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ABSTRACT

The chemical diversity of red wine is caused by the natural compounds that originate
from grapes, and the further derivatives or adducts of the natural compounds that are
formed during wine making and storage. Grapes are rich in natural pigments called
anthocyanins, and in proanthocyanidins, which are the primary tannins of red wine.
Both compound groups and their adducts have an impact on the valuable sensorial
properties of red wine, such as colour and astringency. The oligomeric and polymeric
proanthocyanidin—anthocyanin adducts pose an analytical challenge because there
are several structural subgroups, and each subgroup consists of dozens of individual
compounds. One consequence of this analytical challenge is that the studies about
the properties and composition of proanthocyanidin—anthocyanin adducts in red
wine have focused on the analysis of some individual and mainly dimeric model
compounds. This might not accurately reflect the properties and functions of the
compound groups as a whole.

A new analytical method based on liquid chromatography and tandem mass
spectrometry was developed in this thesis for the analysis of proantocyanidin—
anthocyanin adducts and other pigments in red wine. The method was utilized in the
analysis of over 300 commercial red wines. The comprehensive wine set was used
for studying how the composition of proanthocyanidin—anthocyanin adducts differs
between wine types, how the age of the wines affects the composition of the adducts
and how the oligomeric adducts contribute to the colour of red wines, for instance.

The chemical reactions occurring in red wine demonstrate how proantocyanidins
and their constituting units are reactive in right conditions. This reactivity was
utilized in the hemisynthesis of procyanidin analogs, which was inspired by the
reactions taking place in red wine. The hypothesis was that the small structural
differences in the synthetic procyanidin analogs in comparison to the natural
procyanidins would have a positive effect on the important biological properties,
such as interactions with proteins. Indeed, the protein precipitation capacity of
procyanidin analogs was greatly improved in comparison to similar naturally
occurring procyanidins, and other biological properties were affected as well.

KEYWORDS: Anthocyanin, chromatography, mass spectrometry, red wine, tannin
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TIVISTELMA

Punaviinin kemiallinen monimuotoisuus johtuu sekd rypéleissd esiintyvistd
luonnonyhdisteistd ettd viinien valmistuksen aikana syntyvistd luonnonyhdisteiden
johdannaisista eli addukteista. Viinirypidleissd esiintyy runsaasti antosyaaneiksi
kutsuttuja vériaineitd sekd proantosyanidiineja, jotka ovat punaviinin paiasiallisia
tanniineja. Proantosyanidiinit ja antosyaanit vaikuttavat yhdessd moniin viinien
tirkeisiin ominaisuuksiin, kuten vériin ja astringoivuuteen joko suoraan tai niiden
muodostamien adduktien vilitykselld. Oligo- ja polymeeriset proantosyanidiini—
antosyaaniadduktit ovat kuitenkin analyyttisesti haastavia yhdisteitd, koska erilaisia
rakenteellisia alaryhmid on useita ja niistd kukin sisdltdd kymmenittdin erilaisia
yhdisteitd. Analyyttisten haasteiden vuoksi proantosyanidiini—antosyaaniadduktien
ominaisuuksia ja koostumusta viineissd on jouduttu arvioimaan aiemmin yksittdisten
ja lahinnd dimeeristen malliyhdisteiden avulla, mikd ei valttdmattd anna todellista
kuvaa kokonaisista yhdisteryhmista.

Téssd vaitoskirjatydssd kehitettiin uusi nestekromatografiaa ja tandemmassa-
spektrometriaa hyddyntiva yhdisteryhméakohtainen analyysimenetelmé punaviinin
monimuotoisten variaineadduktien havaitsemiseksi. Kehitettyd menetelmad kay-
tettiin yli 300 kaupallisen punaviinin analysointiin. Laajan viiniaineiston avulla
selvitettiin muun muassa miten proantosyanidiini—antosyaaniadduktien koostumus
vaihtelee eri viinien vililla, minkélaisia muutoksia viinin ikd saa aikaan yhdiste-
koostumuksessa ja mikd on oligomeeristen ja polymeeristen pigmenttien rooli
punaviinien vérin muodostuksessa.

Proantosyanidiinit ovat sopivissa olosuhteissa reaktiivisia yhdisteitd. Tata
reaktiivisuutta hyddynnettiin yhdessd osatydssd valmistamalla hemisynteettisesti
punaviinin kemian inspiroimia prosyanidiinien kaltaisia yhdisteité eli prosyanidiini-
analogeja. Hypoteesina oli, ettd prosyanidiinianalogien pienet rakenteelliset erot
luontaisiin prosyanidiineihin ndhden vaikuttavat positiivisesti biologisesti térkeisiin
ominaisuuksiin, kuten vuorovaikutuksiin proteiinien kanssa. Proteiininsaostuskapa-
siteetti olikin merkittdvésti parempi prosyanidiinianalogeilla kuin vastaavilla
luontaisilla prosyanidiineilla ja lisdksi analogien muutkin biologiset ominaisuudet
poikkesivat luontaisista prosyanidiineista.

ASIASANAT: Antosyaani, kromatografia, massaspektrometria, punaviini, tanniini
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1 Introduction

1.1 Diversity of natural polyphenols in red wine

Most natural products in red wine originate from grapes. These include
anthocyanins, which give the colour to the skins of the grapes, and
proanthocyanidins (PAs), which are the main tannins in red wine (Figure 1; Baldi et
al., 1995; Hanlin et al., 2011; Mazza, 1995). These two compound groups are the
most important ones for many of the sensorially valuable properties of red wine
either directly or through various chemical reactions that take place during wine
making (Chira et al., 2015; Escribano-Bailon et al., 2019; Freitas & Mateus, 2011;
Garcia-Estévez et al., 2018).

PAs are oligomers and polymers that consist of flavan-3-ol monomers (FL). The
most common FLs in nature are catechins and gallocatechins, which are called
procyanidin (PC) and prodelphinidin (PD) units, respectively, when they are
incorporated in PAs (Figure 1). PAs in red wine are almost exclusively built from
PC and PD units, with the former units constituting approximately 60-90% of the
PAs (Gomez-Plaza et al., 2016; Gris et al., 2011; Hanlin et al., 2011). PAs are
extracted from both the skins and seeds of grapes, and some of the seed PAs are
galloylated leading to 1-3% of PAs being galloylated in red wine (Gris et al., 2011;
Hanlin et al., 2011).

Anthocyanins are coloured flavonoids that consist of an aglycone moiety called
the anthocyanidin unit, and of one or more glycosidic units. In red wine, there are
three typical glycosidic units that are attached to anthocyanidins via the C3 carbon
(Figure 1). The three glycosidic units are glucoside, acetylglucoside and
coumaroylglucoside (Bakker & Timberlake, 1985; Mazza, 1995). Anthocyanins are
unique flavonoids because they are in a pH dependent equilibrium between various
forms (Figure 1; Brouillard & Delaporte, 1977; Brouillard & Dubois, 1977; Pina et
al., 2015). Other factors, such as temperature, affect the equilibrium as well but pH
is the single most important variable affecting equilibrium. The flavylium cation is
the predominant form in very acidic environment (pH < 2) and it has a bright red
colour. However, anthocyanins are mainly in colourless hemiacetal form in the
typical moderately acidic conditions (pH 3—4) of red wine. Both equilibrium forms
are important in the formation of anthocyanin adducts, as will be discussed later.
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Further equilibrium forms exist as well as pH rises, but these are not relevant in the
typical pH range of red wine. Although red wine contains anthocyanins based on
five different anthocyanidins (Figure 1), the malvidin glycosides (Mv) are the most
abundant anthocyanins in red wine (Mazza, 1995).

A) OH B) OH C)

> 24 OH
1 f )
HO. 7 2 8a 0 2_.!\5 1
R
SO
:,:\j\OH OH

5 4 Hemiacetal
OH L R2
Catechin (R'=H)

Gallocatechin (R'=0H)
HO
s
o 0
OH R4
OH
A R

Cyanidins (R2=OH, R3=H)

Flavylium cation

Proanthocyanidins:
Procyanidin unit: R'=H
Prodelphinidin unit: R'=0H

OH
Epicatechin (R1=H)
Epigallocatechin (R'=0H)

Delphinidins (R2=0H, R3=0H)
Peonidins (R2=0CHj, R3=H)
Petunidins (R>=0CHg, R3=0H)

Malvidins (R2=0CHj3, R®=OCH3)

R* = glycosidic unit (usually
glucoside, acetylglucoside or
coumaroylglucoside)

Figure 1. Structures of proanthocyanidins (A), four flavan-3-ol monomers found in red wine (B;

Luki¢ et al., 2019) and the typical anthocyanins found in red wine (C; Mazza, 1995).
The numbering and lettering of the carbon skeleton of flavonoids is presented in the
structures of catechin and gallocatechin (B). The presented proanthocyanidin structure
is an arbitrary example of their general structure and it omits positional isomerism and
stereochemistry of the intramolecular linkages between the constituting units, and
existence of A-type ether linkages, for instance. Anthocyanins (C) are presented in
their coloured flavylium cation form and in their colourless hemiacetal form, which are
the two most important equilibrium forms in red wine. Refer to Pina et al. (2015) for the
full pH-dependent equilibrium network of anthocyanins.

Besides PAs and anthocyanins, red wines are rich in other specialized plant
metabolites as well. For instance, dozens of stilbenes have been characterized from red
wine ranging from simple resveratrols to more complex oligomeric stilbenes (Moss et
al., 2013). Red wine contains several types of flavonols based on kaempferol, quercetin
and myricetin aglycones, and their methoxylated derivatives (Castillo-Mufioz et al.,
2007; Fanzone et al., 2012). Red wine also contains flavanols, mainly taxifolins, albeit
their concentration is often lower than the concentrations of the flavonols (Fanzone et
al., 2012; Luki¢ et al., 2019). Flavonols and flavanols are present both as free
aglycones and as glycosides. Smaller phenolic acids, e.g., hydroxycinnamic acids and
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hydroxybenzoic acids are present in red wine as well (Fanzone et al., 2012; Luki¢ et
al., 2019). Red wine can additionally contain C-glycosidic ellagitannins, such as
vescalagin and castalagin, if the wine is aged in oak barrels or it otherwise comes to
contact with oak chips during manufacturing (Garcia-Estévez et al., 2012).

1.2 Diversity of anthocyanin adducts in red wine

Despite the rich content of naturally occurring polyphenols, the unique complexity
of red wine stems from the chemical reactions that take place during wine making
and storage. The reactions leading to the formation of adducts of PAs and
anthocyanins are enabled by their nucleophilic and electrophilic properties (Dangles
& Fenger, 2018). Both compound groups have a similar structural moiety, which is
the A-ring (Figure 1). There are three o/p activators in the A-ring that each enhance
the nucleophilicity of the C6 and C8 carbons. The nucleophilic properties of
anthocyanins are only displayed when anthocyanins are in their neutral hemiacetal
forms, whereas the flavylium cation has two electrophilic centres, namely the C2 and
C4 carbons (Figure 1C). In other words, anthocyanins possess both nucleophilic and
electrophilic properties. Both properties play a role in red wine because both the
flavylium cation and hemiacetal forms are present significant proportions in the
mildly acidic conditions of red wine (Dangles & Fenger, 2018; Pina et al., 2015).
The nucleophilic properties of anthocyanins are crucial in the formation of
oligomeric PA—anthocyanin adducts, while the electrophilic properties are needed in
the formation of both the PA—anthocyanin adducts and monomeric anthocyanin
adducts. The adducts of anthocyanins are broadly classified as the first generation
adducts, which are the primary adducts formed directly from anthocyanins, and as
the second generation adducts, which are the further derivatives of the first
generation adducts of anthocyanins (Freitas & Mateus, 2011).

1.2.1 Monomeric anthocyanin adducts

Pyranoanthocyanins were the first monomeric anthocyanin adducts that were
accurately characterized from red wine (Figure 2; Bakker et al., 1997; Bakker &
Timberlake, 1997; Cameira-dos-Santos et al., 1996; Fulcrand et al., 1996, 1998). The
most elementary pyranoanthocyanins with only an additional pyran ring (D-ring;
Figure 2A) are formed through an electrophilic addition reaction between
anthocyanins and various aldehydes or ketones. Reactions with pyruvic acid and
oxaloacetic acid lead to the formation of carboxypyranoanthocyanins, which are also
known as A-type vitisins (Aratjo et al., 2017; Fulcrand et al., 1998). Reactions with
acetone and acetoacetic acid lead to the formation of methylpyranoanthocyanins, and
the reactions with acetaldehyde lead to the formation of unsubstituted

11
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pyranoanthocyanins, i.e., B-type vitisins (Bakker & Timberlake, 1997; Hayasaka &
Asenstorfer, 2002; He et al, 2006). Carboxypyranoanthocyanins and
methylpyranoanthocyanins can each be produced from two different starting
materials, but pyruvic acid is thought to be the more relevant starting material for
carboxypyranoanthocyanins in red wine, while oxaloacetic acid is thought to be
more common in the formation of the methylpyranoanthocyanins (Aratjo et al.,
2017; Freitas & Mateus, 2011).

A) OCH; B)

OH
g OCH,
R'=glycosidic unit

HO o
N
DO
1
D R
N (typically glucoside,

R2 acetylglucoside or

coumaroylglucoside)
Carboxypyranomalvidins (R2=COOH)

Methylpyranomalvidins (R?=CHz)
B-type vitisins (R2=H)

Phenylpyranomalvidins (R3=H)
Catechylpyranomalvidins (R3=OH)
Guaiacylpyranomalvidins (R®=OCH,)

Figure 2. Structures of common pyranoanthocyanins found in red wine. The
pyranoanthocyanins with a phenolic E-ring (B) are additionally known as pinotins.
The pyranoanthocyanin structures are presented as adducts of malvidin glycosides
because malvidin glycosides are the most abundant anthocyanins in red wine
(Mazza, 1995), and the malvidin-based adducts are relevant for the experimental
section of this thesis.

