthetized standard oxidation dimeric molecules gave significative

difference in mass fragmentations compared to procyanidin dimers.

3.2. Identification in grape seeds extracts

Grapes seeds extracts were investigated in the study due to their higher polyphenolic content
and lower molecular weight flavanols compared to skins [21]. Previous studies report the

identification of natural dimers B1 to B4 in wines and grape seeds extracts [9,11].

Nicoletti & al. [23] also identified and quantified a wide selection of phenolic compounds in
different grape varieties and noted large differences between samples. Oxidation markers
resulting from the reaction between flavanols and volatile thiols were also investigated [24,25].
Numerous B-type oligomeric procyanidins, mostly C4-Cé6-linked oligomers, with (+)-catechin,
(-)-epicatechin and (-)-epicatechin-3-O-gallate units were detected in Vitis vinifera grape seeds

[9], skins [26] and pulp [27].

However, few references can be found on the topic of polyphenol oxidation marker evolution
in grape seeds and in red wines. For the three considered varieties in the study (Syrah, Tannat
and Merlot), three of the eight oxidation dimers previously presented in figure 2 were identified.
EIC chromatograms for N6 and for the three ripening stages of Merlot, Syrah and Tannat are
presented in supplementary data (respectively figures S8, $9 and S10). N6 (Tr 20.3min)
intensity tends to increase during berries maturation from 6.8%5 at green stage to 2.0%6 at
maturation (table 1) for Merlot variety. Same observations were made for N7 (Tr 22.03min)

and N8 (26.7min) (figure 4 a.b.c) with really low signals for N7, especially at green stage.

Tandem mass spectra allowed us to confirm the presence of oxidation dimers N6, N7 and N8
by using specific MS/MS fragmentations that were seen for the standards in part 3.1. Specific
fragments for N6 were identified in each variety (figures S8d. $9d. and S10d.) at m/z 427, 409,
393 and 289 Th. It can be reported that fragmentation is more efficient for the standards than in

Merlot wine which was probably due to a matrix effect. Moreover, for low abundance parent
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ions, contaminants may be present in the MS/MS spectra as the isolation window for the parent
ion mass selection was set to 2 u.m.a. thus leading to a composite (i.e. non pure) MS/MS

spectrum. Possible fragmentations pathways for N2 and N3 are available in supplementary data.

Similar observations were seen for N7 and N8 (dehydrodicatechin A) both present in Merlot
variety based on retention time (figure 4.a.b.c) and specific fragmentations (figure 4.d.e.) for
ions of interest at 425, 397 and 245. Specific fragmentations for these two compounds N7 and
N8 are available in supplementary data (figure S11) for Syrah variety at maturity. For Tannat
variety, specific fragmentation was only available for N8 (figure S12). Indeed, N7
fragmentation spectrum shows, in addition to specific N7 fragmentations, other non-specific
fragmentations due to a low parent ion intensity and to the noise surrounding this ion. N7
specific fragments then have low relative abundance, other ions being in the same signal-to-
noise ratio (detection limit). However, compared to other varieties and considering that N6 and

N8 are observed in Tannat variety, signal at Rt=22.3min can be attributed to N7.

Ion at m/z 425 Th was more abundant in Merlot variety than in standard analysis which can be
due to matrix effect. A lower relative abundance for m/z 245 Th in Merlot variety, which is a
supplementary fragmentation of the ion at m/z 425 Th was also observed. These differences in
relative abundance were not visible for N8 as both the molecular ion and fragments presented
a strong signal, less perturbed by the chemical environment: A higher SNCE showed similar

results (data not shown).
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Figure 4: EIC chromatogram of ion at m/z 577.13405 (+/-1ppm) (Tr 20 — 27min) of three 10g/L grape
extracts of Merlot variety at different stage of ripening : green stage (a) ; veraison (b) ; maturity (c) and
tandem mass spectra of compound at 22.03min (d) (for maturity) corresponding to N7 and at 26.7 min (e)
(for 03/09/2018) corresponding to N§ — SNCE 30% midpoint, 15% range and three steps. Part of the

fragment ions of a protonated oxidation dimer N8 is available in supplementary data.

Table 1 shows the EIC signal intensity evolutions for the three identified markers in three
different grape varieties at different date/stages of ripening: 18/06/2018 corresponded to the
green stage, 19/07/2018 to veraison and 03/09/2018 to maturity. For all the grape varieties the
ion intensities increased with grape evolution for the three markers N6, N7 and N8, with very
high signals for N8 at maturity (5.756 for Merlot at maturity). At green stage, some signals were
really low or were missing (less than three times background signal). However,
dehydrodicatechin A (N8) was present at each stage which can be representative of its ability

to be formed as a result of the grape polyphenoloxidase-catalysed [1,28,29] and/or peroxidase-
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catalyzed [5,30] oxidation of (+)-catechin [31] and (-)-epicatechin, largely present in grapes
seeds [32].

In our study, the Merlot variety had the highest ion intensities for each marker for the three
ripening stages, compared to Tannat and Syrah which was probably related to its higher initial
flavanols content. According to Benbouguerra et al. [21], the flavanols content in the samples
in decreasing order was Merlot > Syrah > Tannat for green stage; Tannat > Syrah > Merlot for
veraison and Tannat > Merlot > Syrah for maturity, with an highest flavanols content just before
veraison for each variety. It can be explained by a partial oxidation of flavanols starting after
veraison [33]. Even if oxidation markers are present before veraison in the extracts, it cannot
be confirmed that they are unambiguously present in grape seeds, as extraction process may
have caused partial and non-specific flavanol oxidation. However, the very significant ion
signal increase for some specific molecular oxidation markers during ripening stages supports

the hypothesis of a specific enzymatic oxidation

Table 1: EIC (extracted ion chromatogram) evolution trend of oxidation markers in three different
grape varieties (Merlot, Tannat, Syrah) at different stages of ripening: green stage, veraison and

maturity. ND: Not Detected.

Ion intensity

Variety Compound identified 18/06/2018 19/07/2018 03/09/2018
N6 6.855 + 6% 1.5%6 + 2% 2.0%6 + 33%
Merlot N7 ND 7.585 +17% 9.23E5 + 28%
N8 5.7F5 + 26% 8.955 + 30% 5.786 + 33%

N6 ND 2.0%6 + 3% 4.6%6 £ 1%

Tannat N7 ND 9.785 + 1% 1.5%6 + 1%

N8 ND 2.1%5 + 3% 4.056 + 3%

N6 5.855 +10% 1.156 + 1% 2.4%6 + 7%

Syrah N7 ND ND 8.855 +2%
N8 5.4F5+0.5 1.356 + 4% 6.6% + 0.5%

3.3. Identification in red wine

In recent years, main research focus on the reactivity and identification of oxidation markers
resulting from condensed tannins oxidation [20,25,34]. The latter were analyzed by UHPLC-
MS after chemical depolymerization. In the present study, we focused on the specific and direct

targeted analysis of (+)-catechin dimeric oxidation products in red wines. Most of the studies
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reported in the literature were carried out with monomers in various oxidation conditions (pH,
oxidizing reagents) [35,36], and their identification in model wine solutions [10,36] Vivas de
Gaulejac et al. reported [37,38] the identification of procyanidin A2 (resulting from B2 radical
oxidation) and the evolution of stabilized quinones concentration in wine but research work

concerning oxidation markers identification in wine, especially using standards, remain few.

For the study, we considered three monovarietal Syrah wines (Domaine des Bouzons, Cotes du
Rhone, France) from three different vintages: 2018, 2014 and 2010. The LC-MS analysis
revealed the possible presence of five of the eight oxidation markers previously identified
(Table 2). Fragmentations were not possible on these markers due to the very low signals and
the strong background signal resulting matrix effect of wine. However, identifications based on
retention times and Extracted lon Chromatogram at high mass accuracy, below 1ppm, remain

precise enough to emit the hypothesis of the presence of these compounds in wine.

N6 was identified in both grape seeds extracts and wines whereas N8 (dehydrodicatechin A)
was only present in grape seeds extracts, which may be explained by its ability to undergo
further chemical reactions in wine which does not seem to be the case for N6. Two other
oxidation markers were only identified in wine (N2 and N5) and for each of the markers we
noted a global decreasing trend through the different vintages (except for N5). Wine being a
really complex media where numerous chemical reactions occur, oxidation markers between
two monomeric units can rapidly occur in a 1-year aged wine (2018) and undergo further
chemical modifications during wine aging. Further oxidation steps, involving quinone

formation on catechol rings and reaction with other nucleophilic compounds [1].

Table 2 : identification of oxidation markers in three Syrah wines at different vintages (2018, 2014 and
2010)

Ion intensity

Variety Compound identified 2018 2014 2010
N2 1.7%6 + 6% 9.8F5 £ 3% 8.1E5 £ 14%
Syrah N5 5.4F5 £3% 6.555 £ 1% 3.055 £ 2%
N6 4655+ 1% 2.6%5 £ 7% 1.755£4%
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4. Conclusion

The use of NMR characterized standards for dimeric flavanol oxidation markers and high
resolution mass spectrometry allowed the first time detection of some of these new compounds
in grape seed extracts and wines. Specific fragmentations were obtained for each oxidation
marker and dimeric procyanidins (Bl to B4). One specific fragment at m/z 393 Th,
corresponding to different structures, was detected for C-C and C-O-C type oxidation markers
and was missing for B-type dimeric procyanidins. A specific ion m/z =291 Th was also detected
for C-O-C type oxidation markers. These specific ions can be used in further studies to

distinguish them from B-type procyanidins, especially when both compounds are coeluted.

Analyses of three grape varieties (Merlot, Tannat, Syrah) revealed the presence of three flavanol
oxidation markers (N6, N7 and N8) in theirs seeds during ripening. For all the studied varieties,
N6, N7 and N8 were identified and their concentrations increased during ripening as their ion

intensities were multiplied by at least a factor 10 from the green to the maturity stage.

The analyses of monovarietal Syrah wines from different vintages (2018, 2014 and 2010)
revealed the presence of one oxidation marker (N6) and possibly two other (N2, N5) even if
complete fragmentations were not feasible in their cases. A decrease in ion intensity of these
markers was observed with wine age, which might indicate further oxidation or chemical
reaction during ageing. Relationship between these markers during oxidation steps of
winemaking, ageing of red wines should be investigated in futures studies together with sensory

properties.

Abbreviations: EIC: extracted ion chromatogram, ESI: electrospray ionization, IFL:
Interflavan linkage, NMR: nuclear magnetic resonance, SNCE: stepped normalized collision

energy, TIC: total ion chromatogram, UHPLC: ultra-high performance liquid chromatography
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Chapitre V — Recherche de marqueurs
d’oxydation issus des tannins
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Dans ce chapitre, six types de marqueurs d’oxydation des tannins condensés a deux niveaux
d’oxydation ont ét¢ étudiés. Ces derniers ont été recherchés dans des échantillons de vins rouges
(Syrah 2018, Syrah 2014, Syrah 2010 et Syrah 2018 oxydé au peroxyde d’hydrogéne) aprés
dépolymérisation afin de comparer 1’é¢tat d’oxydation de la fraction tannique des différents
¢chantillons. Ces marqueurs ont été sélectionnées car ils peuvent étre discriminés selon deux
approches donnant des informations sur (i) I’orientation de I’évolution structurale des tannins
en fonction des proportions relatives entre les marqueurs d’oxydation des unités terminales (m/z
579 et 577), terminales et d’extension (m/z 683 et 681) et d’extension (m/z 787 et 785) (ii) le
niveau d’oxydation des tannins en fonction des proportions relatives entre les marqueurs
d’oxydation du « premier niveau » d’oxydation (m/z 579, 683 et 787) et du « deuxiéme niveau »

d’oxydation (m/z 577, 681 et 785).

L’objectif final de ce travail est de mesurer I’impact du vieillissement accéléré sur la fraction

tannique et de le comparer au vieillissement naturel.

Les méthodes utilisées étaient les suivantes

- Une chromatographie liquide semi-préparative basse pression par chromatographie
flash afin de fractionner les échantillons de vins et d’isoler la fraction tannique ;

- Une dépolymérisation chimique des différentes fractions par thioglycolyse acide, afin
de rompre les liaisons natives des tannins et d’obtenir des unités constitutives des
tannins non-modifiées et les marqueurs d’oxydation plus facilement analysables ;

- Des analyses par UHPLC-MS? ont permis de détecter et d’identifier les marqueurs

d’oxydation obtenus apres dépolymérisation.

Les hypothéses étaient les suivantes

1. Une méthode d’oxydation accélérée du vin rouge permettrait de prédire 1’évolution de
la fraction tannique durant le vieillissement du vin. Est-elle similaire a celle de
I’oxydation naturelle ?

2. Le suivi de six types de marqueurs d’oxydation par spectrométrie de masse permet de
témoigner de 1’¢tat d’oxydation de la fraction tannique. Ces marqueurs pertinemment
sélectionnés sont susceptibles de se retrouver dans tous les échantillons et ’analyse de
leurs aires EIC permettraient d’étudier I’évolution oxydative de la fraction tannique
entre les échantillons.

3. En fonction de 1’état d’oxydation, les marqueurs d’oxydation des tannins peuvent avoir

différents niveaux d’oxydation (premier niveau, deuxiéme niveau...), I’analyse des EIC
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des marqueurs a deux niveaux d’oxydation nous donnera des informations sur 1’état

d’oxydation de la fraction tannique.

Conclusions

1. Le pourcentage d’unités modifiées au sein des tannins augmente avec le vieillissement
naturel et accéléré des vins, ce qui correspond a une évolution logique de ces composés
en milieu cenologique. Le pourcentage de modifications des tannins pour les millésimes
2014, 2010 et 2018 oxydé au peroxyde d’hydrogene est équivalent et il est plus élevé
que pour le millésime 2018. Cette méthode d’oxydation accélérée semble suivre
I’oxydation naturelle en ce qui concerne le pourcentage global d’unités modifiées.

2. La quantité totale de tannins présents dans chaque vin elle diminue au cours au cours
du vieillissement du vin. Cette perte peut étre due a une précipitation d’une partie de
tannins au cours du vieillissement.

3. Apres dépolymérisation des tannins, le suivi de 18 marqueurs d’oxydation (6 types de
marqueurs a deux niveaux d’oxydation — 3 isomeres pour chaque type) a mis en
¢vidence une évolution de 1’état d’oxydation des tannins au cours du vieillissement du
vin. En effet, on note augmentation des marqueurs du deuxiéme niveau d’oxydation au
fur et a mesure des années ce qui témoigne d’un état d’oxydation plus avancé de la
fraction tannique.

4. Dans le vin de 2018 oxyd¢ artificiellement, d’apres les aires EIC obtenues, la quantité
de marqueurs au premier niveau d’oxydation (m/z 579, 683 et 787) est similaire a celle
du vin de 2014. Ainsi, le suivi des marqueurs d’oxydation du premier niveau permet
(pour les vins étudiés) de prédire I’évolution naturelle du vin. Tandis que le suivi des
marqueurs d’oxydation du deuxiéme niveau donne un reflet plus réaliste de 1’état

d’oxydation global de la fraction tannique des vins

Cette étude a fait I’objet d’un article scientifique, soumis dans le journal JAFC (journal of

agricultural and food chemistry) en octobre 2021 sous la référence :

Deshaies, S.; Garcia, F.; Suc, L.; Saucier, C.; and Mouls, L.; Study of the oxidative evolution

of tannins during red wines aging by tandem mass spectrometry.

Et présenté ci-apres
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ABSTRACT

Red wine is a very complex medium in which condensed tannins undergo many modifications

during winemaking and bottle aging. These reactions have an impact on the organoleptic

properties. This work aimed to highlight tannins evolution related to wine evolution by studying

three vintages of Syrah wines. An accelerated oxidation is also correlated to the natural

" Corresponding author. Tel.: +3-349-961-3111; fax: +3-349-961-2857; e-mail:

laetitia.mouls@supagro.fr

147



16
17
18
19
20
21
22

23

24

25

26

27

28

29

30

evolution in order to evaluate the ability of this oxidation to imitate natural evolution. After
chemical depolymerization of the tannins, the monitoring of 6 types of markers at two oxidation
levels was investigated. An evolution of the tannin oxidation state during ageing by the increase
of the markers of the second oxidation level over the vintages was observed. In the 2018
oxidized wine sample, the first oxidation level markers are similar to the 2014 vintage but the
second oxidation level markers are higher than other vintages, indicating a more advanced state

of tannin oxidation.
KEYWORDS
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1. Introduction

During wine aging, a moderate and regular oxygen intake at the cork allows the wine to evolve
through time. But this evolution depends on conservation parameters (temperature, humidity
and time) (Arapitsas et al., 2014) and on wine chemical composition. A wine intended for long
ageing must have a sufficient important tannin level (Merrell & Hansen, 2018). Red wines
phenolic composition is particularly rich compared to white wines one, mainly due to the
presence of condensed tannins and anthocyanins which play a major role in red wine
organoleptic properties (Brossaud et al., 2008; Kennedy et al., 2006; Ma et al., 2014; Noble,
1994; Robichaud & Noble, 1990; Soares et al., 2017). If all parameters are correctly controlled
during wine storage, polyphenols chemical evolution in red wines tends generally to reduce
astringency and contributes to color stabilization (Echave et al., 2021). Polyphenols, in
particular condensed tannins, are of primary importance in these sensorial evolutions (i) by
reacting with anthocyanins and giving numerous by-products pigments, thus allowing a color
stabilization (Atanasova et al., 2002b; V. Cheynier, Duefias, et al., 2006); (i1) by interacting
with salivary proteins, leading to varying degrees of mouth dryness, depending on their
composition (McRae & Kennedy, 2011). The interaction strength between tannins and salivary
proteins depends on tannins molecular structures: the interactions increase with polymerization
degree (V. Cheynier, Prieur, et al., 1997), galloylation percentage (V. Cheynier, Prieur, et al.,
1997) and/or their conformational flexibility (P. McManus et al., 1985). Tannins chemical

evolution through time thus modulates astringency perception.

Depending on its phenolic composition and on its oxidation state, a wine has a more or less
important ageing potential. In order to better predict the optimal time from a qualitative point
of view for its consumption, it is necessary to have objective measurements of the wine
oxidation state as well as its antioxidant capacity and ageing potential. In this context, studies
have been recently carried out (Castro et al., 2014a; V. Ferreira et al., 2015; Gambuti et al.,
2017b; Mercurio & Smith, 2008; Picariello et al., 2017; Sheridan & Elias, 2015; Teng et al.,

2019) aiming to develop accelerated ageing tests to predict the oxidative evolution of wines.

Until now, tannins evolution in a sample has often been studied using global precipitation
analysis methods (Hagerman & Butler, 1978; Makkar et al., 1993; Mercurio & Smith, 2008;
Sarneckis et al., 2006). These methods estimate an order of magnitude of the tannin fraction

amount but do not give information on the tannin chemical structures.
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In view of the structural complexity of the tannin fraction in the samples and in order to have
more information on its composition, methods studying tannins after chemical
depolymerization have been developed (Kennedy & Jones, 2001; Rigaud, Perez-Ilzarbe, et al.,
1991b). However, in these research works, the interpretation of the results was generally carried
out on the basis of the unmodified units present in the tannin chains (catechin, epicatechin,
epigallocatechin, epicatechin-3-O-gallate...), which constitutes a variable part of the tannins,
depending on their oxidation level. Indeed, in wines, tannins are more or less oxidized through
time. Tannins chemical structures are consequently modified as new intramolecular and
intermolecular linkages are generated (Mouls & Fulcrand, 2012, 2015b; Poncet-Legrand et al.,
2010).

These structural modifications can potentially change the tannins conformational flexibility and
then have an impact on their organoleptic properties (Millet et al., 2019; Mouls & Fulcrand,
2015a; Vernhet et al., 2014; Zanchi et al., 2008). The new covalent bonds resulting from tannins
oxidation resist to the depolymerization conditions (Mouls & Fulcrand, 2012, 2015a). Dimeric
and trimeric oxidation markers are consequently observed after tannins chemical
depolymerization. The mean degree of polymerization (mDP) estimated on the basis of non-
modified units is an « apparent » mDP which can be, in some cases, very far from the real mDP,
depending on the tannins oxidation state and transformation degree (Giribaldi et al., 2020). The
consideration of tannins oxidation markers obtained after depolymerization is essential to better
characterise them. In order to understand more precisely the oxidations impact on tannins
evolution, the study of oxidation markers resulting from chemical depolymerization have been

investigated (Scheme S1) (Mouls & Fulcrand, 2012).

After identifying the oxidation markers in model solutions in previous studies, this work
proposes to follow, for the first time, oxidative evolution of tannins during aging of wine

through oxidation markers observed after chemical depolymerization.

This UHPLC-MS/MS analysis of the tannins was carried out on the three wine samples of the
study (3 vintages: 2018, 2014 and 2010) and on the wine of the 2018 vintage that had undergone
accelerated ageing according to the chemical method (oxidation in the presence of H>O») which,
according to the first results obtained by polyphenomics, proved to be the method that might be
closely related to the "natural" momoners flavanols evolution during wine ageing (Deshaies et

al., 2020).
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As a follow-up to this study and go further in the characterization of polyphenols, the present
work has a double objective: (i) to follow the oxidation state of tannins according to the age of
the wine, (ii) to compare the impact of an accelerated oxidation on the tannin fraction with the

natural evolution.

2. Materials and Methods
2.1.Reagents, Chemicals, and Materials

(+)-catechin hydrate (> 98%), (-)-epicatechin (> 90%), laccase from Trametes versicolor (> 0.5
unit/mg); specific activity: 0.94 U/mg); thioglycolic acid (= 98%); hydrogen peroxide solution
(30% in water); methanol (absolute), ethanol (absolute) and hydrochloric acid were purchased
from Merck/Sigma-Aldrich (Saint-Quentin Fallavier, France). Procyanidin B2 (> 90%) was
purchased from Extrasynthese (Genay, France). Tartaric acid (> 99.5%) was purchased from

Prolabo (Paris, France).
2.2. Wine samples

Three red wines samples have been elaborated according to an identical traditional winemaking
method in mono-varietal (100% Syrah), 13.5% alcoholic strength, were obtained from the same
producer (Domaine des Bouzons, Cotes du Rhone, France) and from three different vintages
(2018, 2014, 2010). Wine production: 20 days vatting time in stainless steel vats, maturing of
Syrah in oak barrels during 10 months. Two 750 mL bottles of each vintage were opened,
slowly homogenized under nitrogen to avoid oxidation reactions. Aliquots of 50 mL tubes were

then immediately frozen at -80°C.
2.3. Dimeric standards preparation (oxidation markers)

In a wine model solution (12% EtOH, 0.033 M tartaric acid, pH 3.6) catechin (or epicatechin)
was dissolved at a final concentration of 6 g.L"! and laccase from Trametes versicolor at a final
concentration 10 g.L!. The reaction media was then stirred 2 hours at 180 rpm at 22°C.
Reaction was stopped on an Amberlite XAD7HP column according to the following protocol:
resin was first conditioned in ethanol and rinsed with water (two column volumes). The reaction
media was then dropped on the column and washed with water (two column volumes) and
eluted with ethanol until the collected fractions were not colored anymore. In this step, the
enzyme was retained while compounds of interest were eluted with ethanol. Ethanol fractions

were then collected, evaporated and lyophilized before UHPLC-MS/MS analysis.
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2.4. Accelerated ageing test with H202

The accelerated ageing test was performed on Syrah 2018 sample as previously described
(Deshaies et al., 2020). Oxygen saturation: First, 50 mL of wine was thawed and 35 mL was
placed in a 500 mL hermetic bottle. The wine was then vigorously shaken 10 seconds to saturate
it in oxygen. The cap was then opened 5 seconds to allow oxygen intake. This operation was
repeated 3 times. The wine was finally put in 11 mL hermetic Pyrex tubes (VWR 734-4224,
Radnor, PA, USA) equipped with a Presens spot (Presens-Precision Sensing GmbH,
Regensburg, Germany) with minimum headspace. Chemical oxidation: Secondly, the tubes
were maintained at 22°C and stirred at 200 rpm. A hydrogen peroxide solution (30% in water)
was added (20 uL). Dissolved oxygen rate acquisition began 30 seconds after H>O, addition.
The oxidation test was considered finished when oxygen rates were under 1 mg.L™!. All tests

were performed in triplicate.