The very first pyranoanthocyanins that were characterized from red wine were
pinotins (Figure 2B; Cameira-dos-Santos et al., 1996; Fulcrand et al., 1996). Pinotins
are be formed when anthocyanins react with either vinylphenols or hydroxycinnamic
acids via an electrophilic addition reaction, and structurally they possess an
additional phenolic ring (E-ring) in comparison to the simplest pyranoanthocyanins
(Figure 2). The reactions with p-coumaric acid, caffeic acid, ferulic acid and sinapic
acid lead to the formation of pinotins with a phenyl, catechyl, guaiacyl and syringyl
groups, respectively (Schwarz et al., 2003). These same compounds can be formed
from reactions with 4-vinylphenol, 4-vinylcatechol, 4-vinylguaiacol and 4-
vinylsyringol as well. However, only 4-vinylphenol and 4-vinylguaiacol have been
found in wine (Lopez et al., 2002; Schwarz et al., 2003), and the enzymes of
Saccharomyces cerevisae have been shown to only be able to decarboxylate p-
coumaric and ferulic acids into corresponding 4-vinylphenol and 4-vinylguaiacol
(Chatonnet et al., 1993).

12
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Carboxypyranoanthocyanins can react further to yield monomeric adducts of the
second generation, such as certain portisins and oxovitisins (J. He, Oliveira, et al.,
2010; Mateus et al., 2006; Oliveira et al., 2007). These pigments are not relevant for
the experimental section of this thesis and, therefore, they are not covered in detail.

1.2.2 Proanthocyanidin—anthocyanin adducts

The existence of polymeric pigments in red wine was initially suggested in the 1960s
and 1970s (Jurd, 1969; Somers, 1971; Timberlake & Bridle, 1976). A series of
experiments was performed that showed how the colour of red wines reacted to
changes in pH differently than solutions of pure anthocyanins did, and that the
concentrations of anthocyanins decreased as wine aged while the red colour
remained (Jurd, 1969). Polymeric pigments with either direct linkages or
methylmethine linkages between the PAs and anthocyanins were recognized as the
unidentified compounds responsible for the colour of wines (Somers, 1971;
Timberlake & Bridle, 1976). First direct measurements of dimeric adducts in red
wine were achieved in the late 1990s and early 2000s thanks to the advancements in
LC-MS techniques (Hayasaka & Kennedy, 2003; Salas et al., 2004; Saucier et al.,
1997; Vivar-Quintana et al., 1999). Nowadays, it is recognized that even a simple
model solution with few starting materials, e.g., epicatechin, malvidin glucoside and
acetaldehyde readily cascades to complex mixtures of different types of oligomeric
adducts of varying degree of oligomerization, and similar phenomenon is expected
to take place in red wine as well (Vallverda-Queralt et al., 2017).

There are three main types of adducts of PAs and anthocyanins (PA—A). Before
the different subgroups are discussed, a small note must be made about the
nomenclature. The abbreviation PA—A is used throughout to refer to adducts of PAs
and anthocyanins in general, without specifying the exact structural sub-group.
Corresponding nomenclature is used when discussing specifically the adducts of PAs
and malvidin glycosides (PA-Mv). The structural subgroups have their own
abbreviations, and some resemble closely the general notation, but they should not be
confused with one another. The three main subgroups of PA—A adducts are introduced
with PAs and anthocyanins, but the experimental work in this thesis, and most work
done in literature, has been conducted with corresponding PA—Mv adducts. This is
because PA-Mv adducts are the most abundant of the oligomeric adducts in red wines
due to the malvidin glycosides being the most abundant anthocyanins.

In PA-A" adducts, the anthocyanin unit is the terminal unit in the oligomer or
polymer (Figure 3A; Salas et al., 2003, 2004). The formation of these adducts
requires that a PA must first undergo acid-catalysed depolymerization to yield
carbocationic intermediate from the extension units. Depolymerization of PAs is
known to take place in typical conditions of red wines (Dallas et al., 1996; Haslam,

13
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1980). An anthocyanin then attacks the released carbocationic PA in its nucleophilic
hemiacetal form to yield the PA-A" adduct. The nucleophilic properties of
anthocyanins are required in the formation of PA—methylmethine—A" adducts as well
(Figure 3B). The methylmethine-linked adducts are formed through two subsequent
electrophilic aromatic substitution reactions between a PA, an anthocyanin and
acetaldehyde (Es-Safi et al., 2002; Lee et al., 2004). FLs can participate in these
reactions as well, unlike to the formation of PA—A" adducts.

A) B)

PA-Mv* adducts (R?=H or OH)

C)

R'=glycosidic unit
(typically glucoside,
acetylglucoside or
coumaroylglucoside)

PA-Mv-FL adducts (R2=H or OH)

OH

Figure 3. General structures of three different groups of oligomeric proanthocyanidin—
anthocyanin adducts found in red wine. The adduct groups are presented as
adducts of malvidin glycosides because malvidin glycosides are the most abundant
anthocyanins in red wine (Mazza, 1995), and the malvidin-based adducts are
relevant for the experimental section of the thesis. Abbreviations: PA,
proanthocyanidin; Mv, malvidin glycoside; FL, flavan-3-ol monomer.

Anthocyanins can also form oligomeric adducts via their electrophilic flavylium
cation form (Remy et al., 2000; Remy-Tanneau et al., 2003; Salas et al., 2003). In
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this case, a PA or an FL attacks the electrophilic C4 carbon of an anthocyanin to
yield a product where the anthocyanin unit is initially in a flavene form. Then, further
C-0 coupling leads to colourless bicyclic adduct that closely resembles A-type PAs
(Salas et al., 2003). It has also been suggested that the flavene form could oxidize
back to the flavylium cation form and further to xanthylium-type structures (Salas et
al., 2003). If the attacking nucleophile is an FL, then the resulting A—FL dimer
eventually forms a structure that is shown in Figure 3C, where the bicyclic moiety is
the terminal unit (PA—A—FL). If the initial attacking nucleophile is a PA, then the
bicyclic structure unit is the last extension unit (A—PA).

All above-described mechanisms are the initial mechanisms that lead to the
formation of different types of PA—A adducts but each adduct group can presumably
increase in chain length by participating in the constantly on-going depolymerization
and repolymerization reactions of PAs. For instance, this would lead to the formation
of PA-A-FL adducts (Figure 3C) from the dimeric A—FL adducts. Other types of
oligomeric adducts that are formed from anthocyanins, pyranoanthocyanins, PAs
and vinyl PAs have been characterized in red wine and in model solutions (Freitas
& Mateus, 2011; He et al., 2012). Their direct analysis is not part of the experimental
section of this thesis and, therefore, they are not introduced further here. The other
oligomeric adducts have been covered in reviews by Freitas and Mateus (2011) and
He et al. (2012), for instance.

1.3 Analysis of anthocyanin adducts in red wine

1.3.1 Analysis of monomeric and small oligomeric adducts

Even though there are plenty of different monomeric pigment groups in red wine,
most of them can be detected and (semi)quantified straight from red wine with
modern LC-MS methods without excessive pre-purification. For instance, Willemse
et al. (2015) utilized two-dimensional chromatography with hydrophilic interaction
and C18 reversed phase columns, and high-resolution mass spectrometry to detect
94 individual pigments in red wine. All major groups of the first generation of
adducts and some of the second generation of adducts were covered, including the
various types of dimeric and trimeric PA—A adducts as well. Elsewhere, Alberts et
al. (2012) utilized cleverly the fact that there are typically only three different
glycosidic moieties in anthocyanins in red wine, and thereby in the adducts of
anthocyanins as well. Alberts et al. (2012) developed a tandem mass spectrometric
method, which utilized neutral loss scans set to detect the neutral losses of the known
glycosidic units. This enabled them to detect 121 pigments that, again, covered all
the major monomeric pigment groups in red wines together with the main dimeric
PA-A adducts (Alberts et al., 2012). Untargeted metabolomic analyzes enabled by
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high-resolution mass spectrometry have also been applied in analysis of red wine,
but only anthocyanins, their monomeric adducts, and dimeric PA—A adducts were
reported (Arapitsas et al., 2020). However, oligomeric adducts up to nonamers have
been detected in a simple model solution containing only epicatechin, malvidin
glucoside and acetaldehyde by using high-resolution mass spectrometry and by using
appropriate chemometric tools (Vallverdu-Queralt et al., 2017). This confirms that
the basic polyphenolic components in red wine have the capability to oligomerize
well beyond the dimeric and trimeric stage, at least in model solutions.

1.3.2 Challenges in analysis of higher oligomeric adducts

As mentioned in the previous chapter, the main dimeric PA—-A adducts can be
detected using various mass spectrometric mehods, but the higher oligomers usually
remain undetected (Alberts et al., 2012; Arapitsas et al., 2020; Boido et al., 2006;
Willemse et al., 2015). However, few methods exist in literature that have been
utilized in the quantitative or semiquantitative detection of higher polymeric
pigments in red wine. One of the most popular methods is the spectroscopic method
by Harbertson et al. (2003) that combines precipitation of oligomers and polymers
with bovine serum albumin (BSA) and bleaching of pigments by bisulfite to detect
small polymeric pigments (SPP) and large polymeric pigments (LPP). The detection
of SPPs and LPPs, however, is based on the chemical properties of the pigments
rather than their structures. Therefore, it is problematic to conclusively determine
what is being measured. For instance, most of the monomeric anthocyanin adducts
are resistant to bleaching by bisulfite, as are the dimeric PA-methylmethine-Mv"*
adducts, while the dimeric PA-Mv" adducts are equally susceptible to bleaching by
bisulfite as anthocyanins (Duefas et al., 2006; J. He, Carvalho, et al., 2010; Nave et
al., 2010; Quijada-Morin et al., 2010). The ability of the oligomeric adducts to
precipitate proteins might also vary greatly between different adduct groups.

The detection of oligomeric pigments by the method of Harbertson et al. (2003)
is universal by design, and specific subgroups of polymeric pigments cannot be
detected separately. The same is true for many other methods in the literature as well.
One example is the HPLC method of Peng et al. (2002) where polymeric pigments
are detected as a late-eluting hump at 520 nm. Second example is the gel-permeation
method of Bindon et al. (2014) where the polymeric pigments are separated by their
size using size-exclusion chromatography, but they are still detected as a single broad
chromatographic hump using UV-detection.

Structural specificity for oligomeric PA—Mv adducts in red wine has been
achieved with a modified phloroglucinolysis method of Zeng et al. (2016). Zeng et
al. (2016) characterized marker compounds produced in phloroglucinolysis for four
different groups of PA—Mv adducts by high-resolution mass spectrometry. The PA—
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Mv adducts presented in Figure 3 were amongst the four groups for which marker
compounds were characterized. Additionally, Drinkine et al. (2007b, 2007a)
characterized marker compounds for methylmethine-linked PAs that were also
produced during phloroglucinolysis, which further underlines the applicability of
phloroglucinolysis in analysis PA adducts in red wine. Phloroglucinolysis will be
returned to in chapter 1.5., where a brief description of its principle is given.

1.4 Properties of proanthocyanidin—anthocyanin
adducts

Most of the understanding about the basic properties of the PA—A adducts in red
wine comes from studies that focused on the analysis of individual dimers of trimers,
which is partly connected to the previously described analytical challenges. For
instance, the evolution of various types of dimeric PA—Myv adducts in red wine is
well documented in the literature (Alcalde-Eon et al., 2006; Arapitsas et al., 2012;
Blanco-Vega et al., 2014; Boido et al., 2006). The results obtained with the dimers
have been extended to concern the compound groups, as no direct evidence about
their evolution has been obtained at the compound group level. Another basic
function of oligomeric and monomeric pigments, i.e., their impact on colour, has
also been established by studying properties of individual dimers (Cruz et al., 2010;
Duetias et al., 2006; Nave et al., 2010). Fascinating differences in various properties
have been discovered between different types of dimeric PA—Mv adducts, and it is
certainly important to understand the effects that the structural differences cause in
the sensorially valuable properties of the dimers. For example, the thermodynamic
and kinetic properties of the malvidin glucoside unit in a dimeric FL-Mv" adduct
were unchanged when compared to free malvidin glucoside (Nave et al., 2010). On
the other hand, the structural equilibrium network of the malvidin glucoside unit in
dimeric FL-methylmethine-Mv" adducts was greatly affected as the proportion of
the colourless hemiacetal form was reduced, or it did not occur at all, in favour of
the quinoidal base form (Duefias et al., 2006).

While it is possible that the smallest oligomers could reflect the behaviour and
properties of higher oligomers, it is not given that this is the case. For instance,
differences in chromatic properties were observed between a dimer and a trimer
consisting of a pyranomalvidin glucoside and catechin units, i.e., chromatic
properties were affected by the degree of oligomerization (He, Carvalho, et al.,
2010). The wavelength of the maximal absorption of the flavylium cation form of
the trimer was 8 nm higher than the absorption maximum of the dimer. Additionally,
molar absorptivities of the two oligomers reacted differently to changes in pH and
the authors concluded that the colourless FL moieties had impact on the colour
expression of the chromophore by co-pigmentation (He, Carvalho, et al., 2010).
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Finally, if the evolution and other properties of polymeric pigments are studied using
more universal methods that detect higher oligomers, such as the ones described in
previous chapter, the individual differences between the different sub-groups of the
oligomeric adducts cannot be discovered. For this reason, structurally precise
methods are needed to detect higher oligomers of different adduct groups separately
in order to gain new information about their properties and functions in red wine.

1.5 Analysis of proanthocyanidins and their
adducts

1.5.1 Analysis of proanthocyanidins by depolymerization

PAs yield anthocyanidins when they are heated in an acidic environment. This
property has long been the basis in many of the methods that have traditionally been
used in the analysis of PAs, such as the HCl-butanol assay (Swain & Hillis, 1959).
Other important methods in the analysis of PAs are phloroglucinolysis and thiolysis,
which are extensions of the HCl-butanol assay (Guyot et al., 1998; Kennedy &
Jones, 2001). In these methods, nucleophilic reactants are added to the reaction
mixture to form adducts with the released extension units of PAs, while the terminal
units are released and detected as such. These methods can be used to determine
average chain length and sub-unit composition of PAs. The methods are
understandably popular because they do not require expensive analytical equipment,
but they yield useful information about the concentration and sub-unit composition
of PAs. The acid-catalyzed depolymerization assays have also found their
applications in the analysis of unique PA adducts in red wine, as mentioned
previously (Drinkine et al., 2007a; Zeng et al., 2016).