2.5. Fraction isolation before depolymerization by low pressure liquid gel

chromatography

After thawing, 30 mL of wine were centrifuged and concentrated (evaporation of 20 to 30% of
the initial volume). The wine was then deposited on fractogel HW50F (approximately 200 mL

column volume). Each wine was treated in duplicate.

Solvents used were: EtOH acidified with 0.05% TFA (A); water acidified with 0.05% TFA (B);
acetone acidified with 0.05% TFA (C). The separation was performed at a constant flow rate
of 20 mL.min"!, using the following gradient: 0-5 min a 100% B; 5-10 min 100-95% B 5% C;
10-38 min 95-69% B / 5-31% C; 38-90 min 69-20% B / 31-80% C; 90-110 min 20% B / 80%
C; 110-120 min 0-45% A / 20-25% B / 80-30% C; 120-135 min 45% A / 25% B / 30% C; 135-
140 min 45-100% A; 140-160 min 100% A.

After separation, fractions were collected and grouped according to their retention time, before

evaporation and lyophilization. Separation was as follow:

e F1: polyphenolic fraction (anthocyanins, flavonoids including tannins at low molecular

weight) — tubes 1 to 49 (38 to 110 min);

e F2: fraction containing exclusively tannins - tubes 50 to 61 (110 to 140 min).

2.6. Depolymerization
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Each fraction (F1 and F2) of each duplicate was depolymerized 3 times. In a 10 mL graduated
flask was added 166 pL of hydrochloric acid (0.2 M) and 80 pL of thioglycolic acid. Volume
was then completed with methanol. Lyophilized fractions F1 and F2 were dissolved in 100 pL
of methanol (2 mg.mL™), plus 100 pL of the previous thioglycolysis solution. The reaction
media was then placed in a microvial with a crimp cap. The latest were finally incubated 6

minutes at 90°C and cooled down in an ice-water bath.
2.7. UPLC-MS/MS analyses

The samples were analyzed using a Waters reversed-phase ultra-performance liquid
chromatography system coupled to a Bruker AmaZon X mass spectrometer. The liquid
chromatography system was an Acquity UPLC (Waters, Milford, MA, U.S.A.) equipped with
a photodiode array detector. The column was an Acquity UPLC HSS T3 (1.8 pm, 2.1 x 100
mm) preceded by a Waters column in-line filter (0.2 um, 2.1 mm). The binary mobile phase
consisted in Milli-Q water (solvent A) and acetonitrile/water 80:20 (solvent B) both acidified
with 0.1% formic acid. The separation was performed at a constant flow rate of 0.55 mL.min™",
using the following short gradient: 0.1-25 % B in 2 min; 25-35 % B in 2 min; 35 % B for 1 min;
35-45 % B in 1 min; 40-99.9% B in 2 min; 99.9% B for 2 min; 99.9-0.1% B in 1 min and

equilibration at 0.1 % B for 2 min.

The «apparent » mDP of each sample was estimated these terminal and extension units

obtained after depolymerization from UV chromatogram at 280 nm using the following

3 extension units

formula mDP = _ — .
> terminal units

The percentage of modifications within the tannin structures was estimated from the UV

chromatogram after depolymerisation (Scheme S1) according to the following formula:

_ _ X 100
% modified tannins = A+ Q

with

[J: area of the peaks corresponding to the unmodified terminal and extension tannins

constitutive units

OO0 area of the hump under the peaks of the unmodified units, i.e. area of the tannins

modified constitutive units.
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The mass spectrometer was a Bruker amaZon X electrospray ionization (ESI) ion trap (Bruker
Daltonics, Bremen, Germany). The nebulizer pressure was 3.03 bar; the temperature of the
drying gas was set at 200 °C with a 12 L min™! flow; and the capillary voltage was set at —5.5
kV. The mass spectra were acquired over a mass range of 50—2000 Th in the positive ion mode.
The mass spectrum acquisition speed was set at m/z 8100 s !. The target mass was tailored to
each reaction between m/z 500 and 900. Complementary analyses were performed with
inclusion of m/z 577, 579, 683, 681, 787, 785 and exclusion of m/z 291. All UHPLC-MS/MS

analyses were performed in triplicate.
2.8. Selection of oxidation markers of tannins

In this work, after chemical depolymerization of tannins, six types of oxidation markers have
been selected among those previously identified so as to be researched in samples. These
markers present in all samples have been chosen because they reflect the oxidation level and
the location of the modification within the tannin chains. Indeed, these markers can be classified

according to two approaches giving information based on:

e The tannin structural oxidation evolution in relation to the relative proportions between
the oxidation markers of the terminal (m/z 579 and 577), terminal and extension (m/z

683 and 681) and extension (m/z 787 and 785) units.

e The level of tannin oxidation depending on the relative proportions between the
oxidation markers of the "first level" of oxidation (m/z 579, 683 and 787) and the
"second level" of oxidation (m/z 577, 681 and 785). The oxidation markers of the second
oxidation level underwent further oxidation (more advanced oxidation) resulting in the
formation of a new covalent bond (loss of 2 umas corresponding to two hydrogen

atoms).

The relative proportions of the different oxidation markers in the tannin fraction of the samples
were estimated from the EIC obtained by UHPLC-MS/MS of the tannin fractions after chemical
depolymerisation by thioglycolysis (Giribaldi et al., 2020).

3. Results and discussion
3.1. Global tannin study in wines

3.1.1. Tannin study before depolymerization
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Throughout its multi-step production process (fermentation, maturation...), wine develops an
increasingly complex chemical matrix containing numerous families of molecules with varying
molecular weights. Thus, the study of tannins in this environment becomes difficult or even
impossible and a prior chemical treatment of the sample is necessary to isolate tannins from

this matrix.

To carry out this study, wine samples were fractionated using flash chromatography. Two

distinct fractions were obtained based on their elution times: F1 and F2.

The first eluted fraction was a polyphenolic fraction containing mainly low molecular weight
tannins and anthocyanins, remarkable for their distinct UV peaks (Figure S1A). The second
fraction, eluted at the end of the sequence, contained mainly polymeric tannins, clearly
noticeable by the "polymeric hump" visible in UV at 280 nm which resulted from the co-elution
of a large number of bio-polymers (Figure S1B). It can also be noticed that the absorbance
intensity of F1 observed on the UV chromatograms at 280 nm is clearly higher than that of
fraction 2. Indeed, contrary to fraction 2 which contains only tannins, fraction 1 contains many
other phenolic compounds and in particular anthocyanins which have a higher response
coefficient than flavanols at 280 nm (in our experimental conditions, the response coefficient

of malvidin is 3.6 times higher than that of catechin).

Similar profiles were observed for the other wines fractions (2018, 2010 and 2018 oxidized,

Figure S1).

From the MS/MS fragment analyses, we note that the FI1 fractions contained mostly
anthocyanins (m/z 493, 611, 625, 639, 641...), low molecular weight tannins (dimers and
trimers, m/z 595, 579, 867, 881...) and reaction products between flavanols and anthocyanins
(m/z 781, ...). Under the distinct peaks on the UV chromatogram at 280 nm was a large 'hump'
indicating a complex mixture of co-eluted molecules which most probably corresponds to a

mixture of tannins, more or less modified.

A polymeric hump (Figure S1B) was also clearly visible and predominant for F2 fraction. In
this hump, polymers up to an mDP of 8 (monocharged ions: dimers, trimers and tetramers and

bicharged ions) could be detected and identified by mass spectrometry.

The molecular diversity of tannins in wines, due to their degree of polymerisation and their
chemical structures, creates a polymeric hump and does not allow their separation by liquid

chromatography. Their analysis by mass spectrometry is also limited because the tannin
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ionisation decreases with molecular weight, and it becomes very difficult to detect tannins of

with mDP above DP>8 by mass spectrometry (Mouls et al., 2011a).

An alternative method to overcome these analytical limits is to study them after chemical
depolymerization which released monomers (C, EC, EGC and ECG: unmodified units) and
dimers/trimers (oxidation markers). Analysis of the samples after depolymerization by
UHPLC-MS gives access to a lot of information: apparent mDP, proportion of unmodified
units. In order to confirm the previous hypotheses regarding the presence and distribution of
tannins in fractions F1 and F2, the apparent mDP of each fraction was estimated after

depolymerization.
3.1.2. « apparent » mDP

In this study, thioglycolic acid (C2H40,S) was used as nucleophilic reagent in chemical tannins
depolymerization under acidic conditions. After reaction, a mixture of extension and terminal
constitutive units of the tannins were obtained. Extension units can be easily discriminated from
the terminal units by mass spectrometry as they are linked to the nucleophilic reagent in C4

position (Scheme S1).

This apparent mDP, depending on the modification state of the tannins may be more or less
different from the real mDP, which is currently impossible to determine. However, the

calculation of the apparent mDP allows a comparative study between the different fractions.

Calculated apparent mDP of the different fractions of the samples are presented in table 1.
2010 2014 2018 2018 oxidized
F1 F2 F1 F2 F1 F2 F1 F2
Dry extract (2.L7) 38+0.1 05+0.1 26+04 08+02 3.0£0.7 1.1+02 28=0.1 0.8+0.1
% unmodified units - 34 - 36 - 62 - 36
% modified units - 65 - 64 - 38 - 64

Apparent mDP (UV) 22+0.1 84+0.1 20+01 62+05 1.7+0.1 87+02 17+£0.1 68+04

Apparent mDP (EIC) ~ 2.6+02 8.0+09 22+0. 58+02 2.6+02 87+06 22+0.1 65+0.1

Table 1: Dry weight, percentage of unmodified and modified units, apparent mDP (estimated
by UV and EIC) of both F1 and F2 fractions for 4 different Syrah wine samples

Typically, the apparent mDP is calculated from the UV chromatograms areas at 280 nm, which

can be biased in the case of samples with a complex matrix. Indeed, many co-elutions can lead
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to an error in the mDP estimation. A recent study showed that the determination of the apparent
mDP by mass spectrometer from the EIC area of each constitutive tannins unit generated after
chemical depolymerization could be used to eliminate this co-elution phenomenon and to be
more precise. Indeed, the use of EIC allows it to be specific and more sensitive than UV
(Giribaldi et al., 2020). The different constitutive units (extension and terminal) do not have the
same mass spectrometry response coefficient, so the apparent mDP estimation from EIC
requires the use of a corrective factor. Extension units (EC-Nu) have a higher response
coefficient than terminal units (EC). This corrective factor was estimated for this study to 2.9 +
0.1 from the method describe previously (Suc et al., 2021; Giribaldi et al., 2020). The values
obtained from the UV and EIC chromatograms are close, indicating that potential co-elutions
in liquid chromatography lead to a small error in the estimation of apparent mDP for the study

samples (Table 1).

For the time being, only the apparent mDP is available, but in the future the mDP calculation
should also take into account the modified units in order to get as close as possible to the real
mDP of the wine tannin fraction. This cannot be done from UV chromatograms but could be
possible from EICs. For this purpose, the study of tannin oxidation markers was conducted on

the basis of the EIC.

According to table 1, for the samples studied the apparent mDP calculated from UV
chromatogram is close to that estimated by EIC. They are of the same order of magnitude for
the vast majority of the fractions: between 1.7 and 2.6 for F1 fraction and between 5.8 and 8.7
for F2 fraction. However, we note a more significant difference for the F1 fraction obtained
from the 2018 wine (apparent mDP 1.7 and 2.6, estimated from UV and EIC respectively). This
can be explained by a higher amount of monomeric polyphenols (Figure S1, 2018 A) which
complicates the estimation of the mDP from the UV chromatogram and in this case
underestimates it. In order to estimate the total amount of tannins in the wine and their evolution

between the different samples, the proportion of tannins in the F1 fraction was then determined.
3.1.3. Total tannin proportion evolution

Modified tannin constitutive units were present in very low concentrations compared to the
unmodified units. They have a high structural diversity and were therefore not detectable as a
distinct peak on the UV chromatograms but it cannot be excluded that their total amount was
greater than the unmodified units. The modified units are also co-eluted with the unmodified

units as a large bump (formation of a « polymeric hump ») (Figure S1). As mentioned above,
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the F2 fraction is exclusively composed of tannins with a certain oxidation level. Due to their
reactivity, these tannins have undergone different modifications during the wine elaboration
and evolution. The quantity of dry extract weighed for F2 at the end of the separation
corresponded to a wine tannic fraction with more or less modification due to some oxidation or

rearrangements.

The total amount of tannins corresponds to the sum of the unmodified and modified units (total
chromatogram area). Table 1 shows the dry extracts quantities weighed for each fraction and

the percentages of modified and unmodified units of the tannin fraction F2.

The F1 fraction corresponded to a mixture of various polyphenols (anthocyanins, monomers,
dimers...). It is then impossible to directly determine the real weight of tannins in this fraction.
To estimate the amount of tannins in F1 it is necessary to determine the amount of tannin
constitutive units in the F1 fraction. The unmodified extension and terminal units are not
directly visible on the UV chromatogram, due to the complexity of the medium. They were then

estimated from the EIC areas.

According to the oxidation marker study below, the oxidation state of the F1 fraction is 10 times
lower than the F2 one. Thus, a weight of tannins in the F1 fraction was estimated from the EICs
obtained for F2 and by introducing a corrective factor due to the difference in ESI-MS
ionization of extension and terminal units. Thus after determining the ratio between the
modified and unmodified part in the F2 fraction, the unmodified units were determined by the
EICs in F1 and the modified part was estimated at a ratio ten times lower than that observed for

the F2 fraction. The evolution of the total tannin concentration in each sample is shown in

figure 1.
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Figure 1: Tannins concentration evolution (g.L™!) in 4 red wine samples: 2018, 2014, 2010 and

2018 oxidized with hydrogen peroxide: (a) total tannin fraction, (b) F1 and (c) F2.

The percentage of modified tannin units increases significantly in the first four years with wine
natural which corresponds to an excepted evolution of these compounds in the oenological
environment (Table 1). A similar evolution has been estimated for 2018 vintages oxidized with
hydrogen peroxide is equivalent (64%) reflecting the impact of the use of hydrogen peroxide
on tannin evolution and is higher than for the 2018 vintage for which only 38% of the tannin
constituent units are modified. The proportion of modified units appears to be equivalent for
the 2014 2010 and 2018 vintages oxidized higher than the 2018 vintage. This accelerated
oxidation method seems to follow the natural oxidation according to the percentage of modified
units. As for the total amount of tannins (Figure 1.a.) present in each wine, it seems to decrease
during the aging of the wine (about 1.9 g.L ! in 2018, 1.2 g.L'! in 2014 and 0.6 g.L! in 2010).
This loss can be due to a precipitation of some tannins during aging. However, this result must
be moderated because these are three different vintages and the initial tannin composition of
each of the vintages is not known and could differ even if the vinifications were carried out in

an identical manner (20-day vatting, 40% Syrah aged in oak barrels for 10 months).

Nevertheless, if we compare the 2018 vintage before and after accelerated aging we also notice
a loss of part of the tannin fraction for the oxidized 2018 sample (1.2 g.L'!). Thus the accelerated
aging conditions also seem to follow the natural evolution of the tannin fraction in terms of total
amount. If we observe the amount of tannins in the F1 and F2 fractions for each of the wines
we observe a higher mass concentration in F2 for all wines (0.8 g.L"! and 1.1 g.L"! for F1 and
F2 respectively i.e. F1/F2 = 0. 7 for the 2018 vintage; 0.35 g.L"! and 0.8 g.L"! for F1 and F2
respectively i.e. FI/F2 = 0.4 for the 2014 vintage; 0.2 g.L'! and 0.5 gL' for F1 and F2
respectively i.e. F1/F2 = 0.4 for the 2010 vintage). This decrease in the tannin fraction with
time and the increase in the proportion of tannins in the F2 fraction compared to the F1 fraction
reflects the evolution of tannin structures. These hypotheses are supported by the results
obtained for the oxidized 2018 wine which has a concentration of tannins twice as high in the
F2 fraction as in the F1 fraction (0.4 g.L ™! and 0.8 g.L"! for F1 and F2 respectively F1/F2=0.5)
and a total amount of tannins approximately 2 times lower than that of the 2018 wine before

accelerated oxidation.
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3.2. Study of tannins oxidation markers in wines

Tannins will undergo many chemical changes during wine aging. Among the reactions, the
oxidation of the catechol nucleus present on each tannins constitutive unit into a quinone
(electrophile) can lead to the formation of new covalent bonds within the same tannin chain

(intra-molecular bonding) or between tannins (inter-molecular bonding) (Schemes S1 and S3).

In contrast to the C4-C6 and C4-C8 inter-flavanic bonds, the new intra- and intermolecular
bonds created between the tannin chains as a result of wine aging will resist under chemical
depolymerization conditions (Figure S1). Due to their high diversity and low concentration
these oxidation markers were not distinctly observable on UV chromatogram but can be studied
by mass spectrometry from their EIC. The oxidative evolution of epicatechin is a good element
to monitor the oxidation state of tannins because it is the preponderant tannins constitutive unit
in wine. In the studied wines the total sum of epicatechin units was more than 3 to 4 times

higher than the catechin units (Table S1).

In this study, six types of markers (M1, M2, M3, M4, M5 and M6 with m/z 579, 577, 683, 681,
787 and 785 respectively)***” were chosen because they can reflect the tannin oxidation level
(m/z 579, 683 and 787: markers for the first oxidation level and m/z 577, 681 and 785 for second
oxidation level) and the structural evolution of the tannins (m/z 579 and 577: terminal markers,
m/z 683 and 681: extension/terminal markers and m/z 787 and 785: extension markers). For
each type of marker, several isomers were detected in the samples. The three major isomers (a,
b and c) were detected for the four wines and eluted by liquid chromatography at different
retention times were selected for this study (Table 2). The evolution of the EIC intensities of
these 18 oxidation markers was then monitored in order to compare the 4 wine samples (2018;
2014; 2010 and 2018 oxidized with hydrogen peroxide). As the mass spectrometry response
coefficients of the markers were not known, the EIC evolution was compared as a function of

marker type between samples.
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Oxidation markers Oxlr::::on m/z | Name | Tr (min) Fragments ions M5*
Mla 2,6 561,543, 441,427, 425, 409, 393, 331, 301, 289, 271, 259
QO 1 579 | Mlb 29 561, 543, 559, 427, 425, 415, 409, 393, 289,271, 259
terminal Mlc 3,1 559, 425, 251, 165
M2a 3.2 559, 541, 439, 437, 425, 409, 391, 299, 287,271
% 2 577 M2b 3,9 559, 557,541, 451, 437, 425, 407, 299, 287, 271
M2c 43 559, 557,541, 451, 445, 437, 425, 407, 331, 299, 287
M3a 3,8 577, 559, 557, 531, 451, 425, 409, 395, 289, 247
1 683 | M3b 43 577,575,557, 529, 449, 425, 407, 299, 247
terminal/ M3c 53 577,559,531, 449, 425,407, 299, 247
extension M4a 4,1 663, 575, 557, 529, 513, 465, 449, 425, 407, 395
% 2 681 | M4b 4.4 663, 575, 559, 557, 529, 469, 425, 407, 331, 299, 247
Mdc 5.1 663, 575, 557, 455, 437, 413, 287, 227
M5a 4,1 681, 575, 557,529, 511, 449,431, 407, 395
?’? 1 787 | Msb | 45 681, 625, 622, 575, 479, 447, 405, 301
P M5¢c 49 681, 663, 635, 575, 557, 529, 511, 449, 287, 227
Mba 4 765, 677,631,621,573,557,529, 469
2 785 | Méb 45 681, 679, 625,592, 575
Mébe 5 679, 625,622,479, 301

Table 2: Studied oxidation markers: retention time (UHPLC) and principal fragments ions

observed on the MS/MS spectrum.

First, the wines were compared through the global evolution of the 6 marker types, then through
the evolution of each of the 3 isomers for the same marker type. This comparison was carried
out on the whole tannin fraction of each wine as well as on the F1 and F2 fractions obtained for

each wine.

Results are correlated to the total tannins concentration in the samples and to the proportion of

unmodified units within the tannins.
3.2.1. Analysis of MS/MS spectra.

During tannins oxidation, the new covalent bonds generated between a terminal unit and an
extension unit or between two extension units the markers will give, after chemical
depolymerization, tannin oxidation markers with one or two nucleophilic adducts respectively.
The standards for these markers are not available and the exact structure of each of these
markers cannot be determined but some structural hypotheses can be made based on the MS/MS

spectra for each of the markers (Table 2 and Scheme 1).
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Scheme 1: Structure hypotheses for some oxidation markers, resulting from their MS/MS

spectra.

On the markers MS/MS spectra, a loss of a neutral molecule of 152 Da can correspond to a loss
of the B-ring by RDA (Retro-Diels-Alder). If on the same MS/MS spectrum we also observe a
loss of 126 Da, which can correspond to the loss of an A-ring, this indicates that the covalent

bond which was created by oxidation is very probably between the A-ring of a unit and the B-
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ring of the other unit (usual dissociation mass spectrometry of epicatechin monomer are

available in scheme S4). These neutral losses were obtained for most of the considered markers:

e fragment ions 427 Th (for M1), 425 Th (for M2), 529 Th (or 531 Th) (for M3), 635 Th
(for M5) reflect the loss of a B-ring from the parent ion;

e fragment ions 451 Th (for M2) and 557 Th (or/and 559 Th) (for M3 and M4), reflect
the loss of an A-ring from the parent ion. This loss of A-ring can also be observed from
a fragment ion and in particular after the loss of B-ring (-152 Da): 301 Th (for M1), 299
Th (for M2) and 407 Th (for M4).

On the M1 type markers MS/MS spectra, the presence of fragment ions at 561, 543, 441, 427,
409, 393 and/or 289 Th indicate a B-dehydrodicatechin®® type structure. These ions are
observed on the MS/MS spectrum of Mla and M1b with different relative abundances. The
M1a and M1b markers are, at first sight, B-dehydrodicatechin® type isomers. For M1c, the lack

of quality of the MS/MS spectrum obtained does not allow us to make structural hypothesis.

Similarly, on the M2 type markers MS/MS spectra the presence of fragment ions at 559, 541,
439, 425, 407, 391 and/or 287 Th indicate an A-dehydrodicatechin®® type structure. For M2a,
M2b and M2c these fragment ions are present on their MS/MS spectrum (except for 439 Th for
M2b and M2c). Thus these marker ions are, at first sight, A-dehydrodicatechin®’ type isomers.

For markers with one or two nucleophiles (M3, M4, M5 and M6): a loss of one (or two)
nucleophile(s) is usually first observed and the losses of 152 Da and 126 Da are obtained from

this fragment ion (-Nu) (supplementary material).

Thus the isomers M3a, M3b and M3c are oxidation markers of extension/terminal tannins and
the covalent bond created by oxidation connects the A-ring of one unit to the B-ring of the other
unit. This bond is probably a bi-aryl bond. For M3a the abundant presence of the fragment ion
m/z 395 could indicate that, for this oxidation marker, a bi-aryl ether bond is implicated. Indeed,
a break in the bi-aryl ether bond would lead to the formation of an EC-Nu fragment ion at m/z

395.

For M3a, contrary to the other isomers, we observe a loss of the B-ring directly from the parent
ion (m/z 683 = m/z 531). The presence of this fragment ion could indicate a difference in the
positioning of the nucleophile on the marker. Indeed, two main types of structure can be
obtained for M3 markers: (i) the extension unit carrying the nucleophile can be linked to the B-

ring terminal unit by its a-ring or (ii) the extension unit carrying the nucleophile can be linked
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to the A-ring terminal unit by its B-ring. The loss of B-ring directly from the parent ion (m/z
683 = m/z 531) might indicate that in the case of M3a it is the second case (ii) which would be

more favorable to this loss of neutral.

For M4a and M4b, the fragment ions present on the MS/MS spectra indicate that the bond
created by oxidation is between an A-ring and a B-ring. The presence of the fragment ion m/z
395 for M4a could indicate as previously for M3a that it is a bi-aryl ether bond. The presence
of the fragment ion m/z 529 could indicate, as seen before for M3a, that the extension unit is

linked to the A-ring of the terminal unit by its B-ring.

The fragment ions observed on the MS/MS spectrum of M4c (m/z 455 [-Nu + BFF] (benzofuran
forming) and 413 [-Nu + HRF - HxO] (heterocyclic ring fission)) show that it is an extension

unit marker®.

As described by Mouls & Fulcrand in 2012 (Mouls & Fulcrand, 2012) the MS/MS spectrum of
M5a and M5c correspond to the extension marker whose units are linked by a bi-aryl bond

between the A and B rings (possibly bi-aryl ether for M5a m/z 395 but to be confirmed).