A modern take on the analysis of PAs using depolymerization was introduced in
2014 when the group-specific UPLC-MS/MS method of Engstrom et al. (2014) was
published. The Engstrom method has conceptual similarities to phloroglucinolysis
and thiolysis in the sense that PAs are fragmented so that the terminal and extension
units can be detected separately, which provides information about the concentration
and composition of PAs. Beyond the general concept, however, the methods differ
considerably. In the Engstrom method, PAs are fragmented in the ion source of the
mass spectrometer by quinone methide fragmentation, which releases the terminal
units as such, and the extension units are released as oxidized fragments with mass
difference of 2 Da compared to the terminal units (Friedrich et al., 2000). Then, the
extension and terminal units are detected by selected reaction monitoring (SRM),
which provides both sensitivity and specificity. The in-source fragmentation is
achieved by utilizing collision-induced dissociation (CID) and a set of increasing
cone voltages (CV) that were optimized to efficiently fragment PAs of various sizes.
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The Engstrdom method has three major advantages over the methods based on
chemical degradation. First, considerable time saving is achieved because the PA-
containing samples can be analyzed with the UPLC-MS/MS instrument as such
without first having to do the chemical degradation of PAs separately. Second, the
fragmentation of PAs is done after their chromatographic separation, which means
that information about the composition of intact PAs is imprinted to the shapes of
the chromatograms. The chromatographic profiles often have complex shapes
because numerous PAs are detected, and PAs always exist as complex mixtures.
Therefore, the chromatographic profiles can be referred to as two-dimensional (2D)
chromatographic fingerprints (Salminen, 2018). Third, the chromatographic
separation and mass spectrometric detection provide selectivity and they reduce the
need for sample pre-treatments before the analyzes, albeit it does not remove it
completely in all cases. The Engstrom method is not without its limitations though,
and in its current version the proportions of the epimeric constituting units (catechin
and epicatechin; gallocatechin and epigallocatechin) cannot be determined from
PAs, unlike with phloroglucinolysis and thiolysis. The group-specific UPLC—
MS/MS methodology is also suitable for analysis of common monomeric
polyphenols, like flavonoids (Engstrom et al., 2015). In that case, glycosidic
flavonoids are fragmented in the ion source with suitably high CVs, and the released
aglycones are then detected using multiple reaction monitoring (MRM).

1.5.2 Applying group-specific analysis to oligomeric adducts

One of the primary hypotheses leading to this thesis was that the PA-Mv adducts in
red wine could be detected using group-specific UPLC-MS/MS methodology
similarly to PAs. Indeed, the three major groups of PA-Mv adducts in red wine
(Figure 3) have been shown in numerous occasions to produce certain fragments in
mass spectrometric analysis that satisfy the essential requirements for group-specific
analysis (Pati et al., 2006; Sanchez-Ilarduya et al., 2014; Zeng et al., 2016). These
basic requirements are that the fragment ions would need to be created regardless of
the chain lengths of the adducts, the exact compositions of the PA moieties, e.g., the
hydroxylation pattern of the B-ring, and regardless of the glycosidic units attached
to the malvidin aglycones. The potential fragment ions for PA-Mv', PA—
methylmethine-Mv*® and PA-Mv-FL adducts are hydroxyvinylmalvidin,
vinylmalvidin and 6-methylenemalvidin, respectively (Figure 4). Because the
promising fragment ions are not simply extension or terminal units, they will be
referred to as quantification markers or quantification marker ions. These marker
ions could be detected in similar manner as PAs in the Engstrom method, i.e., the
marker ions would first be produced by in-source CID and then detected by MRM.
Should the hypothesis be correct and method development successful, completely
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novel information could be obtained about the basic properties of PA-Mv adducts
because both quantitative and qualitative information could be obtained with
structural precision at a compound group level.

A)  PA-Mv* adducts

R'=Hor OH

OCH;,
R? = glycosidic unit (typically A oM OH
glucoside, acetylglucoside _R2 HO o' O
or coumaroylglucoside) —_— > = OCH3
C2-C3/ P
C4-Cda (FL) OH
OH
B) PA-methylmethine—-Mv* adducts OH TGS, ydrorginyimatiidin
OCHj
~ OH
- )
R HO O O\ OCH,
X QM (FL) ZoH
OH

m/z 357; vinylmalvidin

C) PA-Mv-FL adducts

m/z 343; 6-methylenemalvidin

Figure 4. Proposed quantification marker ions for three groups of proanthocyanidin—malvidin
glycoside adducts found in red wine, and their formation mechanisms. The red
dashed lines represent which parts of the adducts are fragmented to produce the
marker ions. The fragmentation mechanisms are presented with the abbreviations
and the structural moieties where the fragmentations happen are indicated in the
parentheses. Information for this figure was compiled from Zeng et al. (2016), Pati
et al. (2006) and Sanchez-llarduya et al. (2014). The figure was adapted from Article
| with the permission from the copyright holder. Abbreviations: FL, flavan-3-ol; HRF,
heterocyclic ring fission; Mv, malvidin glycoside; PA, proanthocyanidin; QM, quinone
methide; rDA, retro Diels—Alder.

The group-specific UPLC-MS/MS methodology was expected to be suitable for
the analysis of anthocyanins and monomeric adducts of anthocyanins in red wine as
well. Suitable quantification markers for the monomeric compound groups would be
their aglycones, i.e., the glycosidic units would be cleaved off by in-source CID and
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the aglycones would then be detected by MRM. The monomeric pigment groups were
targeted as well, because the vision leading to this project was to develop group-
specific UPLC-MS/MS method that could provide extensive information about the
main adduct composition of red wine. While the true novelty was expected to come
from the detection of PA—Mv adducts, it was thought to be important to supplement
their detection with the detection of anthocyanins and their monomeric adducts.

1.6 Aldehyde-mediated polymerization of
flavonoids

The motivation for studying the reactivity of PAs, FLs and anthocyanins with
aldehydes has typically been to gain better understanding about the potential impact
of the formed products on the sensorial properties of red wine, and mainly to colour
and astringency (Es-Safi, Le Guernevé, et al., 2000; Guo et al., 2017; Nonier
Bourden et al., 2008; Pissarra et al., 2003; Sheridan & Elias, 2015; Teng et al., 2019;
Wang et al., 2022). In these studies, synthesis experiments have been performed with
both monomeric starting materials and PA mixtures, and acetaldehyde additions
have even been done directly to red wines. In a more general context, polymerization
reactions between phenols and formaldehyde have had commercial usage since the
early 1900s, and the resulting polymers were the first fully synthetic and
commercially successful resins or plastics (Gilbert, 2016). Mechanistically, acid-
catalyzed phenol—formaldehyde polymerization occurs similarly as the formation of
PA-methylmethine-Mv" adducts in red wine (Heath, 2017). Additionally, the
phenol-formaldehyde polymerization can take place by base catalyst as well.
Phenol-formaldehyde resins have been used at industrial level to obtain adhesives,
laminates, coatings, and foams, for example (Vera & Urbano, 2021). Recently, PAs
and FLs have been studied to replace phenol as starting material due to their
bioavailability and biodegradability, for instance, which are nowadays desired
properties in green chemistry (Vera & Urbano, 2021).

Aldehyde-mediated polymers of FLs have been studied for their biological
properties outside the context of red wine in only few instances. One such study was
conducted by Chung et al. (2004), who studied antioxidant properties of catechin—
acetaldehyde polymers. Another study was conducted by Kim et al. (2004), who
studied inhibition effects of catechin—acetaldehyde polymers on the proteinases that
cause proteolytic degradation of extracellular matrix. Overall, studies regarding the
biological properties of aldehyde-mediated FLs or PAs are scarce in the literature,
and especially scarce are detailed structure—activity studies.

Polymerization of FLs provides an appealing way to synthesize polymers from
monomers, but also to artificially increase the chain length of natural PA mixtures.
The degree of polymerization of PAs is a key feature affecting the well-known
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property of PAs, namely, the ability to bind to proteins and precipitate them (Leppa
et al., 2020; Ropiak et al., 2017; Zeller et al., 2015). The PA—protein interactions
give rise to useful biological properties in potential applications in agriculture, such
as anthelmintic activity against gastrointestinal nematodes in ruminants (Mueller-
Harvey et al., 2019). Importantly, the biological properties of aldehyde-mediated
oligomers of FLs or PAs have not been studied in detail in this context before, and
this literature background partly led to the conceptualization of Article V.

The aim in Article V was to hemisynthesize aldehyde-mediated dimers of
catechins (Figure 5), which were dubbed as PC analogs, and to compare their
biological properties to the properties of natural PC oligomers. Dimers were
synthesized to enable direct structure—activity comparison against natural PC
oligomers, and to gain information about the properties of smallest possible PC
analogs before proceeding to study higher oligomers. The hemisynthesis of PC

-H,0

HO

HOQ% HE Y
Hydrogen

HO
Catechol HOOC‘§~
HO Carboxyl > =R Catechin—-methylene—catechin (R=hydrogen)

HO % Catechin—carboxymethine—catechin (R=carboxyl)
Ec}g Catechin—furanmethine—catechin (R=furan)

HO Catechin—catecholmethine—catechin (R=catechol)
Pyrogallol Furan - Catechin—pyrogalloimethine—catechin (R=pyrogallol)
Figure 5. Reaction mechanism and structures of the hemisynthesized catechin-based PC

analogs. Similar PC analogs were synthesized from epicatechin as well. The
reaction mechanism was adapted from Es-Safi et al. (2002), and the same
mechanism also produces the methylmethine-linked adducts of proanthocyanidins
and malvidin glycosides found in red wine (Figure 3B).
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analogs was inspired by the chemistry of red wine, and the PC analogs were
synthesized with the same mechanism that also yields the PA—methylmethine—Mv*
adducts in red wine (Figure 5). The three properties of the PC analogs that were to
be measured were the protein precipitation capacity (PPC), octanol-water partition
and stability in phosphate-buffered saline (PBS). The PPC was the main focus due
to its linkage to the above-mentioned ruminant-related bioactivities. The PPC of PC
analogs was expected to be better than the PPC of corresponding PC oligomers, and
further discussion about this hypothesis is provided in results and discussion.

1.7 Aims of the thesis

The main aims of this thesis were to

1. Develop a new group-specific UPLC-MS/MS method that could provide
a comprehensive and accurate picture of the main pigment composition of
any red wine with a minimal sample pre-treatment. The main emphasis
was on the oligomeric PA-Mv adducts (Article I).

2. Analyze commercial red wines with the developed UPLC-MS/MS
method to study the composition and evolution of oligomeric PA—Mv
adducts (Article III).

3. Find connections between key sensorial properties of red wine, i.e., the
colour intensity and sensorially evaluated tannin content and the measured
composition of PAs and oligomeric PA-Myv adducts (Articles II and IV).

4. Utilize red wine inspired hemisynthesis to prepare PC analogs and study
their protein precipitation capacity and other properties (Article V).

This thesis will cover the key results of Articles I-V using selected examples
while the detailed results and discussion will be left to the individual articles. The
focus of this thesis will be on the oligomeric and polymeric compound groups in red
wines, and especially on PA-Mv adducts.
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2 Materials and Methods

2.1

The red wines utilized in Article I and part of the red wines utilized in Articles II—-
IV were purchased by the Natural Chemistry Research Group (NCRG) or by
individual members of NCRG (n=45). For Articles [I-1V, 272 commercial red wines
were provided by Alko Inc., which is a Finnish company owned by the State of
Finland. Alko Inc. has a monopoly on selling alcoholic beverages in Finland that
contain alcohol more than 5.5%. An aliquot of 6 ml was sampled from each red wine
provided and the samples were stored at —80 °C. The whole wine set (n=317) is
briefly summarized in Table 1. Sub-sets of the whole wine set were utilized for
different purposes in Articles I-1V, and the utilized sub-sets are specified separately
in each case in the corresponding articles.

Red wines

Table 1. Summary of all red wines (n=317) used in Articles II-IV. The numbers in parentheses
are numbers of wines in each category. Three or more grape varieties were used in 94
wines. The table was adapted from Article | with permission from the copyright holder.

Countries Regions Primar_y Qrape Second_ary Grape Age in
varieties varieties years
France (90) Douro (40) Pinot Noir (52) None (176) 1(78)
Languedoc- ; Touriga Franca
Portugal (46 Sh 48 2(71
ortugal (46) g ussillon (30) iraz (48) (29) (71)
Australia (40) Beaune (24) Merlot (39) SaEv?gr?cz?me(tz 3) 3 (44)
Cabernet
Italy (32) Pfalz (19) Sauvignon (31) Merlot (14) 4 (28)
Germany South Eastern Touriga Nacional Zweigelt (13 5 (11
(20) Austariia (19) (29) weigelt (13) ("
Spain (19) Listrac-Medoc (18) Blaufrankisch (13)  Tinta Amarela (11) 26 (8)
USA (15) Barossa Valley (15)  Tempranillo (11) Shiraz (9) not (';';‘)’W"
Others (55) Others (152) Others (94) Other (42)
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2.2 Sephadex LH-20 Fractionation

Three of the red wines used in Article I were fractionated with Sephadex LH-20 gel
chromatography. These wines were J.P. Chenet Merlot (France, Languedoc-
Roussillon, 2015), Hardys VR Cabernet Sauvignon (Australia, South Eastern
Australia, 2013) and Piedemonte Reserva (mix of Merlot, Tempranillo and Cabernet
Sauvignon grapes; Spain, Navarra, 2011). Ethanol was first evaporated using rotary
evaporator, and the remaining water phases were frozen and freeze-dried. The
freeze-fried residues were dissolved to ultra-pure type I water, filtered through 0.2
um PTFE filters, and loaded on to a glass column (320%55 mm; Chromaflex,
Kimble-Chase Kontes, Vineland, NJ, USA) that was packed with Sephadex LH-20
material (GE Healthcare, Uppsala, Sweden). The Sephadex material was stabilized
with water prior to loading the samples. Ten fractions were eluted with water and
mixtures of water, methanol, and acetone, and the volume of each fraction was 500
ml. The elution protocol is described in Article I. The organic solvents were
evaporated by leaving the fractions in open containers in fume hoods overnight and
the remaining water phases were frozen and lyophilized.

2.3 Analytical chromatography and mass
spectrometry

Three different Acquity ultra-performance liquid chromatography (UPLC) systems
from Waters were utilized with different detector setups (Waters Corporation,
Milford, MA, USA). The UPLC systems were composed of a binary solvent
manager, a sample manager, column oven, and diode array detector (DAD). UV—Vis
data was recorded between 190 nm and 499 nm. Two different columns were
utilized, and both were Acquity UPLC BEH phenyl columns (2.1 mm i.d., 1.7 um)
but with different lengths (100 mm and 30 mm; Waters Corporation, Wexford,
Ireland). Acetonitrile (A) and 0.1% aqueous formic acid (B) were used as eluents
and the gradients are described below separately for each setup. The injection
volume was always 5 pl (full loop).