For M5b as for M5a and MS5c the fragment ions m/z 681 and 575 show the loss of one and two
nucleophiles. However, the MS/MS spectrum of M5b differs by the presence of m/z 625, 479

and 301 ions. These fragment ions are also observed on the MS/MS spectrum of Mé6c.

For M5 and M6 markers it is difficult to make structural assumptions from the MS/MS spectra
obtained. However, considering that the nucleophile can only be located on C-ring, structure

hypotheses can be made and are presented in scheme 1.
3.2.2. Oxidation markers evolution in four wines

Epicatechin and catechin are among the four main flavanol monomers identified in grapes. A
part of these monomers will be found "intact" in wines and a more or less important part of
these monomers can also oxidize and react to give oxidized dimers at m/z 579 and 577. These
oxidized dimers have similar structures to the terminal tannin oxidation markers (M1 and M2
type) obtained after chemical depolymerization. In our study, in order to take into account only
the oxidation markers from tannins and not to count the epicatechin oxidation markers that have
identical structures, a UHPLC-MS analysis of the samples before depolymerization was
performed. This allowed subtracting the epicatechin oxidation markers from the EIC obtained
after depolymerization. This operation was not necessary for the other markers selected in this

study that have one or two nucleophiles (terminal/extension markers and extension markers,
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m/z 683 or 681 and 787 or 785 respectively) because they were not present in the medium before

depolymerization and are therefore tannin specific.

According to the evolution (EIC areas) of each marker types in the whole tannin fraction
(Figure 2.a.), a clear decrease is observed with the wine aging for the markers at the first level
of oxidation (M1, M3 and MS5; m/z 579, 683 and 787 respectively). This trend is also observed
for the oxidized 2018 sample (chemical oxidation with hydrogen peroxide). This decrease
reflects an evolution of these markers towards different structures, related to more advanced
oxidation states, these states may correspond to the creation of new bonds between different
tannic chains (intermolecular bonding) or within the same chain (intramolecular bonding) or to
the association with other wine compounds, thus reducing the number of m/z 579 available

terminal units.
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Figure 2: Comparative evolution of each oxidation markers (a) in different Syrah wines: 2018,
2014, 2010 and 2018 oxidized (b) and global evolution marker. Different letters indicate the

significant differences between samples according to Tukey’s test, p<0.05.

On the contrary, the total proportion of second oxidation state markers (M2, M4 and M6; m/z
575, 683 and 785 respectively) increases with wine aging, except for m/z 681 (M4) where the
increase does not appear to be significant for wines of all three vintages. This difference is due
to the M4a marker whose trend is reversed compared to the other markers of the second level
of oxidation (more abundant content in the 2018 wine) (Figure 2.b.). An evolution of this

marker towards a higher oxidation level (level 3) seems to be favored.

For the 2018 oxidized wine, however, there is a significant total increase for this M4 marker
type. This is mainly due to the M4c marker whose abundance for the 2018 oxidized wine is
more than twice as high as for the other wines. The 2014 and 2010 wines have a similar and
slightly higher content than the 2018 wine. Unlike the M4a and M4b markers which are, at first
sight, oxidation markers of intermolecular reactions, the M4c marker is derived from
intramolecular reactions. Thus, accelerated oxidation seems to favor intramolecular reactions

for this type of marker (M4, m/z 681).

Thus, through the study of these 6 types of markers, we observe a decrease of the markers of
the first oxidation level which evolve towards more advanced oxidation forms (markers of the

second oxidation level or even third level).

Accelerated oxidation of wine impacts the evolution of tannins in a similar or more important
way than the natural aging of wines. Indeed, for markers m/z 579, 683, 787 (first oxidation
level; M1, M3, M5) and 785/787 (second oxidation level; M6) the evolution is comparable to
the 2014 vintage. Regarding the markers m/z 577 and 681 (second level of oxidation; terminal
M2 and terminal/extension M4 respectively and extension for M4c) their concentration is
higher than that obtained for the three vintages reflecting a probably slightly more advanced

oxidation state.
3.2.3. Oxidation markers evolution in F1 and F2 fractions of each wine

In a second step, the sum of the global EIC areas by marker type (M1, M2, M3, M4, M5 and
M6) and then by marker was represented for the two fractions F1 and F2 (Figure 3). Regardless

of the type of marker we observe a decrease in markers over time in the F1 and F2 fractions.
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Figure 3: Comparative evolution of each oxidation markers (A) terminal units, (B)

terminal/extension units and (C) extension units: (a) global evolution markers in fractions F1
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and F2; (b) evolution of each marker isomer in fractions F1 and F2. Different letters indicate

the significant differences between samples according to Tukey’s test, p<0.05.

For the F1 fraction of the 2018 oxidized wine the concentration of markers:

e of the first oxidation level is comparable to that obtained for the wine of the 2014

vintage;

e of the second oxidation level evolved depending on the marker type: m/z 577 is absent
(terminal marker), m/z 681 close to 2014 wine (terminal/extension marker) and m/z 785

similar to 2010 wine (extension marker).

For the second level oxidation markers of the F2 fraction, there is a clear increase in the terminal
M2 (m/z 577) and extension markers M6 (m/z 785) over aging for the 2018, 2014 and 2010
wines while for the terminal/extension markers M4 (m/z 681) the concentrations are similar in
the 2014 and 2010 wines and lower in the 2018 wine. The 2018 oxidized wine has similar levels
to the 2014 wine for the global evolution of terminal/extension markers while it is higher for
the terminal/extension markers. This difference is mainly due to the M4c marker in the F2
fraction of the 2018 oxidized wine whose content is close to two times higher than the 2018,
2014 and 2010 wines (as observed in the whole tannin fraction, see part 2.b.). For this fraction,
the M4a marker follows the trend of the other marker types in the second oxidation level

(Figure 3B.b.).

According to the monitoring of these six marker types, the oxidation level of the tannins in the
F1 and F2 fractions seems to differ for the three marker types of the second oxidation level
(M2, M4 and M6). They increase over time for the majority of them (except M4a) in the F2
fraction while they tend to decrease in the F1 fraction. The trend of the evolution of the F2
markers follows the global trend of the whole tannin fraction of the wines. The relative intensity
of the markers obtained for F1 and F2 also were higher in F2 than in F1 (on average 10 times
lower) with a total amount of tannins 1.5 to 2 times higher in F2 (1.5 times for 2018 and 2 times
for 2014, 2010 and 2018 oxidized) which reflects a structural difference of the tannins between
the F1 and F2 fractions. Thus, upon fractionation the tannins eluted first (F1) seem to have less
evolved structures and lower degree of polymerization (Table 1, apparent mDP 2.1 to 2.6 for

F1 and apparent mDP 5.8 to 8.7 for F2).

4. Conclusion
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This study showed for the first time that it was possible to follow the oxidative evolution of
wine tannins by monitoring some relevant dimeric tannin oxidation markers generated after
chemical depolymerization. At four-year intervals, significant differences were observed for
the wines studied. The accelerated oxidation of the 2018 wine resulted in a greater evolution of
tannins than those obtained during the natural aging of the wine but the markers of the first
level of oxidation were similar to those of the 2014 vintage. Thus for the studied wines, the
accelerated oxidation allows predicting the natural evolution of tannins at four years by the
monitoring of oxidation markers of the first level. While the monitoring of the oxidation
markers of the second level gives a more realistic reflection of the global oxidation state of the

tannic fraction of the wines.

In order to estimate the relative quantities from the area of the EIC, it is essential to determine
the ionization coefficient of the constituent units of the tannins released after chemical
depolymerization. So far, this work performed on unmodified tannin units has shown that the
extension units ionize 2 to 3 times more than the terminal units under our experimental
conditions. Thus, knowledge of this corrective factor is essential if the content of the various
oxidation markers in a sample is to be estimated. This study should therefore be continued and
extended to the oxidation markers to determine the ionization factor of each of them. For that,
the chemical synthesis of these various markers will be carried out in order to obtain a sufficient
quantity of each of these markers with a sufficient purity to enable us to use them as a standard
product. Calibration curves can then be established after UHPLC-MS analysis of the standard
range of each marker. These curves will allow us to determine the ionization coefficient specific
to each marker on the one hand and to make a relative quantification of these markers from the

EIC in the samples on the other hand.
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Conclusion générale et perspectives

Au terme de ce manuscrit, une conclusion générale sur les résultats et observations obtenus sur
« I’étude de I’oxydation des polyphénols des vins rouges » s’impose. Dans un premier temps,
une étude bibliographique préliminaire a permis de mettre en lumicre les enjeux des recherches
sur I’oxydation des vins rouges, et en particulier I’oxydation des polyphénols. Majoritairement
présents dans le vin rouge, ces derniers sont des cibles privilégiées pour les phénoménes

d’oxydation et impactent grandement les propriétés organoleptiques du produit.
Trois tests d’oxydation accélérée des vins rouges ont ¢ mis au point :

e Untesta 60°C;
e Un test chimique au peroxyde d’hydrogene ;

e Un test enzymatique utilisant une solution de Laccases de Trametes versicolor.

Ces tests ont été appliqués a un vin de Syrah de 2018 et les différents résultats ont été comparés
a I’évolution naturelle de ce méme vin de Syrah (millésimes 2014 et 2010). Chaque test a permis
de mettre en évidence, par analyse des ions moléculaires, des cibles d’oxydation spécifiques et
de potentiels marqueurs d’oxydation, parmi lesquels les anthocyanes et les polyphénols
contenant un groupement catéchol ou galloyl. Les spectres MS de 1’évolution naturelle du vin
ont également montré une diminution, avec les temps, de I’intensité des ions correspondant aux
anthocyanes libres et une augmentation de ceux correspondant aux flavanols monomériques.
Des résultats similaires ont été obtenus pour le test de vieillissement accéléré au peroxyde
d’hydrogene. Ce dernier test semble étre plus proche de 1’évolution naturelle par rapport aux

deux autres tests.

Le comportement oxydatif de ces mémes vins (Syrah 2018, 2014 et 2010) a ensuite été étudié
par voltammétrie cyclique. L’¢échantillonnage a été complété par six autres vins de Syrah et
d’autres cépages, chacun des vins ayant subi les trois tests de vieillissement accélérées décrits
précédemment. Les résultats obtenus ont confirmé que chacun des tests engendrent des résultats
différents en fonction des cibles chimiques impliqués. Un classement en trois groupes a alors
été possible entre les différents vins rouges selon leurs cépages et leurs millésimes, en
considérant leur comportement électrochimique, leur composition chimique et leurs réponses

aux tests de vieillissement.

L’analyse des parametres électrochimiques des vins non oxydés corrélés aux tests de

vieillissement impliquant la laccases et la température a également permis de mettre en
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¢vidence le potentiel de la voltammétrie cyclique dans la prédiction de 1’évolution des vins

rouges.

Dans des travaux futurs, il pourrait étre envisagé d’appliquer ces méthodes (tests accélérés et
tests €lectrochimiques) a un plus grand nombre d’échantillons de vins rouges afin de valider
ces méthodes et de confirmer les résultats obtenus jusqu’a présent. De plus, le vieillissement
naturel est actuellement basé sur trois millésimes différents, un vieillissement naturel

directement en bouteille au fil des années pourrait étre envisage.

Lors d’une étude ciblée sur I’oxydation de la catéchine, les produits de réaction issus de
I’oxydation enzymatique par différentes oxydoréductases ont été étudiés (laccases de Botrytis
cinerea, laccases de Trametes versicolor et polyphénoloxidase extraites de pépins). Les profils
LC _MS des produits de réaction se sont avérés similaires méme si des différences mineures

peuvent suggérer de potentielles différences de réactivité entre les enzymes.

La structure de six marqueurs d’oxydation issus de 1’oxydation enzymatique des laccases de
Trametes versicolor sur la catéchine a €ét¢ obtenue de manicere non ambigué pour la premiere
fois en RMN, grace a I’ajout de nitrate de cadmium suivi d’une étape de resolubilisation et
d’évaporation des échantillons avant analyse, permettant une amélioration de la résolution des
OH phénoliques. Parmi ces composés ont €té retrouvés deux marqueurs dimériques possédants
une liaison bi-aryl (C-C) entre deux unités catéchine, trois marqueurs (dont deux énantiomeres)
dimériques possédants une liaison bi-aryl ether (C-O-C) et un marqueur correspondant a un

niveau d’oxydation évolué que les précédents (déhydrodicatéchine).