2.3.1 UPLC-DAD-ESI-TQ-MS

One UPLC system was attached to a Xevo Triple Quadrupole (TQ) mass
spectrometer (Waters Corporation, Milford, MA, USA). This system was used in
Articles I-1V. The ion source (electrospray ionization, ESI) was operated in both
negative and positive ion modes depending on the utilized method. In both cases, the
ion source was operated with the following parameters: capillary voltage was 3.4
kV, ion extractor voltage 3 V, source temperature 150 °C, desolvation temperature
650 °C, desolvation gas flow rate 1000 1 h™' and cone gas flow rate 100 1 h™!. Nitrogen
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was used as desolvation and cone gasses, and argon was used as a collision gas. A
100 mm BEH phenyl column was always used with this setup and the flow rate of
the eluent was 0.5 ml min" with the following gradient: 0-0.5 min: 0.1% A and
99.9% B; 0.5-5 min: 0.1-30% A and 99.9-70% B (linear gradient); 5—8 min: 30—
45% A and 70-55% B (linear gradient); 8—11.5 min: column wash (90% A and 10%
B) and stabilization (0.1% A and 99.9% B). The temperature of the column oven was
40 °C. The UPLC system was operated with MassLynx software (version 4.2
SCN982; Waters Corporation).

23.2 UPLC-DAD-HESI-Q-Orbitrap-MS

The second UPLC system was coupled to a Q Exactive Orbitrap mass spectrometer
(Thermo Fisher Scientific GmbH, Bremen, Germany). This system was used in
Articles IV and V. The ion source (heated electrospray ionization, HESI) was
operated in negative ion mode, and the capillary voltage was —3 kV. The capillary
temperature was set at 380 °C, and the flow rates of the sheath and auxiliary gasses
(N2) were 60 and 20 arbitrary units, respectively. The auxiliary gas heater
temperature was 300 °C in Article V and 0 °C in Article IV. The S-lens RF level was
60, the resolution of the full scan analyzes was 70 000, the automatic gain control
was 1x10° and maximum injection time was 100 ms. Only the 100 mm phenyl
column was used with this setup. In Article IV, the gradient was the same as
described in chapter 2.3.1. In Article V, the gradient was identical to the one
described in chapter 2.3.1 until 5 minutes, after which the column was washed (90%
A and 10% B) and stabilized (0.1% A and 99.9% B) between 5-8.5 minutes. The
temperature of the column oven was 40 °C. The MS system was calibrated using
Pierce ESI Calibration Solutions (Thermo Fischer Scientific Inc., Waltham, MA)

2.3.3 UPLC-DAD

DAD was the only detector in the third UPLC system, and this setup was only used
in Article V. A 30 mm BEH phenyl column was used, and the flow rate of the eluent
was 0.65 ml min’!. The gradient was as follows: 0-0.1 min: 3% A and 97% B; 0.1—
4 min: 3-50% A and 97-50% B; 4-5.5 min: column wash (90% A and 10% B) and
stabilization (3% A and 97% B). The temperature of the column oven was 40 °C.

24 Semipreparative HPLC-DAD

The semipreparative HPLC system used in Article V was from Waters (Waters
Corporation, Milford, MA, USA). The system consisted of 2535 Quaternary
Gradient Module, 2998 Photodiode Array Detector and a Fraction Collector III. A
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C18 Gemini column from Phenomenex with particle size of 10 um and pore size of
110 A was used (Phenomenex, Torrance, CA, USA). The dimensions of the column
were 150%21.2 mm, and the internal diameter was 4.6 mm. Acetonitrile (A) and
water (B) were primarily used as eluents, and the gradients were optimized
separately for each purified compound based on their retention times on the UPLC
systems (chapters 2.3.2. and 2.3.3.). In two cases, 0.1% aqueous formic acid was
used instead of water as the eluent B. The flow rate of the eluent was 8 ml min™!. All
samples were filtered through 0.2 um PTFE filters before injections and the injection
volume was 5 ml (full loop).

2.5 Method development for detection of
anthocyanin adducts

The instrumentation described in chapter 2.3.1 was utilized in the method
development for detection anthocyanins and their adducts throughout, and the MS
system was operated in the positive ion mode. Dozens of anthocyanins, monomeric
anthocyanin adducts and oligomeric PA-Mv adducts were characterized with
product ion scans from the Sephadex LH-20 fractions (chapter 2.2.). Product ion
scans were performed separately for both the molecular ions and for the product ions
that were to be used as quantification markers, i.e., the aglycones of the monomeric
pigments and the malvidin-derived moieties of the PA-Mv adducts (Figure 4). The
data of the compound characterization is presented in Article I.

The MRM methods were optimized by performing multiple MRM analyses with
the Sephadex LH-20 fraction and intact model wines by changing the parameters of
the methods one at a time. First, three most abundant product ions were chosen for
each quantification marker ion based on the product ion scans. Their collision
energies (CEs) were optimized by increasing the energies in 3 eV increments. Only
the Sephadex LH-20 fractions were used in the CE optimizations. A rough estimate
of a decent CV was used at this stage of the optimization. The two most abundant
products ions were chosen for the quantitative and qualitative transitions. Then, the
CVs were optimized using the quantitative transitions. The CV was increased in 7 V
increments in the optimization of the method for the monomeric compounds, and in
10 V or 20 V increments in the optimization of the method for the oligomeric adducts
because a wider range of voltages needed to be tested. The CVs of the monomeric
pigment groups were optimized by using the model compounds in the Sephadex
LH-20 fractions and, additionally, several model wines were utilized as such in the
optimization of the CVs for the PA-Mv adducts. Total areas of the hump-like
chromatograms of the PA-Mv adducts were measured from the model wines as
function of CV, and changes in the profiles of the chromatograms were visually
evaluated to support the CV optimization for the PA-Mv adducts.
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The methods were validated for their intra-run repeatability, carryover and for
the ratios of the quantitative and qualitative transitions. Unprocessed model wines
were analyzed repeatedly for the method validation. Calibration curves were
prepared from a single reference wine, the J.P. Chenet Merlot (France, Languedoc-
Roussillon, 2015), to quantify the concentrations of the analytes as relative
proportions of those in the model wine. In other words, the concentration of each
pigment group in the reference wine was defined to be 100% and the quantified
concentrations in other wines were obtained as percentage values via calibration
curves. A second wine, Alamos Tempranillo, was used as an external standard to
correct the raw responses. More details about the quantification process is provided
in the next chapter 2.6.1. The parameters of the methods and the validation data are
presented in Article I, along the information of the model wines.

2.6 Analysis of the red wines

261 Analysis of PA-Mv adducts and monomeric pigments

All red wines (n=317) were analyzed with the method developed in Article I using
the instrumentation described in chapter 2.3.1, and the data was used in Articles II-
IV. Only the quantitative transitions of the method were used in these analyses. The
concentrations of the pigment groups were obtained as relative proportions of the
concentrations in the reference wine, as described in chapter 2.5. The concentrations
of the PA-Mv adducts were calculated from the summed areas of the small
oligomeric adducts (SOAs), medium-sized oligomeric adducts (MOAs) and large
oligomeric adducts (LOAs) to obtain a metric for the total concentrations. The
proportions of the SOAs, MOAs and LOAs of the summed total areas were
calculated as well (SOA-%, MOA-% and LOA-%) to obtain metrics, which
described the size-distribution of the PA-Mv adducts between wine samples (Figure
6).

The external standard wine, Alamos Tempranillo 2015, was analyzed
periodically after every 10 injections to account for the fluctuation in the
performance of the mass spectrometer. The responses of malvidin glycosides were
monitored in the external standard to correct the raw responses of malvidin, cyanidin
and delphinidin glycosides, and petunidin glycosides were used to current the raw
responses of petunidin and peonidin glycosides. Carboxypyranomalvidins were
monitored to correct the responses of all carboxypyranoanthocyanins, and
methylpyranomalvidins and B-type vitisins (Figure 2A). Phenylpyranomalvidins
were monitored to correct the responses of all pinotin-type malvidin adducts (Figure
2B). Each of the three PA—-Mv adduct groups were used to adjust the responses of
the corresponding groups.
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Figure 6. Example of the calculation of numerical results from 2D fingerprints of the

proanthocyanidin—malvidin glycoside adducts. The chromatogram areas of small,
medium-sized and large oligomeric adducts (SOA, MOA and LOA, respectively) are
summed to obtain total area, which is further transformed to relative concentration
using a calibration curve. The proportions of SOA, MOAs and LOAs of the total area
are calculated to obtain metrics that describe the size-distribution of the adducts
between wine samples. In other words, relative information about degree of
oligomerization is obtained via the proportions of SOAs, MOAs and LOAs. The figure
was adapted from Article Il with permission from the copyright holder.

2.6.2 Analysis of proanthocyanidins and other polyphenols

All red wines were analyzed with the UPLC-MS/MS method of Engstrom et al.
(2014, 2015) using the instrumentation described in chapter 2.3.1, and the data was
used in Articles III and IV. The PC and PD units were detected with three different
CVs, and their concentrations were calculated from the summed total areas of the
produced PC and PD fingerprints. Sephadex LH-20 fractions prepared from Tilia
flowers (PC-rich fraction) and Ribes nigrum leaves (PD-rich fraction) were used as
quantification standards. The equation for the calculation of the mDP of the PAs was
calibrated using six Sephadex LH-20 fractions produced from extracts of Vaccinium
vitis-idaea, Calluna vulgaris, and Tilia with known mDPs. The concentrations of
catechin, epicatechin, gallocatechin and epigallocatechin were quantified with the
Engstrom method using corresponding commercial standards. The Engstréom method
was also used detect and quantify quercetin, myricetin, hexahydroxydiphenoyl
(HHDP) and galloyl derivatives, and the total phenolic content of the wines was
measured using a modified Folin—Ciocalteu method (Salminen & Karonen, 2011).
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However, these results are not covered in this thesis, but details about these analyses
can be found in Article I'V.

2.6.3 Colour intensity and sensorially evaluated tannicity

The colour intensity of all red wines was measured with a well-plate reader
(Multiskan Ascent, Thermo Fisher Scientific, Waltham, USA) and 96-well plates
(Article IT). The absorbances were measured at 415, 520 and 620 nm and the summed
absorbance was used as a metric for colour intensity. The measurements were done
in duplicates from undiluted wines.

Out of the 272 wines that were provided by Alko Inc., the perceived tannin
content (tannicity) was sensorially evaluated from 201 wines at Alko Inc. (Article
IV). Tannicity was defined as the drying sensation in the mucous membrane in
mouth that could also be felt also with a delay after expectoration. The evaluations
were done by a tasting group consisting of approximately 30 employees of Alko Inc.,
and each member had to demonstrate their suitability and expertise in sensorial
analysis before they got to join the tasting group. The sensorial analysis group
receives regular training about sensorial analysis, but they were not specifically
trained for evaluating the tannicity of these particular red wines. The sensorial
evaluations were discriminant-type evaluations, and the wines were categorized as
either “tannic” or “medium tannic”. The former group was the one perceived to have
more tannins. Each wine was tasted by three or four persons. Their combined
evaluations had to be unanimous or otherwise the wine could be re-evaluated before
deciding the final classification. Alko Inc. only provided the final classification, and
no information about the panelists, their identity, or their individual evaluations were
provided, which ensured their complete anonymity. The tannicity classifications
could be considered as public information because Alko Inc. lists the tannicity
classifications for wines in their selection in their web page at www.alko fi.

2.7 Hemisynthesis of procyanidin analogs

Ten different PC analogs were synthesized from catechin and epicatechin with five
different aldehydes (Figure 5; Article V). The aldehydes were formaldehyde,
glyoxylic acid, furfural, 3,4-dihydroxybenzaldehyde (3,4-DBA) and 3,4,5-
trihydroxybenzldehyde (3,4,5-TBA). The syntheses were done in a 10 ml boiling
flask, which was placed in water bath at 45 °C. The solvent was 15% aqueous
methanol. The pH of the solvent was adjusted to 2.5 using formic acid except when
glyoxylic acid was used as a starting material. In that case, the starting material
functioned as the catalytic acid as well, and the pH of the reaction mixture was
approximately 2.5. The concentration of catechin and epicatechin was always 45
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mM, while the concentrations of formaldehyde and furfural were 90 mM, the
concentration of glyoxylic acid was 22.5 mM, and the concentrations of 3,4-DBA
and 3,4,5-TBA were 45 mM. Copper(Il)sulfite was added to the reaction with
glyoxylic acid (1.5 mM) to introduce Cu** ions to catalyze the reaction. The reactions
were monitored using the UPLC-DAD system (chapter 2.3.3.), and the reactions
were stopped by cooling the reaction vessel in an ice bath. The main dimeric products
were isolated using semipreparative HPLC-DAD (chapter 2.3.4.) and the
compounds were identified based on their accurate masses and the corresponding
molecular formulae (chapter 2.3.2.), UV—Vis spectra, and by NMR spectroscopy
(chapter 2.8).

2.8 NMR spectroscopy

The measurements were done with Bruker Avance-III 500 spectrometer that was
equipped with a Smartprobe (BB/1H; Féllanden, Switzerland) operating at 500.08
MHz for 'H, and at 125.76 MHz for '*C. The samples were dissolved in acetone-ds
in approximately 5 mM concentrations, and the samples were kept at 5 °C during the
measurements to prevent degradation of the compounds. The following experiments
were performed: 'H (zg30), C (zgpg30), COSY (cosygpmiphpp), HSQC
(hsqcedetgpsisp2.3) and HMBC (hmbcetgpl3dn). Jeu was set to 145 Hz for the
HSQC experiments and the Jcy range to 120-170 Hz, and the long range Jcn was set
to 8 Hz for the HMBC experiments.

2.9 Measurement of biological properties of
procyanidin analogs

Three different experiments were done to evaluate the biological properties and
activities of the PC analogs and the reference compounds. The reference compounds
were PC dimers B2 and B3, PC trimer C1, epigallocatechin-3-O-gallate (EGCG),
and the starting materials catechin and epicatechin.

2.9.1 Protein precipitation capacity

PPC was measured using a turbidimetric well-plate reader assay of Engstrom et al.
(Engstrom et al., 2019) where the PC analogs and reference compounds reacted with
BSA resulting in haze formation. The abundance of the forming haze was measured
as absorbance at 420 nm. The absorbance was measured every minute for half an
hour, and the plates were shaken before each measurement. The maximal absorbance
was recorded from the kinetic data and it was used as a measure for the PPC. The
concentration of BSA was always 0.1 mM in the reaction mixture, and the
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concentrations of the PC analogs and the reference compounds were 0.25 mM, 0.65
mM, 1.05 mM, 1.45 mM, 1.85 mM and 2.25 mM. The measurements were done in
triplicates (or in duplicates in the case of the PC trimer C1), and 75 pl of stock
solutions of BSA and PC analogs or reference compounds were pipetted to each well.
The background absorbance was measured once at each concentration from a
solution containing all other components except the BSA. The PC analogs and
reference compounds were dissolved to water, and BSA was dissolved to a pH 5
buffer containing sodium acetate (50 uM) and ascorbic acid (60 pM). Finally, the
supernatants were analyzed by UPLC-DAD (chapter 2.3.3) to quantify the
remaining compounds in the supernatant according to Engstrom et. al (2022). The
proportions of precipitated compounds were calculated to supplement the primary
PPC data from the well-plate assay. Details about these analyzes can be found in
Article V.

2.9.2 Octanol-water partition

The octanol-water partition was measured using a shake-flask method in 2 ml
Eppendorf tubes (Virtanen & Karonen, 2020). The tested compounds (200 uM) were
dissolved to 2 ml of water that had been saturated with n-octanol and, after mixing
in Vortex mixer, 500 pul aliquots were transferred to new 2 ml tubes. Then, 500 ul of
n-octanol that had been saturated with water was added to the new Eppendorf tubes,
which were then mixed in Vortex mixer for 2 hours. Both the n-octanol and water
phases, including the initial stock water solution, were analyzed using UPLC-DAD
(chapter 2.3.3.). The partition coefficient K, and its logarithm logP were calculated
as ratios of the areas in the n-octanol and water phases. The recovery-% was
calculated by dividing the summed areas in n-octanol and water phases with the areas
in the initial water solution.

2.9.3 Stability in phosphate buffered saline solution

The PBS solution was prepared by dissolving a PBS tablet (Sigma) to ultra-pure
water. The sodium and potassium chloride concentrations were 0.137 M and 0.0027
M, respectively. The phosphate concentration was 0.01 M, and the pH was 7.4. Each
compound (150 uM) was dissolved to 2 ml of the PBS buffer in an Eppendorf tube,
and the solutions were transferred to a 2 ml UPLC vial after mixing the solutions in
a vortex mixer. The solutions were then analyzed periodically once in every 47.5
minutes for 13 hours using the instrumentation described in chapter 2.3.2. The peaks
of the analytes were integrated from the UV chromatograms (280 nm) until the
analytes were no longer distinguishable from background or until the final time
point. The integrated peak areas were normalized with the highest areas, i.e., with
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the areas in the first injections, and the normalized areas were further In-transformed
to obtain linear fits for linear regression models. Half-lives were calculated from the
slope parameters of the regression models. The degradation products were
tentatively characterized based on their accurate masses and the corresponding
molecular formulae, and based on their UV—Vis spectra.

2.10  Statistical analyzes

All statistical analyzes were performed with R in an integrated development
environment, Rstudio (R core team, 2022; Rstudio team, 2022). Several software
versions were used ranging from 3.5.3. to 4.2.2. with R, and from 1.2.1335. to
2022.12.0.353. with Rstudio. Ggplot2 package was used in all articles to visualize
data (Wickham, 2016). Only the key methods for this thesis are described here, while
complete listing of the utilized methods is provided in the original articles.

2.10.1 Regression analyzes

Partial least squares regression analyzes (PLSR) were used in articles I and III to
model the multivariate data. The PLSR analyzes were done with the plsdepot
package (Sanchez, 2012). In article II, the colour intensity was the response variable
that was modelled with the concentrations of malvidin glycosides, B-type vitisins,
carboxy-, methyl-, phenyl-, catechyl-, and guaiacylpyranomalvidin glycosides, and
PA-Mv" and PA-methylmethine—Mv" adducts. The LOA-% of the PA-Mv" and
PA-methylmethine—-Mv" adducts were utilized as predictors as well to model the
relative differences in the average sizes of the adducts between wine samples. The
variables were log-transformed and scaled to zero means and unit variances before
fitting the models. Predicted residual sums of squares, residual sums of squares,
coefficient of determination (R?) and cross-validated R? (Q?) were used to decide the
optimal number of latent variables. In article III, the concentrations of PA-Mv™, PA—
methylmethine-Mv* and PA-Mv-FL adducts, and their LOA-%, were modelled in
1-year-old wines. The concentrations of PAs, FLs, and malvidin glycosides, and the
FL/PA-ratio and the mDP of PAs were used as predictors. Separate model was fitted
for each response variable and two latent variables were used in each model. All
models in both articles II and III were cross-validated with the leave-one-out method.

Partials least squares discriminant analysis (PLS-DA) was used to model the
perceived tannin content, i.e., tannicity with the concentrations of PAs and PA-Mv",
PA-methylmethine-Mv" and PA-Mv-FL adducts, with the mDP and PD-% of PAs,
and with the LOA-% of the three groups of PA—-Mv adducts. The PLS-DA was done
using the mixOmics package (Rohart et al., 2017). The number of latent variables
were chosen based on the error rates in cross-validation, which was 15-fold cross-
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validation that was repeated 50 times. Error rates and the receiver operating
characteristics plot were used to evaluate the performance and the fit of the model.

2.10.2 Quantile chromatographic fingerprints

A new purpose-built data visualization tool was developed in Article III to
summarize and visualize chromatographic data of the 2D fingerprints from multiple
samples simultaneously. Briefly, the fingerprints of SOAs, MOAs and LOAs of the
PA-Mv adducts were first summed and then scaled with highest intensity to form a
total fingerprint for each compound group and for each selected wine sample.
Multiple total fingerprints were then aligned using a parametric time warping
algorithm (Bloemberg et al., 2010; Eilers, 2004). Finally, median fingerprint was
calculated from multiple aligned total fingerprint to represent a typical fingerprint,
and 10™ and 90" percentiles were similarly calculated to visualize within-group
variation. The whole protocol is described and explained in greater detail in Article
IIT where the individual steps are visually demonstrated in Figure 1 of the article.
The protocol was also used in Article IV to summarize and visualize 2D fingerprints
of PC and PD containing PAs and other polyphenolic compound groups in red wine,
but these results will not be presented in this thesis.

2.10.3 Dose-response models

A four-parameter log-normal dose-response model was fitted to the PPC data from
the well-plate reader assay (chapter 2.9.1.) with the drc package (Ritz et al., 2015).
Different models were first compared using the mselect function to find the best
fitting model. The best fit was assessed using Akaike’s information criterion,
residual errors and log-likelihood. The lower asymptote was assumed to be zero, and
the upper asymptote (maximal absorbance) was assumed to be the same with all
compounds and this parameter was estimated from the experimental data. The
effective dose and slope parameters were not restricted in any way, and they were
estimated from the data.
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3 Results and discussion

3.1 Development of the multiple reaction
monitoring method

3.1.1 Optimization of the method parameters

Sephadex LH-20 fractions and characterization of model compounds

Three model wines were fractionated with Sephadex LH-20 gel chromatography to
reduce chemical background in compound characterization and in the optimization
of the parameters of the MRM method. Multiple fractions were first analyzed with
full scan analyzes using several CVs (Figure 7). The aim was to produce untargeted
fragmentation to see which ions would be produced in the highest abundances. The
full scan spectra were extracted from the whole range of the chromatograms and the
spectra showed numerous common ions that could be attributed to known
compounds in red wines. For instance, the molecular ions of the anthocyanidins (m/z
287, 301, 303, 317 and 331) could be clearly observed, as well as several ions that
could be linked to procyanidins, e.g., m/z 579 (PC-PC dimer) and m/z 289 (QM
fragment of PC—PC dimer; Alberts et al., 2012; Li & Deinzer, 2007). Importantly,
these early results demonstrated the production of the hypothesized quantification
marker ions (Figure 4) for the PA-Mv adducts at m/z 343, 357 and 373.

Overall, 66 model compounds were characterized from the Sephadex LH-20
fractions for the method development. These compounds included anthocyanins and
pyranoanthocyanins with glucose, acetylglucose or coumaroylglucose moieties. 23
of the model compounds were dimers and trimers of the PA-Mv', PA-
methylmethine-Mv" and PA-Mv-FL type adducts, i.e., all major branches of the
first generation of adducts were covered. The complete list of the characterized
model compounds is presented in Article 1.
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Figure 7. Full scan mass spectra of three Sephadex LH-20 fractions from J.P. Chenet Merlot

wine in positive ion mode. The cone voltage was 140 V with the purpose of
producing untargeted fragmentation. The marker ions proposed for the three groups
of proanthocyanidin—malvidin glycoside adducts in Figure 4 are coloured in red. The
figure is adapted from Article | with the permission of the copyright holder. Refer to
Article | for similar figures from the Hardys VR Cabernet Sauvignon and Piedemonte
Reserva wines.

Method optimization for the monomeric pigments

As with any MRM method, the key parameters to be selected and optimized were
the m/z values of precursor and product ions, CV in the ion source and CE in the
collision cell. The optimization of the MRM method for the monomeric pigments
was straightforward because it was possible to find a single set of parameters that
were suitable in the production and detection of the quantification marker ions with
all model compounds within a compound group. A small increase in the optimal CV
was found as the glycosidic units increased in molecular weight, but the increases in
the optimal voltages were minor. The fragmentation of the produced markers ions in
the collision cell was independent of the origin of the quantification marker. In other
words, malvidin aglycone always fragmented in same way as function of CE whether
the aglycone was produced in the ion source from a malvidin glucoside or malvidin
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coumaroylglucoside, for instance. MRM transitions were optimized for all five
anthocyanin groups in red wine (Figure 1) and for the corresponding
carboxypyranoanthocyanins, except the carboxypyranocyanidins. Compound
specific methods for carboxypyranocyanidin glucoside, acetylglucoside and
coumaroylglucoside were optimized instead because the group-specific method was
not sensitive enough for analysis of red wine. Additionally, MRM transitions were
optimized for methylpyranomalvidins, B-type vitisins, phenylpyranomalvidins,
catechylpyranomalvidins and guaiacylpyranomalvidins (Figure 2). Refer to article I
for the optimized parameters of the MRM transitions and for the optimization data
of the CVs.

Method optimization for the oligomeric PA—-Mv adducts

As with the monomeric pigments, a single CE could be chosen for each MRM
transition with the quantification marker ions for the PA-Mv adducts. However, it
was evident that several CVs would be needed for the production of the
quantification markers from the PA—Mv adducts to obtain as comprehensive picture
of the adduct composition as possible. The glycosidic unit did not affect the optimal
CV as much as the degree of oligomerization did. Trimers required typically 30—40
V higher CV for the optimal accumulation of the quantification marker ions
compared to corresponding dimers, whereas the effect of the acylation of the
glycosidic unit was 10-15 V with the dimers (Figure 8A). This was an expected
result because similar results were previously obtained in the development of the
Engstrom method (2014). Engstrom et al. (2014) observed that the optimal CV in
the production of extension and terminal unit ions from PAs increased as the degree
of oligomerization increased. Mechanistically, the excess internal energy acquired
in CID can disperse over wider area in a larger molecule, which leads to less
fragmentation (Gross, 2017b), and an increase in the degree of oligomerization
increases the size more than increase in the size of the glycosidic unit. Therefore,
higher voltage and more kinetic energy is needed to ensure efficient production of
the quantification markers from higher oligomers.

Thus far, only the individual model compounds in the Sephadex fractions were
utilized in the optimization of the MRM transitions. However, 13 unprocessed red
wines were additionally utilized in the CV optimization for the PA-Mv adducts.
Both the areas and the profiles of the chromatograms obtained with the quantitative
MRM transitions were monitored as function of CV (Figures 8B and 8C). The
chromatogram areas increased in most wines when CV was increased above the
optimal voltages for the trimers, which indirectly proved that higher oligomers had
to exist in the model wines (Figure 8B). Additionally, the overall shapes of the
chromatograms became increasingly more dominated by the chromatographic
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humps and the proportions of individual peaks diminished as CV was increased
(Figure 8C).

Three different CVs were eventually chosen for each PA-Mv adduct group. The
voltages were chosen so that each produced 2D fingerprint was emphasizing
differently sized adducts in different proportions. The first CVs were selected to
emphasize the smallest adducts, i.e., the dimers (Figure 8 A). The second set of CVs
was chosen so that they emphasized medium-sized adducts, which was achieved by
selecting voltage slightly above the optimal value for the trimers (Figure 8A). The
third set of CVs was selected to emphasize the highest oligomers that could be
detected with the utilized methodology and instrumentation. This selection was
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Figure 8. Optimization of the cone voltage of the multiple reaction monitoring method for the

PA-Mv* adducts. The optimal voltages for the individual oligomers (A) were
measured from the Sephadex LH-20 fractions, and 13 model wines were analyzed
as such to measure the effect of the cone voltage on the chromatogram areas (B)
and on the chromatographic profiles (C). Refer to article | for the optimization data
for the other two groups of PA—-Mv adducts, and for the optimization data for the
monomeric pigment groups. This figure was adapted from Article | with the
permission from the copyright holder.

38



Results and discussion

based on achieving the maximal chromatogram areas in the model wines and by
visually inspecting the profiles of the chromatograms for the cleanest hump-like
profiles (Figure 8B and C). The fingerprints obtained with the different CVs are
referred to as small, medium-sized and large oligomeric adducts (SOAs, MOAs and
LOAs, respectively). The parameters of the MRM transitions are listed in Article 1.