Ces marqueurs ont ensuite été détectés pour la premiere fois dans des échantillons de vins
rouges (Syrah 2018, 2014, 2010) ainsi que dans des extraits de pépins de raisins de différents
cépages (Merlot, Tannat, Syrah) grace a l’utilisation de la spectrométrie de masse haute
résolution. D’autres marqueurs non ¢€lucidés par RMN ont également été étudiés. Des
fragmentations spécifiques a chaque type de dimere ont été observées, permettant de les

différencier des dimeres de type B possédant la méme masse moléculaire :

e Un fragment m/z =393 Th (méme masse mais structures différentes) pour les marqueurs
dimériques contenant une liaison bi-aryl ou bi-aryl ether. Ce fragment est absent pour
les dimeéres de type B.

e Un fragment m/z = 291 Th exclusivement présent pour les marqueurs contenant une

liaison bi-aryl ether.
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Trois des marqueurs ont été détectés dans les extraits de pépins avec une tendance croissante
de leur concentration avec 1’évolution de la maturation de la baie (stade vert - veraison -

maturité).

Trois marqueurs ont également été détectés dans les échantillons de vins avec, cette fois, une

tendance décroissante de leur concentration avec 1’évolution du vin.

Les perspectives de cette partie de nos travaux pourraient impliquer des substrats différents de
la catéchine (flavonoides ou non-flavonoides) afin d’obtenir davantage de marqueurs
d’oxydation. Les analyses RMN utilisant le cadmium et 1’étape supplémentaire d’évaporation
pourraient également étre approfondies afin d’améliorer la compréhension du mode d’action du
cadmium dans la résolution des signaux des OH phénoliques en RMN. La caractérisation
enzymatique compléte des trois enzymes utilisées pourrait également étre envisagée apres

purification afin de valider leur mode d’action et leurs parametres cinétiques.

La recherche des marqueurs au sein d’échantillons complexes tels que le vin ou les extraits de
pépins pourrait étre complétée par une étude quantitative ainsi que par une ¢étude utilisant la
spectrométrie de masse en tandem quadripdle-temps de vol a mobilité ionique (IM-QTof-MS)
permettant de détecter et d’identifier des molécules d’intérét par mesure de leur masse
monoisotopique et leur mobilité ionique, notamment les marqueurs possédant les mémes
masses ¢étudiés dans ce manuscrit. Cela permettrait de séparer les différents isomeres non
séparables par UHPLC dans la mobilité ionique et d’avoir le spectre MS/MS propre a chacun
marqueur au lieu d’avoir un spectre MS/MS mélangé (mélange des ions fragments des deux

isomeres)

Finalement, I’évolution oxydative des tannins apres dépolymérisation chimique a été réalisée
sur les mémes vins de Syrah (2018, 2014 et 2010) ainsi que sur la Syrah 2018 oxydée
chimiquement (peroxyde d’hydrogene). Trois types de marqueurs a deux niveaux d’oxydation

(soit 6 types au total) ont été détectés, identifiés et comparés :

e Marqueurs des unités terminales des tannins ;
e Marqueurs des unités terminales et d’extension des tannins ;

e Marqueurs des unités d’extension des tannins.

Chaque type de marqueurs présentant 3 isomeres, 18 marqueurs au total ont été suivis. A quatre

années d’intervalle, des différences significatives ont été observées pour les vins étudiés.
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L’oxydation accélérée du vin 2018 a entrainé une évolution de tannins a priori plus importante
que celles obtenues lors du vieillissement du vin méme si les marqueurs du premier niveau

d’oxydation suivis ont des teneurs comparables a celles du millésime 2014.

Afin de pouvoir estimer les quantités relatives a partir de 1’aire des EIC, il est indispensable de
déterminer le coefficient d’ionisation des unités constitutives des tannins libérés apres
dépolymérisation chimique. Des travaux antérieurs, réalisés au laboratoire, ont montré que les
unités d’extension non modifiées s’ionisaient 2 a 3 fois plus que les unités terminales non
modifiées dans nos conditions expérimentales. Ainsi, la connaissance de ce facteur correctif a
appliquer aux marqueurs d’oxydation est incontournable si I’on veut estimer leur teneur dans
un échantillon. Cette étude devra donc étre poursuivie et étendue aux marqueurs d’oxydation
pour déterminer le facteur d’ionisation de chacun d’entre eux. Pour cela, la synthése chimique
de ces différents marqueurs devra étre réalisée afin d’obtenir une quantité suffisante de chacun
de ces marqueurs qui seront utilisés comme étalon externe. Des courbes de calibration pourront
alors étre établies apres analyse UHPLC-MS de la gamme étalon de chacun des marqueurs. Ces
courbes permettront de déterminer le coefficient d’ionisation propre a chaque marqueur d’une
part et de faire une quantification relative de ces marqueurs a partir de I’EIC dans les

¢chantillons d’autre part.
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Annexes — Chapitre Il - Approche polyphénomique globale semi-ciblée

Chapitre 11 : Approche polyphénomique globale semi-ciblée

Article 1 - Red Wine Oxidation: Accelerated Ageing Tests, Possible Reaction Mechanisms
and Application to Syrah Red Wines

e Table S1 - analytical characterization of 2018 Syrah wine

Result Unit Quantification limit | Detection limit | Uncertainty (95%)
Alcoholic strength 14.25 % vol. / / 0.150
Glucode + Fructose <1.0 g/L 1.0 0.33 N/V

Total acidity 341 g/L eq. H2SO4 2.0 / 0.180
Volatil acidity 0.52 g/L eq. HaSO4 / / 0.050
Total SO: 19 mg/L 10.0 33 15.0
Free SO 14 mg/L 5.0 1.667 6.0

pH 3.94 / / / 0.080
Malic acid ND g/L 0.2 0.1 N/V
Lactic acid 2 g/L 0.2 0.1 0.30
Total polyphenol content 65 / 5.0 / 6.0
CO: 260 mg/L 100.0 / 130

Active SO 0.17 mg/L / / 0.000
Copper 0.3 mg/L 0.2 / 0.20
Iron 2.7 mg/L 0.5 / 0.50

210




Annexes — Chapitre Il - Approche polyphénomique globale semi-ciblée

e Table S2 - analytical characterization of 2014 Syrah wine

Result Unit Quantification limit Detection limit Uncertainty (95%)
Alcoholic strength 14.24 % vol. / / 0.150
Glucode + Fructose nd g/L 1.0 0.33 N/V
Total acidity 3.27 g/L eq. H2SO4 2.0 / 0.180
Volatil acidity 0.5 g/L eq. H2SO4 / / 0.050
Total SO: <10.0 mg/L 10.0 33 N/A
Free SO: <50 mg/L 5.0 1.667 N/A
pH 3.73 / / / 0.080
Malic acid nd g/L 0.2 0.1 N/V
Lactic acid 1.5 g/L 0.2 0.1 0.30
Total polyphenol content 58 / 5.0 / 6.0
CO: 510 mg/L 100.0 / 130
Active SO 0.1 mg/L / / 0.000
Copper 0.3 mg/L 0.2 / 0.20
Iron 2.7 mg/L 0.5 / 0.50
o Table S3 - analytical characterization of 2010 Syrah wine
Result Unit Quantification limit | Detection limit Uncertainty (95%)
Alcoholic strength 14.13 % vol. / / 0.150
Glucode + Fructose nd g/L 1.0 0.33 N/V
Total acidity 3.03 g/L eq. H2SO4 2.0 / 0.180
Volatil acidity 0.43 g/L eq. H2SO4 / / 0.050
Total SO; nd mg/L 10.0 3.3 N/V
Free SO; <50 mg/L 5.0 1.667 N/V
pH 3.83 0.080
Malic acid nd g/L 0.2 0.1 N/V
Lactic acid 1.2 g/L 0.2 0.1 0.30
Total polyphenol content 72 5.0 6.0
CO; 440 mg/L 100.0 130
Active SO: 0.06 mg/L 0.000
Copper 0.3 mg/L 0.2 0.20
Iron 2.7 mg/L 0.5 0.50
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Chapitre III : Propriétés redox des vins rouges

Article 2 — Red wine oxidation characterization by accelerated ageing tests and cyclic voltammetry

o Table S1 - Enological analytic characterization of the red wines

Free SO2 after oxygen
Wine Alcoholic Total acidity (g/L eq. Volatil acidity (g/L
pH Cu (mg/L) Fe(mg/L) Total SO2 saturation (mg/L) GC-
sample strength (%) H2S04) eq. H2S04)
MS analysis
RI1 14.41 £0.01 2.98 +£0.02 0.55+0.01 3.86 +0.01 0.3+0.01 | 2.55+0.05 22 +1.00 14.13 £0.22
R2 1431 +£0.02 3.00+£0.04 0.53 +£0.01 3.68 +£0.01 nd 2.1+0.01 <10 242 +0.03
R3 14.21 £0.04 2.78 +£0.01 0.45+0.01 3.77+0.01 nd 1.2+0.01 nd 0
R4 1438 +£0.10 3.00 +0.01 0.51+0.01 3.45+0.01 nd 2.85+0.05 nd 0
R5 14.16 £ 0.04 2.67+0.01 0.55+0.01 3.71+0.01 <0.2 2.95+0.05 <10 1.42 +0.03
R6 13.55+£0.01 2.86 =0.01 0.66 =0.01 3.71 +£0.01 nd 0.75 +£0.05 29 55+1.2
R7 13.75+0.01 3.05+0.01 0.34 +0.01 3.49 +0.01 <0.2 2.3+0.01 12.0 0
RS 1542+0 3.40+0.01 0.55+0.01 3.42+0.01 0.5+0.01 6.4+0.01 21.5+0.5 0
R9 16.26 £0.01 3.13+0.01 0.64 £0.01 3.66+0.01 0.3+0.01 1.1+0.01 70.5+0.5 27.1+0.15

Wine sample

Free SO, (mg/L)

RI - laccases oxidation

R2 - laccases oxidation

R3 - laccases oxidation

R4 - laccases oxidation

RS - laccases oxidation

RG6 - laccases oxidation

S+1.2

R7- laccases oxidation

RS - laccases oxidation

S| D | S O O S ©

R9 - laccases oxidation

26.7+0.15

o Table S2 — Free SO:> measurements of enzymatic oxidized wine samples

Free SO2 was equal to 0 for both chemical and temperature oxidations
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Annexes — Chapitre III - Propriétés redox des vins rouges

Figure S1 - Representation of the scores (wines) (variables - electrochemical parameters for the reference wines (Q) and oxidized wines by the three

protocols minus reference wines (AQ)) in the plane defined by respectively the first (F1) and second (F2) factor (explained variance: 79.55%)
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Annexes — Chapitre IV — Approché ciblée : identification et obtention de marqueurs d’oxydation

Chapitre IV : Approche ciblée : identification et obtention de marqueurs

d’oxydation

Article 3 - Unambiguous NMR structural determination of (+)-Catechin-Laccases dimeric

reaction products as potential markers of grape and wine oxidation.

o Figure S1 - Classification of enzymes responsible for enzymatic browning

E.C.1.

oxydoreductases : catalyze
oxydo-reduction reactions

E.C.1.14.18 E.C.1.10.3 E.C.1.11.1
Oxidoreductases acting on paired donors, with oxydoreductases acting on Peroxidases (POD):
mncorporation or reduction of molecular oxygen; diphenols (catechol) and related acting on a peroxide
with another compound as one donor, and substances as donors; with as donnor
incorporation of one atom of oxygen oxygen as acceptor
E.C.1.14.18.1
Monophenol mono-oxygenase: can catalyze
both the mono-oxygenation of monophenols
and oxidation of catechol
E.C.1.10.3.1 E.C.1.10.3.2 E.C.1.10.3.4
Polyphenol oxidase (PPO) or catechol oxidase : a Laccase: a group of mutli-copper proteins of low specificity Ortho aminophenoloxidase:
type 3 copper protein that catalyzes exclusively the acting on both o-quinols and p-quinols, and often acting also a flavoprotein which
oxidation of catechols (o-diphenols) or substituted on aminophenols and phenylenediamine. The semiquinone catalyze a 6-electron
catechols to the corresponding o-quinones may react further either enzymically or non-enzymically oxidation

e Table SI-'H and >C NMR assignments of compounds N2, N3, N4, N6 and N8. The

analyses were carried out in the solvent acetone-ds

Compound ring H/C Chemical Multiplicity  J-coupling/Hz Chemical
position  shift/ppm (6H) pattern shift/ppm
(6C)
N2 A-u 4a - - - 100.08
5 (OH) 8.17 s - 156.76
6 5.96 d 2.29 (*)) 95.53
7 (OH) 8.02 s - 157.24
8 5.79 d 2.29 () 95.13
8a - - - 157.03
C-u 2 4.54 d 2.17 () 67.92
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3 4.03 m ]
67.95
3(0OH) 433 s
40 2.89 dd 15.08 () / 5.41 ()
28.93
4p 2.38 dd 15.85 (21) / 8.79 )
Bau I’ ) ; : 130.94
2’ - - . 122.17
3 (OH)  7.04 s - 143.53
4 (OH)  7.79 s - 144.96
5 6.76 8.34 (1) 115.00
6 6.81 8.36 (°J) 118.63
Al 4a - - - 100.93
5(0H) 835 s - 156.49
6 6.13 s - 96.71
7(0H) 747 s - 155.05
8 - - - 101.96
8a - - - 153.78
cl1 2 4.52 d 1.89 (°J) 67.96
3 3.92 m ;
67.91
3(0H)  4.08 s -
40 2.93 dd 15.08 (1) / 5.22 ()
28.37
4p 2.54 dd 16.53 (1) /8.77 CI)
B1 I’ - - - 131.97
2’ 6.89 d 1.78 (*)) 114.57
3’ (OH) 786 s - 145.07
4 (OH) 7.74 s - 145.07
5 6.70 d 8.09 () 115.09
6’ 6.73 dd 8.79 1)/ 1.79 (“]) 119.79
N3 A-u 4a - - - 100.67
5(0H) 832 s - 157.18
6 6.01 d 2.26 () 96.22
7(0H)  8.08 s - 157.79
8 5.82 d 2.22 (4)) 96.42
8a - - - 196.92
Cu 2 4.53 d 8.38 (°J) 82.80
3 3.99 m -
68.47
3(0H) 433 s -
40 2.98 dd 16.24 (33) / 5.89 (°J)
29.42
4B 2.52 dd 15.81 (21)/9.36 ()
Bu I’ - - - 131.57
2’ 7.00 d 1.92 (4)) 116.45
3 - - - 147.32
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4 (OH)  7.90 s - 147.34
5 6.805 d 8.14 () 116.45
6’ 6.94 dd 8.06 (1) /1.9 (4)) 122.43

Al 4a - - - 101.69
5(0H) 832 s - 153.27
6 6.15 s - 96.18
7(0H) 82 s - 149.62
8 - - - 124.97
8a . ] - 149.00

cl 2 4.62 d 7.57 C)) 82.71
3 3.96 m -
3(0OH)  4.08 s - 68.20
4a 2.90 dd 16.42 (21) /5.18 (%)) 5
4p 2.58 dd 16.38 (31) / 8.23 (%))

B1 I’ - - - 131.63
2 6.75 d 1.85 (*T) 114.81
3’ (OH) 7.95 s - 145.44
4 (OH) 7.74 s - 145.78
5 6.67 d 8.12 () 115.58
6’ 6.63 dd 8.15 () / 1.85 (“) 120.23

N4-A Au  4a - - - 100.71
5(0H)  8.30 s - 157.26
6 6.02 d 2.33 () 96.16
7(0OH)  8.08 s - 157.76
8 5.9 d 2.29 (4)) 95.5
8a - - - 154.05

Cu 2 4.57 d 6.13 (%)) 83.15
3 4.09 m -

3 (OH) 4.34 or under S - 68.83
H3C

4a 2.96 dd 16.39 (31) / 7.12 ) 2501

48 2.55 dd 15.53 (21) / 8.95 (%))

B-u I’ - - - 123.79
2 6.80 d 221 (%) 114.25
3°(OH)  7.65 s - 146.36
4 (OH)  7.30 s - 143.94
5 - - - 121.33
6’ 6.85 d 2.24 (4)) 157.08

Al 4a - - - 100.89
5(0H) 8.4l s - 156.79
6 6.15 s - 96.55
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7 (OH) 7.43 S - 155.05
8 - - - 104.99
8a - - - 153.84
Cl1 2 4.73 d 6.21 () 81.93
3 4.06 m -
3 (OH) 4.34 or under s - 67.66
H3C
4o, 2.84 dd 16.63 (31) /5.1 (J)
4B 2.62 dd 10.47 )/ 6.94 (1) 2802
Bl I’ - - - 131.84
2’ 6.84 d 1.83 () 114.82
3’ (OH) 8.08 s - 145.45
4 (OH) 17.70 s - 145.59
5 6.72 d 8.48 (*J) 115.67
6 6.69 dd 8.04 (3)/1.92 () 119.31
N4-B A-u 4a - - - 100.78
5 (OH) 8.26 s - 157.17
6 6.00 d 2.37 (%) 96.13
7 (OH) 8.08 s - 157.71
8 5.82 d 2.34 (*]) 95.51
8a ] ] ; 157.71
Cu 2 4.42 d 8.26 (1) 83.07
3 3.82 m -
3 (OH) 4.34 or under S - 68.86
H3C
4a 2.96 dd 16.52 (1) / 8.63(%))
48 2.46 dd 16.29 (233) /9.1 (%)) 2898
B-u I’ - - - 124.51
2’ 6.82 d 2.08 () 113.30
3’(OH) 7.83 s - 146.65
4 (OH) 17.29 s - 144.45
5 - - - 122.01
6’ 6.71 d 2.58 (4)) 157.02
A-l  4a - - - 101.03
5(0OH)  8.42 s - 156.69
6 6.15 s - 96.31
7 (OH) 7.23 s - 155.06
8 - - - 104.55
8a - - - 153.84
c1 2 4.55 d 571 CI) 82.93
3 3.99 m - 68.25
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3 (OH) 4.34 or under s -

H3C
4q 2.93 dd 15.77 (1) / 6.55(7) 2501
48 2.59 dd 9.48 (21) / 6.32 (1)

B1 I’ . ; - 132.10
2 6.94 d 2.00 (43) 115.08
3°(OH)  8.00 s - 145.38
4 (OH)  7.79 s - 145.61
5 6.69 d 8.23 (1) 115.60
6’ 6.77 dd 8.16 (1) /2.04 (*]) 120.05

N6 A-u  4a - - - 100.66
5(0H)  8.23 s - 157.23
6 6.03 d 2.04 (43) 96.25
7(0OH)  8.03 s - 157.80
8 5.89 d 2.04 (43) 95.49
8a - - - 156.86

C-u 2 4.60 d 8.05 (1) 82.63
3 4.01 m -
3(0H)  4.14 s - 68.36
4q 2.96 dd 9.57 (1) / 5.62(]) o1
48 2.55 dd 15.85 (2) / 8.64 (°J)

Bu I’ - - - 134.69
2 6.92 d 1.71 (43) 115.72
3°(OH)  7.80 s - 147.25
4 - - - 147.45
5 6.22 d 8.38 (1) 115.96
6’ 6.78 dd 8.38 (1) / 1.8 (4)) 119.72

Al 4a - - - 101.79
5(0H)  8.27 s - 153.33
6 6.19 s - 96.17
7(0OH)  8.17 s - 149.67
8 - - - 125.03
8a - - - 149.05

c1 2 4.66 d 7.32 (I) 82.68
3 3.98 m -
3(0OH)  4.05 s - 0797
4q 2.93 dd 10.17 31y / 5.02 (1)

48 2.62 dd 16.34 (27) / 7.86 (%)) 2800

B1 I’ - - - 131.63
2 6.71 d 1.71 (43) 114.88
3°(OH)  7.83 s - 146.72
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& . ] - 145.90
5 6.73 d 8.11 () 115.69
6’ 6.64 dd 7.93 (1) /1.59 (*]) 119.92
N8 A-u 4a - - - 100.24

5(0H) 836 s - 157.41
6 6.01 d 2.1 (‘T 95.90
7(0OH)  7.88 s - 157.92
8 5.61 d 2.34 (4) 96.98
8a - - - 155.97

Cu 2 4.06 d 9.58 (1) 79.04
3 4.01 m - 66.22
4a 2.95 dd 10.12 (37) / 5.40 (1)
4 2.53 dd 14.29 (*1)/ 11.08 (*I) 2795

Bu I’ - - - 89.61
2’0 2.71 d 12.03 (3)
2°B 2.49 d 12.03 (37) 420
3’ (OH) 5.78 s - 94.80
4 - - - 192.69
5 6.38 s - 112.91
. i _ _ 162.57

Al 4a - - - 103.96
5(0H)  9.72 s - 164.46
6 6.22 s - 90.84
7 - - - 167.13
8 - - - 105.43
8a - - - 154.73

C1 2 4.86 d 7.84 () 83.46
3 4.12 m -
3(0OH) 4.3 s - 6770
4q 2.98 dd 11.16 (3J) / 5.40 (1) 255
48 2.95 dd 16.18 (?1) / 8.41 (°))

B1 I’ - - - 131.16
2 6.94 d 1.51 (47) 115.04
3’ (OH) 797 s - 145.88
4 (OH) 7.92 s - 146.06
5 6.83 d 7.97 (1) 116.02
6’ 6.80 dd 7.97 1)/ 1.69 (*]) 119.98

Figure S2 - 2D "H/"*C HMBC, top 1D 'H, side 1D 3C spectrum (a) N2; (b) N3; (c) N4; (d) N6 and

(e) N8
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Figure S3 - 'H 2D ROESY spectrum showing correlations (in blue) between phenolic and aromatic
protons, ROE correlations between phenolic protons due to chemical exchange appear in red (a) N2;
(b) N3; (¢c) N4; (d) N6 and (e) N8
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Partie 3 — principaux spectres RMN ayant conduit a la détermination structurale des composés N2, N3, N4, N6 et N§
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N2 - Acd6+Cd — 15°C — Spectre 2D HSQC 1H/ 13C — Région montrant les corrélations impliquant les protons HB et spectre 1D 1H 1H RMN
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N2 - Acd6+Cd — 15°C- Spectre 2D HMBC 1H/ 13C — Région montrant les corrélations impliquant les protons H et OH des cycles B
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N3 - Acd6+Cd — 15°C — Spectre TOCSY - Régions montrant les systémes de spins des cycles B et C
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N3 Acd6+Cd — 15°C — Spectre HMBC — Attribution des protons et carbones protonés des cycles C
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N3 Acd6+Cd — 15°C — Spectre HMBC- Région montrant les corrélations impliquant les protons H et OH des cycles B (Cf expansions ci-
dessous pour les attributions)
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N3 - Acd6+Cd — 15°C — Spectre HMBC- Expansions du spectre montrant les corrélations impliquant les protons H et OH des cycles B
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N3- Acd6+Cd — 15°C — Spectre ROESY- Expansion du spectre montrant les corrélations impliquant les protons H et OH des cycles B
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N3- Acd6+Cd — 15°C — Spectre HMBC- Attribution des H4C
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N4 - Acd6+Cd — 15°C — spectres TOCSY et HSQC

Spectre TOCSY : Région montrant les systémes de spins des cycles B
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N4 - Acd6+Cd — 15°C- HMBC : Régions des corrélations impliquant les protons des cycles B (les attributions en bleu et vert correspondent a
I’énantiomere 1, les attributions en rouge et violet a I’énantiomeére 2)

M H HEB M
_E VA § - _—113.0
C2B-u é,)' E &:; —-113.5
‘ C2B-u AR i /;’/ED = 114.0‘€
; % E N 11458
(asi | R e < :3. o 3
’7@“ Q) 3 @3 (/,O - 115.0
C5B-1 K y % . L 115.5
P = — ) ) F
- = ¥ = 116.0
& 1 ot | o
. | : L1as
m C3B-I* i 3 ; ﬁ {\ E
CaB-1* | CaBI* %%@3 = % )
. L é = Lias
[I C3B-u y @ H — /Z;
£ i ——9 _ % 3!
8.05 8.00 7.95 7.90 7.85 7.80 7.75 7.70 7.65 735 730 725 72 695 690 685 680 675

f2 (ppm) f2 (ppm) 2 (ppm) °
"+ Avtributions difficles. N4 - Acd6+Cd — 15°C— HMBC: Régions des corrélations ‘@ | D s
impliquant les protons OH4 des cycles B-u A
e — @ -122.0
Li22s