It is important to note that the fingerprints of SOAs, for instance, do not strictly
consist only of the dimers. Instead, the dimeric compounds are the most emphasized
in the SOA fingerprints when compared to fingerprints of MOAs and LOAs, while
higher oligomers are already visible as well but in lesser proportions. On the other
hand, the higher oligomers are most efficiently detected and most emphasized in the
LOA fingerprints, but the higher oligomers are already visible in smaller abundance
in the fingerprints of MOAs and SOAs. The SOA, MOA and LOA fingerprints
should not be thought as uncorrelated fingerprints without any overlapping, but
rather as three components that together form the bigger picture of the detected
compound composition. This rationalization is displayed in the way that the
quantitative data of the fingerprints is processed (Figure 6). As described in materials
and methods in chapter 2.6.1., the areas of the SOA, MOA and LOA fingerprints are
summed and only the summed area is then transformed to relative concentration via
a calibration curve. Naturally, the same approach is used with the reference wine
when constructing the calibration curves. Additionally, the proportions of the SOAs,
MOAs and LOAs of the total summed area are calculated (SOA-%, MOA-% and
LOA-%; Figure 5). As can be seen in Article 111, and in the method optimization data
in Article I, these proportions vary between different wine samples. Based on the
theory of the method, this variation is linked to variation in the average sizes of the
adducts. Therefore, the SOA-%, MOA-% and LOA-% metrics are also referred to as
size-distribution parameters in this thesis. Finally, the purpose of the chosen naming
convention was to make it easier to discuss and refer to the different fingerprints,
while still being informative about the relative differences between the fingerprints.
Analogous naming convention has previously been used by Harbertson et al. who
referred to small polymeric pigments (SPP) and large polymeric pigments (LPP) in
their precipitation assay (Harbertson et al., 2003), which served as inspiration for the
chosen nomenclature.

3.1.2 Method validation

One of the most important features to validate in a group-specific method is
specificity. The method development was based on a few model compounds, but the
resulting method was then applied to detect numerous unknown oligomeric adducts.
Therefore, the quantitative and qualitative transitions were used to verify that the
detected 2D fingerprints did in fact originate from the same type of compounds as

39



Juuso Laitila

the model compounds. With each PA—Mv adduct group, the ratios of the quantitative
and qualitative transitions were determined using a single model compound for each
adduct group, which were the main dimeric adducts with glucose moieties. The ratios
were estimated as 99% confidence intervals. The confidence intervals were then
further used to calculate how the qualitative fingerprints should look like based on
the detected quantitative fingerprints (Figure 9). Finally, the measured qualitative
fingerprints were compared to the predicted ones. The measured qualitative
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Figure 9. Validation of specificity of the detection of the PA-Mv adducts. The black lines

represent the fingerprints acquired with the quantitative MRM transitions, and the
red dotted lines represent the measured qualitative fingerprints. The grey areas
were calculated based on the 99% confidence intervals for the ratios between the
quantitative and qualitative transitions, which were determined with a single dimeric
model compound of each compound group. In other words, they grey areas
represent the approximate shape and location of the expected qualitative
fingerprints. The numerical values in the top right corner in each panel are the cone
voltages that were utilized in the MRM method in detection of the fingerprints. This
figure was adapted from Article | with the permission of the copyright holder.
Abbreviations: FL, flavan-3-ol monomer; LOAs, large oligomeric adducts; MOAs,
medium-sized oligomeric adducts; Mv, malvidin glycoside; PA, proanthocyanidin;
SOAs, small oligomeric adducts.
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fingerprints matched the expected ones well, even though the ratios of the
quantitative and qualitative MRM transitions were only estimated with a single
model compound for each compound group, and only in one concentration. This
meant that the methods were detecting the type of compounds that they were
supposed to. Here, the validation of specificity is only presented with one example,
but as can be seen later (chapter 3.2.1), the 2D fingerprints the oligomeric adducts
were remarkably similar between multiple common wine types meaning that the
validation results regarding specificity are generalizable.

Other crucial aspect to investigate and validate was the calibration of the
methods. Ideally, a suitable quantification standard would have been a mixture that
qualitatively resembled the actual wines but with known concentrations of the
oligomeric PA-Mv adducts. Such standard was not available for calibration, and
preparing such standard either by synthesis or fractionation has not been achieved
thus far in the literature. Some calibration curves could have been prepared by using
dimeric adducts as standards but, even then, there would have been considerable risk
for inaccurate and misleading results, especially regarding the higher oligomers.
That is because the efficiency of ionization and transformation of ions from liquid to
gas phase can vary substantially in ESI even between relatively similar compounds
(Gross, 2017a; Kebarle, 2000). Therefore, the calibration was performed by
constructing calibration curves from a single reference wine, and the concentrations
were reported as percentages of the unknown concentrations in the reference. The
main reason for this approach was to account for the non-linear responses in many
compound groups without having to dilute the wines. This approach enabled direct
comparison of relative concentrations between wine samples. Importantly, this
approach also enabled statistical modelling because the true concentrations in the
analyzed red wines could have been obtained with a linear transformation, if the
concentrations in the reference wine had been known. Calibration curves are
presented as supplementary material in Article I. The method did not suffer from
carryover and the intra-run repeatability was under 5% with most compound groups.

3.1.3 Summarizing the qualitative data of the 2D fingerprints

The group-specific method provided visual data about the compound composition in
the form of 2D chromatographic fingerprints. A new tool was developed in Article
III to simultaneously visualize and summarize this data from multiple samples to
ease the recognition of compositional and evolutionary patterns. The comparison of
individual 2D fingerprints between wine samples would have been inefficient, and
it would have been difficult to establish generalizable patterns and to make solid
conclusions. In general, it would not be acceptable to generalize a single measured
concentration of some compound in one analyzed sample to concern the wider
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population from which the sample was collected. Rather, multiple samples should
be collected and analyzed, and an average result or other similar metric should be
reported. Similar requirements should concern qualitative data as well, which was
one reason for developing the visualization method. Briefly, the 2D fingerprints from
multiple samples were combined and presented as 2D quantile fingerprints (Figures
10 and 12). This made it possible to condense chromatographic information from
dozens of samples and hundreds of chromatograms into only a few quantile
fingerprints. The solid black lines in the quantile fingerprints represent the median,
and the grey regions are the ranges between 10" and 90™ percentiles, i.e., where the
individual fingerprints were the middle 80% of time. Practically, the grey areas in
the quantile fingerprints represent within-group variation between the individual
fingerprints. Refer to Article III for further discussion and for full step-by-step
description of the method together with a visual example.

3.2 Composition of the oligomeric adducts in red
wine

3.2.1 Composition in young red wines

The composition of oligomeric PA-Mv adducts were studied in young red wines
(age 1-2 years) in Article III. Besides the age, the wine set was further limited by
selecting only wines with at least 8 replicates based on the principal grape variety
used in the wine making (n=92). These wines were the Pinot Noir, Shiraz, Merlot,
Cabernet Sauvignon and Touriga Nacional wines. Most of these wines were single
varietal wines besides the Touriga Nacional wines, all of which contained Touriga
Franca and Tinta Roriz as secondary grapes. The Pinot Noir wines were further
divided based on their region of origin, which were Beaune (France) and Pfalz
(Germany).

The concentrations of the PA-Mv* adducts varied the most between wine types
when compared to the other two groups of PA-Mv adducts. There was nearly a five-
fold difference between the highest average concentrations (Cabernet Sauvignon,
Shiraz and Touriga Nacional wines) and lowest average concentrations (Pinot Noir
wines from the Beaune region) of the PA-Mv" adducts. The PA-Mv-FL adducts,
on the other hand, had most variation in the SOA-%, MOA-% and LOA-%
parameters between wine types, which indicated that these adducts had the most
variation in average sizes of the adducts (Article III). Based on these size-distribution
parameters, the Shiraz and Touriga Nacional wines had the highest average size of
the PA-Mv—FL adducts, followed by the Merlot and Cabernet Sauvignon wines. The
Pinot Noir wines had the lowest average size of the PA-Mv—FL adducts. The size-
distribution parameters of the PA-Mv" and PA-methylmethine-Mv* adducts
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suggested that the average size of the adducts was similar within the compound
groups between all other wine types except the Pinot Noir wines from the Pfalz
region. Without further calibration, the size-distribution parameters cannot reveal
information about absolute differences in the average sizes of the adducts, but
relative differences could still be established between wine types. Absolute
concentrations could not be produced either, but accurate relative differences in
concentrations were discovered between the wine types. Only few results regarding
the concentrations and size-distribution parameters of the PA-Mv adducts in young
wines are presented here as examples, and the detailed discussion can be found in
Article III.

2D quantile fingerprints were calculated for the oligomeric adducts in the young
red wines (Figure 10). Ten wines were randomly sampled for the 2D quantile
fingerprints from Pinot Noir wines from the Pfalz region, and from the Merlot,
Shiraz, and Cabernet Sauvignon wines. Additionally, all eight Pinot Noir wines from
the Beaune region and all eight Touriga Nacional wines were used. The quantile
fingerprints of three wine groups are presented in Figure 10 as examples, and the
original figure in Article III presents the 2D quantile fingerprints from above-
mentioned six wine groups. The fingerprints in Figure 10 revealed that the Pinot Noir
wines differed significantly from the other two wine groups. This was likely linked
to the fact that Pinot Noir wines only contain glucosidic anthocyanins and not
acetylglucosidic and coumaroylglucosidic anthocyanins (Dimitrovska et al., 2011).
Besides the Pinot Noir wines, the compositions of the other wine types resembled
closely one another (Figure 10B and 10C; Article III). Only small differences in
abundances of individual compounds were observed between the 2D fingerprints of
the Merlot and Shiraz wines, but the chromatographic hump of the PA-Mv-FL
adducts in the Shiraz wines was more prevalent than in the Merlot wines (Figure 10).
This could be related to the implication of the size-distribution parameters, which
suggested that the average size of the PA—-Mv—FL adducts was higher in the Shiraz
than in the Merlot wines, as mentioned earlier. Additionally, the within-group
variation was negligible with the PA-Mv"adducts meaning that the individual wines
were compositionally close to one another. However, there was more within-group
variation in certain wine groups with the PA—methylmethine-Mv" adducts (Pinot
Noir wines from Beaune region and Merlot wines) and the PA-Mv-FL adducts
(Merlot wines). The general outcome about the composition of the oligomeric
adducts in young red wines in Article IIl was that the quantitative differences
between wine types were more substantial than qualitative compositional
differences. As a note, the PA content in commercial red wines was studied in Article
IV and the main outcome was similar; based on the 2D quantile fingerprints and the
quantification results of PAs, the quantitative differences appeared to be more
substantial between wine types than the qualitative differences.
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Figure 10. Two-dimensional (2D) quantile fingerprints of the proanthocyanidin—malvidin
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glycoside adducts in young (1-2 years) Pinot Noir wines from the Beaune region (A,
D, G), Merlot wines (B, E, H) and Shiraz wines (C, F, I). The black lines represent
median fingerprints, and the grey areas represent the interval between 10" and 90"
percentiles, i.e., the grey areas represent the within-group variation. Overall, 28
wines were sampled for this figure, there were three compound groups, and each
group was detected separately as small, medium-sized and large oligomeric
adducts, meaning that chromatographic information from 252 individual fingerprints
were condensed into these 9 quantile fingerprints. The figure was adapted from
Article 11l with the permission of the copyright holder. Refer to the original figure in
Article Il for similar plots of three additional wine types. Refer to Article | for the
characterization of the individual compounds. Abbreviations: Cat, catechin; FL,
flavan-3-ol monomer; Mv, malvidin glycoside; MvAcGlc, malvidin-3-O-
acetylglucoside; MvCouGilc, malvidin-3-O-coumaroylglucoside; MvGlc, malvidin-3-
O-glucoside; PA, proanthocyanidin.
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3.2.2 Evolution of the oligomeric adducts

The evolution of the oligomeric adducts was studied by grouping red wines by their
age (Article IIT). Only wines that contained Merlot, Shiraz or Cabernet Sauvignon
grapes as the primary grapes were used for this purpose because they had similar
qualitative and quantitative compositions in the young wines. In total, 95 wines were
selected to this subset of wines, and it was possible to recreate known evolutionary
trends of the monomeric pigments with the subset. For instance, a strong decrease in
the concentration of malvidin glycosides and B-type vitisins was observed, and the
pinotin-type malvidin derivates were found to be relatively stable (data not shown).
These trends have been reported in literature before for red wines during bottled
storage (Arapitsas et al., 2012; Boido et al., 2006; Zhang et al., 2021). Overall, these
results validated the suitability of the selected sub-set for this study.

Evolution of the concentrations and average sizes of the adducts

The PA-Mv—FL adducts were the most stable of the three groups of oligomeric
adducts, and the stability concerned both the concentrations and the size-distribution
parameters (Figure 11C and F). The size-distribution parameters indicated that the
average sizes of the PA-Mv—FL adducts did not change significantly towards older
wines. A decreasing trend in the concentrations was observed with the PA-Mv*
adducts (Figure 11A). Moreover, the SOA-% and MOA-% decreased while the
LOA-% increased towards older wines, which suggested that there was an
evolutionary trend in the average sizes of the adducts (Figure 11D). More
specifically, the average size of the adducts appeared to increase towards the older
wines. However, the PA—methylmethine—Mv* adducts were clearly the least stable
compound group as a significant decreasing evolutionary trend was established in
the concentrations (Figure 11B). Importantly, the SOA-% and MOA-% decreased
strongly as well, while the LOA-% increased correspondingly (Figure 11D). This
suggested that while the concentrations of the PA-methylmethine-Mv" decreased
significantly towards the older wines, the average size of the remaining adducts was
higher in the old wines than in the young wines.