T T T T T T
735 730 725 7.20
f2 (ppm)

f1 (ppm)



Annexes — Chapitre IV — Approché ciblée : identification et obtention de marqueurs d’oxydation
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N4 - Acd6+Cd — 15°C- HMBC - Attribution des C4C et C3C
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N4 Acd6+Cd — 15°C- TOCSY 2D 1H - Attribution des H3C et H4C

| essid HaC-u
- H2C-u IEI HaC-
H3C-u H3C- e

f

w ] | o 0| | ' B L 3.0

é " |

i i X | | 3.5
" - o
I { 1] R 4.0
. i e - )

1 | | - . ! ) . bod . ! | ! . nd) . . ! sadl L 4.5

© 0 oo e "o '

“ o L 1] o0 L

L T g | s T \ T v T | d L) . T - I ¥ T o | , T ¥ T . T x | ’ T . T . I * I x T . T y T ¥ T I ¥ T ¥
4.8 4.7 46 45 44 43 42 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.0 2.9 2.8 2.7 2.6 2.5 2.4
f2 (ppm)

f1 (ppm)

240



Annexes — Chapitre IV — Approché ciblée : identification et obtention de marqueurs d’oxydation

e ] U
L J’f I

|

1004 -1004

- - 1006 .- _ -1005
| e \@f A I '//:\\r\ f‘?\\u' N 12
o N ) | (] —~ A Il I\ Ia' I| I| | \ l'\ J -'I { ) E

57 o L k1008 E f:/ e \:‘.. . = T - e = .'I .lmE
@f\w U0 ™% m \/
|i (\ c 1 \ i |I L]
| | - | | 1010 s - - - 1010+

J ~
) | 1012 \ - 1012
1014 ; ! - -1014
r x T ¥ T T T 1 T € T v T 7 T L T T T E T ¥ T g T T T T T T T | T T T T T T T | T T
305 300 295 290 285 280 275 270 265 260 255 250 245 240 W65 B0 G5 6 55 50 s S

f2 (ppm)

241



Annexes — Chapitre IV — Approché ciblée : identification et obtention de marqueurs d’oxydation

N4 Acd6+Cd - 15°C — TOCSY et ROESY

Spectre 1H TOCSY
Région montrant les systemes de spins des cycles A

Spectre ROESY

Des corrélations ROEs négatives sont observées entre les protons des cycles
A, signe d’un échange chimique, donc présence de conforméres
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N4 Acd6+Cd — 15°C— HMBC - Attribution protons (H et OH) et carbones des cycles A.
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N4 Acd6+Cd — 15°C — Le spectre 1H TOCSY montre les corrélations entre les protons H2 et H3 des cycles C (C1,C2, C3,C4). Sur le spectre
ROESY, des corrélations ROEs négatives sont observées entre les protons de ces cycles, signe d’un échange chimique, donc de la présence de
conformeéres
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Article 4 - UHPLC-Q-Orbitrap /MS? identification of (+)-Catechin oxidation reaction dimeric

products in red wines and grape seed extracts. Effect of grape maturation and wine age

o Figure S1 - Natural dimers structures. (a) procyanidin Bl with (-)-epicatechin and
(+)-catechin units, (b) procyanidin B2 with two (-)-epicatechin units ; (c) procyanidin
B3 with two (+)-catechin units ; (d) procyanidin B4 with (+)-catechin and (-)-

epicatechin units.
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o Figure S2 - Representative tandem mass spectra in positive ion mode of natural

procyanidins B2 (a); B3 (b) and B4 (c).
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Figure S5 - Part of the fragment ions of a protonated oxidation dimer with a bi-aryl linkage
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Figure 86 - Part of the fragment ions of a protonated oxidation dimer with a bi-aryl ether linkage
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o Figure S7 - Part of the fragment ions of a protonated oxidation dimer N§ (dehydrodicatechin A)
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a)

b)

c)

Figure S8 - EIC chromatogram (Tr 19,4 — 22min) of three 10g/L grape extracts of Merlot

variety at different stage of ripening: green stage (a); veraison (b) ; maturity (c) and tandem

mass spectra of compound at 20.4min (d) (for maturity) corresponding to N6 - SNCE 30%

midpoint, 15% range and three steps.
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a)

c)

Figure 89 - EIC chromatogram (Tr 19,4 — 22min) of three 10g/L grape extracts of Syrah

variety at different stage of ripening: green stage (a); veraison (b); maturity (c) and tandem
mass spectra of compound at 20.4min (d) (for maturity) corresponding to N6 - SNCE 30%
midpoint, 15% range and three steps.
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b)

c)

W_MIS_1 mAy

Figure S10 - EIC chromatogram (Tr 19,4 — 22min) of three 10g/L grape extracts of Tannat variety at

different stage of ripening: green stage (a) ; veraison (b) ; maturity (c) and tandem mass spectra of

compound at 20.4min (d) (for maturity) corresponding to N6 - SNCE 30% midpoint, 15% range and

three steps.
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Figure S11: EIC chromatogram (Tr 20 — 27min) of three 10g/L grape extracts of Syrah variety at different
stage of ripening: green stage (a) ; veraison (b) ; maturity (c) and tandem mass spectra of compound at

22.03min (d) (for maturity) corresponding to N7 and at 26.7 min (e) (for maturity) corresponding to N8 —
SNCE 30% midpoint, 15% range and three steps.
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b)

c)
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Infensity

Figure S12 - EIC chromatogram (Tr 20 — 27min) of three 10g/L grape extracts of Tannat
variety at different stage of ripening: green stage (a) ; veraison (b) ; maturity (c) and tandem
mass spectra of compound at 26.7 min (d) (for maturity) corresponding to N§ — SNCE 30%
midpoint, 15% range and three steps.
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Chapitre V : Recherche de marqueurs d’oxydation issus des tannins

Article 5 — Study of the oxidative evolution of tannins during Syrah red wines aging by

tandem mass spectrometry

o Table S1 Retention time (min) of (+)-catechin-laccases and (-)-epicatechin-laccases

dimeric reaction products.

Total catechin units Total epicatechin units

Sample (fraction) Rt (min) EIC area UV area | Rt (min) EICarea UV area | EC/CAT (EIC) EC/CAT UV

2018 (F2) 3.7 21418442 109 4.1 325658492 480 15.2 4.4
2014 (F2) 3.7 23212462 90 4.1 274183034 383 11.8 43
2010 (F2) 3.7 17651247 94 4.1 337232590 406 19.1 43
Oxidized 2018 (F2) 3.7 21092882 156 4.1 317910453 475 15.1 3.0

e Figure S1: UV chromatograms (280 nm) of fractions F1(4) and F2(B) before
depolymerization obtained for 2018, 2014, 2010 and 2018 oxidized Syrah

winesamples.
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e Scheme S4: Dissociation mass spectrometry of epicatechin/catechin monomer.
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m/z 291

Fragmention M+ H* Neutralloss M Mechanism

RS AR S S e S

a 139 a‘152 Retro-Diels-Alder (RDA)

b 165 h'126 Heterocyclic Ring Fission (HRF)
d 273 d'18 Loss of water molecule

a‘151 Rearrangements

c123 Rearrangements

Fragment ions observed on the MS/MS spectra from oxidation markers M3, M4, M5
and Mé6:

o M3 (m/z 683):

= 577 Th (-106 Da, -Nu) = 425 Th (-152 Da, RDA, - B-ring) = 299 Th (-126 Da, - A-ring):
M3a, M3b and M3c.

> 577 Th (-106 Da, -Nu) > 451 Th (-126 Da, - A-ring): M3a

- 531 Th (-152 Da, RDA, - B-ring) = 425 Th (-106 Da, -Nu) = 299 Th (-126 Da, - A-ring):
M3c

v’ M4 (m/z 681):

= 575 Th (-106 Da, -Nu) = 425 Th (-152 Da, RDA, - B-ring): M4a = 299 Th (-126 Da, - B-
ring +2): M4b

—> 575 Th (-106 Da, -Nu) = 449 Th (-126 Da, - A-ring): M4a
= 529 Th (-152 Da, RDA, - B-ring): M4a and M4b.

V' M5 (m/z 787):

- 681 Th (-106 Da, -Nu) = 529 Th (-152 Da, RDA, - B-ring): M5a and M5c
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= 681 Th (-106 Da, -Nu) = 575 Th (-106 Da, -Nu) = 449 Th (-126 Da, - A-ring): M5a and
MS5c

v' M6 (m/z 785):

= 679 Th (-106 Da, -Nu) = 573 Th (-106 Da, -Nu) = 529 Th (-152 Da, RDA, - B-ring +2):
Mé6a

e Figure S1 Dissociation mass spectrometry of epicatechin/catechin monomer (Mouls &

Fulcrand, 2012)
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RESUME

L'oxydation des polyphénols des vins rouges lors de leurs vieillissements implique des
réactions trés complexes mais constitue un véritable enjeu de recherche car elle va modifier
leurs propriétés organoleptiques. Certaines voies de formation des produits d’oxydation des
polyphénols ont été décrites dans la littérature. Cependant, de nombreuses études restent a faire,
notamment sur la formation et I’identification de nouveaux composés d’oxydation de vins
rouges. Au cours de ce travail de these, des protocoles de vieillissement et d’oxydation accélérés
ont ¢ét¢ mis au point sur vins rouges de Syrah (oxydation chimique, enzymatique et par
chauffage). Une approche globale et semi-ciblée utilisant la spectrométrie de masse haute
résolution a permis de comparer les évolutions naturelles et accélérées de vins de Syrah (3
millésimes différents 2018, 2014 et 2010). Cet axe a été complété par une approche
¢lectrochimique utilisant la voltammeétrie cyclique et permettant, pour la premiere fois, de
prédire la sensibilité d’un vin rouge face aux phénomenes de certaines dégradations oxydatives.

L’hémisynthése de marqueurs d’oxydation dimériques de catéchine obtenus par voie
enzymatique a été réalisée et les structures de six d’entre eux ont été ¢lucidées par RMN pour
la premicre fois. Certains de ces marqueurs ont ensuite €té identifiés dans des extraits plus
complexes de pépins (Merlot, Tannat, Syrah) et de vins de Syrah précédemment utilisés. Un
effet de la maturation des baies et des millésimes des vins a été observé.

Finalement les produits d’oxydation des tannins et leurs cinétiques de formation ont été
¢étudiés au sein de ces mémes vins de Syrah (2018, 2014 et 2010) et comparé au vin de Syrah
2018 oxydé chimiquement. Cette étude a €t€ menée en utilisant la dépolymérisation chimique
suivie d'une séparation chromatographique liquide couplée a un spectromeétre de masse
(UHPLC-ESI-MS / MS) et a permis de mieux appréhender 1’évolution des tannins au sein des
vins.

ABSTRACT

The oxidation of polyphenols in red wines during their aging involves very complex
reactions but constitutes a real research challenge because it will modify their organoleptic
properties. Certain routes of formation of the polyphenols oxidation products have been
described in the literature. However, many studies remain to be done, particularly on the
formation and identification of new oxidation compounds in red wines. During this thesis,
accelerated aging and oxidation protocols were developed on Syrah red wines (chemical,
enzymatic and heating oxidation). A global and semi-targeted approach using high resolution
mass spectrometry made it possible to compare the natural and accelerated evolutions of Syrah
wines (3 different vintages 2018, 2014 and 2010). This axis was supplemented by an
electrochemical approach using cyclic voltammetry and making it possible, for the first time,
to predict the sensibility of a red wine towards certain oxidative degradations.

The hemisynthesis of enzymatically obtained dimeric catechin oxidation markers was
performed and the structures of six of them were elucidated by NMR for the first time. Some
of these markers were then identified in more complex extracts of seeds (Merlot, Tannat, Syrah)
and in Syrah wines previously used. An effect of the berries ripening and the vintage of the
wines was observed.

Finally, the tannin oxidation products and their formation kinetics were studied in these
same Syrah wines (2018, 2014 and 2010) and compared to the chemically oxidized 2018 Syrah
wine. This study was carried out using chemical depolymerization followed by liquid
chromatographic separation coupled with a mass spectrometer (UHPLC-ESI-MS / MS) and
made it possible to better understand the evolution of tannins in wines.
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