Similar studies about evolutionary trends have been performed before by
measuring concentrations of individual oligomers in red wine (Alcalde-Eon et al.,
2006; Arapitsas et al., 2012; Blanco-Vega et al., 2014; Boido et al., 2006; Zhang et
al., 2021). In these cases, the measured oligomers were mainly dimers, and the
evolutionary trends of the whole compound groups had to be estimated based on the
evolutionary trends of the dimers. However, the evolutionary trends of the dimers
might not necessarily reflect the trends of the higher oligomers. Now, a more
comprehensive selection of compounds was measured with the group-specific
method, which meant that no such generalization was needed because of the novel
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methodology. With that said, the quantitative evolutionary trends that were
established in the literature based on the dimeric adducts matched those reported in
Article III for the whole compound groups. Namely, the concentrations of dimers
belonging to the PA—methylmethine—Mv" adduct group have been shown to decrease
rapidly during bottled storage, and the concentrations of dimers belonging to the PA—
Mv* adduct group decrease as well, but much slower (Arapitsas et al., 2012; Boido
etal., 2006; Zhang et al., 2021). There is only little literature data about the evolution
of the PA—Mv-FL adducts, but in one study the concentration of a dimer of this
group was shown to decrease slowly towards older red wines (Zhang et al., 2021).
Importantly, the size-distribution parameters provided completely new insight into
the evolution of the average sizes of the adducts. Similar information cannot be
achieved by monitoring only the individual small oligomers. Therefore, to literature
comparison could be done, because this was the first time that evolutionary data of
this sort was reported at compound group level.
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Figure 11. Evolution of the concentrations (A—C) and size-distribution parameters (D—F) of the

proanthocyanidin—malvidin glycoside adducts in red wines. The evolution of the
adducts was studied with red wines where the primary grape variety was either
Cabernet Sauvignon, Merlot or Shiraz (n=95). Most wines were single-varietal
wines. This figure was adapted from Article Ill with the permission of the copyright
holder. Abbreviations: FL, flavan-3-ol monomer; LOAs, large oligomeric adducts;
MOAs, medium-sized oligomeric adducts; Mv, malvidin glycoside; PA,
proanthocyanidin; SOAs, small oligomeric adducts.
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Evolution of the 2D chromatographic fingerprints

Besides the size-distribution parameters, the 2D fingerprints offered a new way to
assess the evolution of the oligomeric adducts (Figure 12). Generally, the
evolutionary trends were modest, but they were still established with high certainty
because of the utilized visualization tool that combined information from dozens of
red wines. With the PA-Mv" adducts, the abundance of the individual dimers
decreased, and the underlying chromatographic hump became more pronounced
towards older wines, although the differences were minor (Figure 12A—12C). This
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Figure 12. Two-dimensional (2D) quantile fingerprints of the proanthocyanidin-malvidin
glycoside adducts in Shiraz, Merlot, and Cabernet Sauvignon wines of different
ages. The black lines represent median fingerprints, and the grey areas represent
the interval between 10™ and 90 percentiles, i.e., the grey area represents within-
group variation. Overall, 45 wines were sampled for this figure, there were three
compound groups, and each group was detected separately as small, medium-sized
and large oligomeric adducts, meaning that chromatographic information from 405
individual fingerprints were condensed into these 9 quantile fingerprints. The figure
was adapted from Article Il with permission of the copyright holder. Abbreviations:
Cat, catechin; FL, flavan-3-ol monomer; Mv, malvidin glycoside; MvAcGlc, malvidin-
3-O-acetylglucoside; MvCouGlc, malvidin-3-O-coumaroylglucoside; MvGilc,
malvidin-3-O-glucoside; PA, proanthocyanidin.
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observation was in-line with the conclusion made from the evolution of the size
distribution parameters, which suggested that the average size of the adducts
increased. The strongest trend in the 2D quantile fingerprints of the PA-
methylmethine-Mv* adducts was that the within-group variation decreased
significantly (Figure 12D-12F). In other words, there was variation in the
composition of the adducts in the 1-year-old wines, but as the wines aged the
compositions converged. Interestingly, the size-distribution parameters implied that
the average sizes of the PA-methylmethine-Mv™ adducts changed the most out of
the three compound groups, but no clear visual changes could be seen in the 2D
fingerprints. Evolutionary changes in the composition of the PA-methylmethine—
Mv" adducts were likely hidden in the 2D fingerprints by the complexity of the
compound group and the fingerprints themselves. There was no significant evolution
in the average sizes of the PA-Mv-FL adducts based on the size-distribution
parameters, but an evolutionary trend was seen in the 2D quantile fingerprints
(Figure 12G—121). Trimeric adducts of this compound group appeared in the 3-year-
old wines and the middle point of the hump seemed to move to lower retention time.

3.2.3 Factors regulating formation of the oligomeric adducts

A subset consisting only of the 1-year-old wines was utilized to examine which
factors could potentially influence the formation of oligomeric adducts (n=78,
Article III). The concentrations and the LOA-% of the oligomeric adducts were
modelled with the concentrations of PAs, FLs and Mvs, with the ratios of the
concentrations of FLs and PAs (FL/PA), and with the mDP of PAs. The FL/PA ratio
was used as a predictor because of the shared nucleophilic properties of PAs and
FLs. This could cause competition between PAs and FLs in the formation of some
oligomeric adduct groups, namely the PA—methylmethine-Mv" and PA-Mv-FL
adducts. The LOA-% was the only size-distribution parameter that was modelled
because the LOA-% correlated strongly and negatively with the SOA-%, and
moderately and negatively with MOA-% in the whole wine set (n=317, Article II).
Therefore, the LOA-% alone contained information about the proportions of the
other two size-distribution parameters. The PLSR models for the PA-Mv" adducts
are presented in Figure 13 as examples, and the models for the other two compound
groups are presented in Article III. It is recognised that the experimental design was
not optimal because the formation of the adducts was studied using commercial
wines that were already 1-year-old. The experimental design relies on the
assumption that the determined predictors in the 1-year-old wines reflect their initial
values at the beginning of the wine making. Therefore, the following results should
be considered as tentative results that could inspire further examinations.
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73% of the PA-Mv" concentrations could be explained with the measured
composition of starting materials (Figure 13). The Mv concentration was an
important factor in the PLSR model while the PA concentration was not (Figure
13A), suggesting that the Mv concentration was a limiting factor in formation of the
PA-Mv" adducts. Interestingly, the mDP of the PAs seemed to contribute to the
formation of the PA-Mv" adducts significantly as well (Figure 13A). This could be
explained by considering the formation mechanism of these adducts. The mechanism
requires the formation of positively charged carbocationic degradation products
from the extension units of PAs, which are formed by acid-catalyzed cleavage of the
C—C bonds between constituting units (Salas et al., 2003). The number of C—C bonds
between the constituting units increases as the mDP of PAs increases, which
provides more possible sites for the formation of the carbocationic intermediates.
The LOA-% of the PA-Mv" adducts was relatively well explained by the starting
material composition as well (61% of variation explained; Figure 13B). The single
most important factor was the FL/PA ratio, which had a negative regression
coefficient, and the FL/PA ratio had stronger connection to the LOA-% than the
concentrations of FLs and PAs as such. In other words, high PA content compared
to FL content favoured the formation of larger adducts. The FL/PA ratio was an
important predictor for the LOA-% with the other two PA—Mv adduct groups as well
(Article II). One possible reason that concerns all three PA—Mv groups could be that
high PA content favours the release of reactive carbocationic intermediates, and the
simultaneously low FL content would mean that there are less FLs to compete with
the oligomeric PA—Myv adducts in the repolymerization reactions.

The models for the other two adduct groups are discussed in detail in Article II1.
Briefly, 59% of the variation in the PA—methylmethine—-Mv" concentrations were
explained with the measured starting materials, but only 11% of the variation in the
PA-Mv—FL concentrations could be explained by the PLSR model. Additionally,
80% of the variation in the LOA-% of PA-Mv—FL adducts and 63% of the LOA-%
of the PA—methylmethine—Mv+ adducts were explained by the PLSR models. The
analysis of these results is covered in Article III, where an explanation is given to
the poor fit of the model describing the formation of the PA-Mv—FL adducts, for
instance.
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Partials least squared regression (PLSR) models explaining the concentrations (A)
and proportions of large oligomeric adducts (LOA-%; B) of the PA-Mv* adducts in
the 1-yeard-old wines (n=78). The concentrations of proanthocyanidins (PA), flavan-
3-ol monomers (FL) and malvidin glycosides (Mv) were used as predictors, in
addition to the mean degree of polymerization (mDP) of PAs and the ratio of the
concentrations of the FLs and PAs (FL/PA). Both response variables were modelled
with separate PLSR models. Refer to Article Ill for similar models for the PA-
methylmethine—Mv* and PA-Mv-FL adducts. The figure was adapted from Article
Il with the permission of the copyright holder.

Sensorial properties of red wine

Colour intensity

Only smaller sub-sets of the whole wine set were utilized in chapters 3.1. and 3.2.
However, it was possible to exploit all wines in the analysis of the wine colour in
Article II because there was no need to categorize wines in any way, and the aim was
to establish general connections between the expressed colour intensity and the
content of the pigments. The three-component PLSR model explained 83% of the
variation in the colour intensity in the 317 wines, i.e., most of the variation in the
colour intensity could explained by the measured pigment composition (Figure 14).
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Figure 14. Results of the partial least squares regression (PLSR) model for the color intensity

of the red wines (n=317). Panel A shows correlations between the response and
predictor variables on the two first latent variables, panel B shows the standardized
regression coefficients of the three-component model and panel C shows the scatter
plot of the predicted and measured colour intensities. The greater the regression
coefficient is in panel B, the more important is the variable for the PLSR model. This
figure was adapted from Article Il with permission of the copyright holder.
Abbreviations: LOA-%, proportion of the large oligomeric adducts of the total
response; Mv, malvidin glycoside; PA, proanthocyanidin.

The carboxypyranomalvidin glycosides,

PA-Mv* adducts and PA-

methylmethine-Mv" adducts were the most important compound groups in terms of
the concentrations in explaining the colour intensity (Figures 14A and 14B).
Importantly, the LOA-% of the PA-Mv" and PA—methylmethine-Mv" adducts were
important predictors as well with positive connection to colour intensity. This
suggested that an increase in the average sizes of the oligomeric adducts had a
positive impact on the colour intensity of the wines. Moreover, the LOA-% of the
two oligomeric adduct groups explained such portion of the variation in the colour
intensity that could not be explained by the concentrations of the pigments (Figure
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14A). This could be concluded because the second latent variable, which explained
8.1% of the variation in the colour intensity, was mainly described by the LOA-%
variables (Figure 14A). One possible reasoning for this result could be that the colour
properties of the oligomeric adducts are affected by intramolecular copigmentation,
and its efficiency would be proportional to the length of the PA moieties in the
adducts. Alternatively, the PA moieties could protect the chromophores from
attacking nucleophiles such as H>O, which would reduce the formation of the
colourless hemiacetals. These mechanisms are further discussed in Article II. The
methylpyranomalvidin glycosides and B-type vitisins had moderate connection to
colour intensity in the PLSR model, while the concentrations of pinotin-type
pigments and the malvidin glycosides did not have a significant impact on the colour
intensity.

A second PLSR model for the colour intensity was fitted using only the 1-year-
old wines and the results are presented in Article II. The biggest differences
compared to the model with all wines was that B-type vitisins were more impactful
on the colour intensity, and the LOA-% of the PA—methylmethine—Mv" adducts was
not a significant feature. The pinotin-type pigments still had only minor or no
connection to measured colour intensity, and the malvidin glycosides were more
impactful on the colour intensity, but their contribution remained only moderate.
Implications of these results are discussed in detail in Article II.

This is the first time that the contributions of two specific groups of oligomeric
PA—Mv adducts to the colour intensity were studied at compound group level.
Previous studies have either focused on the individual dimers and their properties in
isolated conditions, or to correlations between colour properties and individual small
oligomers (Boido et al., 2006; Duefias et al., 2006; Nave et al., 2010; Oliveira et al.,
2013). Here, the pigments were studied in their true complex environments, i.e., in
red wines, and a more complete picture of the PA-Mv adduct composition was used
in modelling the colour intensity than is typical in the literature.

3.3.2 Sensorially evaluated tannicity

The sensorially perceived tannin content, i.e., tannicity was estimated from 201 red
wines at Alko Inc. (Article IV). Astringency can be defined as the complex of
sensations due to shrinking, drawing or puckering of the epithelium as a result of
exposure to substances such as alums or tannins (Garcia-Estévez et al., 2018). This
definition describes similar types of sensations as the definition of tannicity given in
material and methods (chapter 2.6.3.). Therefore, the results obtained herein about
tannicity should provide information about astringency as well. The discriminant-
type evaluations were done at Alko Inc. primarily to support their own sales
personnel, and to provide information about the red wines to the customers of Alko
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Inc. Similar sensorial analyzes are routinely performed at Alko Inc, and Alko Inc.
lists the tannicity evaluations in their web page at www.alko.fi for most red wines in
their selection. Even though the sensorial analyzes were not primarily conducted to
produce research data, the results could be utilized for research purposes when
combined with chemical and statistical analysis. The methodology might be
unconventional in sensorial analysis, and there were fewer panelists evaluating each
wine than is typical, for instance. However, the strength of the utilized sensorial data
set was in its size. Just over 200 red wines were evaluated by few dozen panelists in
total, meaning that the large data set was well suited for statistical analysis. It was
assumed that the wines were evaluated correctly on average despite each wine being
evaluated by low number of panelists, which would mean that the conclusions made
from the statistical model should be valid on average as well. Should a trend be
discovered in a thoroughly cross-validated statistical model containing over 200
wines, it would be a strong indicator on what chemical traits might drive the
sensation of tannicity.

Overall, the three-component PLS-DA model achieved an average error rate of
18.8% in cross-validation, and 17.4% for the whole wine set, i.e., fewer than every
fifth wine was incorrectly classified. The low error rates indicated that the
classification of the wines was not random, and that the sensorially evaluated tannin
content was explained relatively accurately by the measured chemical composition.
The variables that were the most strongly associated with the tannic wines, i.e., the
tannicity group with more tannins, were the LOA-% of the PA-Mv*, PA-Mv—FL
and PA-methylmethine-Mv" adducts, and the mDP and PD-% of PAs (Figure 15B).
These same variables were also the most important variables in the statistical model
overall (Figure 15C). The concentrations of the PAs and PA—Mv adducts, on the
other hand, were less important in explaining the perceived tannicity.

The result that the PA concentration was not a major contributor to tannicity was
not unique. Other studies have shown before that the total PA or tannin concentration
is not necessarily correlated with astringency-related sensations (Quijada-Morin et
al., 2012; Watrelot et al., 2016). One reason explaining the lack of significancy of
the PA concentration could be that the concentration of PAs was high enough in all
wines, so that any increase in it could no further increase the sensation of tannicity.
The tested concentration range of PAs was also given as explanation for the lack of
statistical significance between the PA concentration and astringency by Quijada-
Morin et al. (2012). The average sizes of the PAs and PA adducts impacted the
sensation of tannicity significantly (Figure 15B and C). The degree of
oligomerization of PAs is generally regarded as one of the driving factors for
astringency, and this result was recreated in the present study, which validated the
utilized methodology (Chira et al., 2012; Freitas & Mateus, 2002; Garcia-Estévez et
al., 2018; Vidal et al., 2004). However, the average sizes of specific groups of PA—
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Mv adducts have not been experimentally shown to contribute to tannicity or to
astringency before.
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Figure 15. Results of the partial least squares discriminant analysis (PLS-DA) explaining the
sensorially evaluated tannicity with the compositions of proanthocyanidins (PA) and
proanthocyanidin—malvidin glycoside adducts (PA—Mv). Panel A shows the scores
plot of the wines (n=201) on the first two latent variables, and panel B shows the
loadings of the variables on the first latent variable. Panel C shows variable
importance on projection (VIP) of the three-component model, and panel D shows
the receiver operating characteristics plot of the three-component model. The
rasterized bars in panels B and C indicate variables related to concentrations, and
the non-rasterized bars indicate variables related to composition of the compound
groups. Abbreviations: FL, flavan-3-ol monomer; LOA-%, proportion of the large-
oligomeric adducts of the total response; mDP, mean degree of polymerization; Mv,
malvidin glycoside PA, proanthocyanidin; PD-%, proportion of prodelphinidin units
in the PAs; VIP, variable importance on projection.

54



Results and discussion

The polymeric pigments have been shown to have contribution to astringency,
but in these cases the analytical methods were relatively universal for polymeric
pigments in general, and not for any specific sub-group (Gawel et al., 2007; Ristic
et al., 2010). Therefore, this was the first time that specific groups of PA-Mv adducts
were shown to be associated with mouth-feel of red wines at a compound group
level. Due to the limitations in the methodology of the sensorial analyzes, the present
results should still be considered as tentative.

3.4 Synthesis and properties of procyanidin
analogs

The aldehyde-mediated PC analogs were expected to differ in their chemical and
biological properties in comparison to natural PC oligomers for few different
reasons. First, the methine or substituted methylene groups that connect the catechin
units should provide more structural flexibility to the PC analogs compared to the
direct linkages between the constituting units in the natural PC oligomers. Regarding
the PPC, both the structural flexibility and three-dimensional structure of tannins are
known to affect the PPC (Cala et al., 2010; Quideau et al., 2011). Moreover, the
aldehydes used in the hemisyntheses could be chosen so that they introduce certain
moieties to the linkage units of the PC analogs that could actively participate to the
protein interactions, namely catechol and pyrogallol groups. These two groups are
found in PAs as the B-rings of PCs and PDs, respectively. The B-rings are known to
be the structural moieties in catechins and gallocatechins that have the closest
interaction with BSA based on NMR experiments (Xu et al., 2009). Similarly, the
B-rings of PC dimer B2 have stronger interaction with BSA than other parts of the
molecule based on NMR experiments as well (Soares et al., 2018). Specific structural
moieties of PCs cannot always be identified as the primary binding sites with
proteins, as was observed in interaction between PC trimer C1 and BSA, and in
interactions between PC dimers B1-B4 and proline-rich proteins (Cala et al., 2010;
Soares et al., 2018). However, the catechol groups, and presumably pyrogallol
groups, can certainly participate in the protein interactions in PAs. The octanol-water
partition and stability in PBS were determined in addition to the PPC to gain better
understanding about the properties of the PC analogs, and the linkage units were
expected to affect these properties as well.

Ten dimeric PC analogs were synthesized in total from catechin or epicatechin
and five different aldehydes (Figure 5). The utilized hemisynthesis strategy was
based on the common concept utilized in many synthesis experiments and studies
with model wine solutions, but the exact conditions (e.g., solvent, volume, and
concentrations) were optimized specifically for this study to enable rapid synthesis
and purification of the PC analogs (Es-Safi, Cheynier, et al., 2000; Nonier Bourden
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et al., 2008; Pissarra et al., 2003). The chosen aldehydes were formaldehyde,
glyoxylic acid, furfural, 3,4-DBA and 3,4,5-TBA. Formaldehyde was chosen to
introduce the simplest possible linker unit to the PC analogs, i.e, a methylene group.
Furfural and glyoxylic acid are known to be reactive aldehydes with catechins based
on literature, and especially the glyoxylic acid is known the react with catechin with
good yields (Es-Safi, Cheynier, et al., 2000; Es-Safi, Le Guernevé, et al., 2000;
Nonier Bourden et al., 2008). The 3,4-DBA and 3,4,5-TBA were chosen to introduce
catecholmethine and pyrogalloylmethine linkers to the PC analogs. Formaldehyde,
furfural, and glyoxylic acid have been used in the aldehyde-mediated synthesis of
FL dimers, or FL and Mv dimers before (Drinkine et al., 2005; Es-Safi, Cheynier, et
al., 2000; Nonier Bourden et al., 2008; Pissarra et al., 2003). However, the dimers
obtained from reactions between (epi)catechins and 3,4-DBA or 3.4,5-TBA were
novel.

The yields of the isolated PC analogs were 3-18% and each product was
characterized based on their high-resolution mass spectra and the calculated
molecular formulae, UV—Vis spectra and NMR spectra. Briefly, the molecular
formulae calculated from the mass spectra matched the expected products, and the
UV-Vis spectra were nearly identical to catechin and epicatechin, which was
expected for the products as well. The intramolecular linkage between the catechin
or epicatechin units can be either at C6 or C8 position in both units. Literature data
from corresponding reactions shows that the main dimeric products are always C8—
C8 linked, and this could be confirmed for most of the synthesized PC analogs as
well (Drinkine et al., 2005; Escribano-Bailon et al., 1996; Fulcrand et al., 1997; Lee
et al., 2004; Pissarra et al., 2005; Shoji et al., 2002). Eight out of the ten PC analogs
could be verified to be C8—C8 linked based on their HMBC NMR spectra. Briefly,
the hydrogen in the methylene or methine groups between the catechin units was
observed to correlate with the C8a carbons of the catechins, which was only possible
if the linkage was at C8—CS position. The linkage position of two compounds could
not be conclusively verified, and these compounds were the catechin-based dimers
with catecholmethine and pyrogallolmethine linkers. However, the corresponding
dimers synthesized from epicatechin were confirmed to be C8—C8 linked, as were
the other six PC analogs as well. Considering the literature data about similar
reactions (cited above), and the similarity of the NMR spectra between all PC
analogs, the catechin-based dimers with catecholmethine and pyrogallolmethine
linked PC analogs were presumed to be C8—C8 linked as well. The characterization
is covered in greater detail in Article V.
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3.4.1 Protein precipitation capacity

All PC analogs had substantially improved PPC in comparison to the PC dimers B2
and B3, while the PPC of PC trimer C1 and EGCG were still superior to all dimers
(Figure 16). The PC dimers B2 and B3 did not have practically any activity in the
conducted experiment. However, even the PC analog with a methylene-linker did
exhibit significantly improved PPC compared to the PC dimers B2 and B3, which
meant that the more flexible linkage alone increased the PPC substantially. The PC
analogs with carboxymethine-linkers had only marginally improved PPC compared
to the PC analog with methylene-linker. The PPC was further improved with the PC
analogs with furanmethine, catecholmethine and pyrogallolmethine linkers. One
potential explanation for the increased activity could be the active participation of
these structural moieties to the interactions with the BSA. Non-specific interactions
between proteins and PAs are generally presumed to happen via hydrogen bonding,
n-w stacking or hydrophobic interactions, and these mechanisms should be viable for
the furanmethine, catecholmethine and pyrogallolmethine groups in the PC analogs
(Mcrae & Kennedy, 2011; Quideau et al., 2011). More detailed discussion and
further results are presented in Article V. The PPC results have natural implications
for red wine as well, as PPC of PAs is linked to the astringency of red wine, even
though astringency was not the main motivator for the PPC experiment.
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Figure 16. Fitted curves of the log-normal dose—response model for the protein precipitation
capacity of the epicatechin-based PC analogs, and the reference compounds. Refer
to Article V for similar figure of the catechin-based PC analogs.
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3.4.2 Octanol-water partition

The linkage unit in the PC analogs had a substantial impact on the octanol-water
partition. The logP wvaried between —1.78 (epicatechin—carboxymethine—
epicatechin) and 0.72 (catechin—furanmethine—catechin) meaning that some PC
analogs were hydrophobic and some hydrophilic. For reference, the PC oligomers
B2, B3 and C1 were always hydrophilic with negative logP values (—0.87, —0.79 and
—1.17, respectively), whereas catechin and epicatechin were hydrophobic with
positive logP values (0.42 and 0.16, respectively). The variation in the logP values
was an interesting discovery because it meant that the hydrophobicity of the PC
analogs can be adjusted by the selection of the linkage unit, depending on what kind
of property is desired. Importantly, the logP did not correlate with the PPC within
the studied set of compounds.

3.4.3 Stability in phosphate buffered saline

Stability was the third key property determined for the PC analogs and the reference
compounds. Stability in PBS was of interest because PBS is commonly used matrix
in biological research (Cao et al., 2020). Moreover, flavonoids with catechol and
especially pyrogallol groups are known to be unstable in neutral PBS buffers (Cao
et al., 2020; Hatano et al., 2003). Other bioactive polyphenols, such as hydrolysable
tannins are also unstable in such conditions (Baert, 2017; Engstrom et al., 2016). The
synthetic PC analogs were more unstable than the corresponding PC oligomers B2
(t12 693 min), B3 (ti2 539 min) and C1 (ti2 1852 min). The most unstable compounds
were the synthetic PC analogs with pyrogallolmethine linkers, which were so
unstable that no analyte was present even at the first measured time point. EGCG
(ti2 84 min), which also contains pyrogallol groups, was amongst the most unstable
compounds as well. The half-lives of the PC analogs with catecholmethine linkers
(ti2 55 and 84 min) were comparable to the half-life of EGCG. The most stable PC
analogs were the ones with carboxymethine (ti2 376 and 420 min) and furanmethine
linkers (ti» 531 and 349 min). Kinetic curves and compound-specific half-lives are
presented in Article V with further discussion.

Interestingly, different kinds of degradation products were observed to form
from different PC analogs, even though the PC analogs only differed in their linking
units (Figure 17; Article V). The chromatograms of the reaction mixtures of two PC
analogs are given in Figure 17 as an example, while the rest of data is presented in
Article V. The stability of the tested compounds was not always correlated with the
complexity of the formed reaction mixtures. For instance, the carboxymethine-
linked PC analogs were relatively stable amongst the PC analogs. Yet, they still
formed several different types of oxidation products with molecular formulae such
as M—H», M+0O, and M—H40, and multiple uncharacterized products were formed
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in smaller proportions as well (Figure 17A). In this notation, the symbol M represents
the molecular formula of the discussed compound, and the rest of the notation
implies to the changes in the formula. The catecholmethine-linked PC analogs were
more unstable than the carboxymethine-linked PC analogs, but only products M—H,
and M—H, were formed in significant quantities with the latter being the main
products (Figure 17B). The most complex mixtures of products were formed from
the pyrogallolmethine-linked PC analogs and EGCG, which was likely related to the
pyrogallol moieties. These compounds formed dimeric products, and EGCG is
indeed known to dimerize in PBS solution via o-quinone intermediates (Hatano et
al., 2004; Tanaka et al., 2002). Although (epi)catechin was relatively stable in the
tested PBS solution, they were observed to form highly oligomerized and oxidized
products up to nonamers.
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Figure 17. UV chromatograms (280 nm) of two epicatechin-based PC analogs from the stability
experiments. Upper chromatograms are at the half-lives of the two compounds and
the bottoms ones either at the end of the experiment (A), or at the time point when
all starting material had been consumed (B). The letter M stands for the molecular
formula of the tested compound and the rest of the notation implies to the changes
in the formula in the products. Refer to Article V for similar chromatograms of the
other tested compounds and for the full compound characterization data.

The M—H; products of the PC analogs most likely corresponded to formation of
new intramolecular linkages between the constituting units, or between the linkage
units and one of the constituting units. One possible mechanism for formation of the
new linkages is the mechanism leading to formation of dehydrocatechins from
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catechins (Sun & Miller, 2003). In this mechanism, a B-ring of one catechin
molecule oxidizes to yield an electrophilic o-quinone structure, which is then
attacked by the nucleophilic C6 or C8 carbons of the A-ring of another catechin
molecule. Although many compounds exhibited similar changes in molecular
formulae, the formed products were not necessarily similar in all cases because the
UV spectra differed between various M—H> products. The UV spectra of the initial
PC analogs themselves, however, were always nearly identical between one another,
and with catechin and epicatechin as well. Some of the products, such as M—H4O
products of the carboxymethine-linked dimers and the dimers of EGCG could be
identified based on earlier literature, but most compounds could be only tentatively
identified (Es-Safi, Le Guernevé, et al., 1999; Hatano et al., 2003). More detailed
discussion and further results of the stability experiments can be found in Article V.
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4 Conclusions

Red wine is an exemplary matrix in demonstrating the chemical reactivity of PAs
and anthocyanins, and the chemistry of red wine can be used as inspiration for other
studies in wholly another context. The biological properties of PAs and other natural
compounds have always been one of the main areas of focus in chemistry of natural
products. The analytical work with red wines led to an idea on how the reactivity of
PAs and FLs could be utilized to contribute to this field of chemistry as well, and the
author wished to pursue the idea. Indeed, the properties of the hemisynthesized PC
analogs were improved or altered in comparison to natural PC dimers. The PPC of
the dimeric PC analogs was increased significantly when compared to natural
dimeric PCs. This implies that the other bioactivities of the PC analogs might be
enhanced as well, such as anthelmintic activity, and the results encourage to further
study the PC analogs. The octanol-water partition and stability in PBS solution
revealed additional information about the properties of the PC analogs. The results
showed surprising variability in these properties despite the small structural
differences between the tested compounds.

One major hypothesis leading to this thesis was that oligomeric and polymeric
PA-Mv adducts could be detected using group-specific UPLC-MS/MS
methodology. The method development was correspondingly one of the major
successes in the experimental work of this thesis. Overall, 15 groups of anthocyanins
and monomeric adducts of anthocyanins could be detected simultaneously in a single
analysis, which corresponded to 45 or more individual compounds in a typical red
wine sample. Importantly, three different groups of PA-Mv adducts could be
separately detected with the developed method without being limited by the structure
or degree of oligomerization of the PA moieties, or by the glycosidic units attached
to the malvidin aglycones. This was the true novelty of the developed method. The
produced 2D chromatographic fingerprints revealed that the oligomeric and
polymeric adducts in red wine are indeed highly complex mixtures, and these
mixtures have never been detected this comprehensively and with this much
structural precision.

Plenty of screening studies of red wines have been conducted in the past but a
new screening study into commercial red wines was well justified because of the
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developed novel method. Therefore, over 300 commercial red wines were analyzed
with the method to answer various research questions concerning basic properties of
the oligomeric adducts, e.g., how their composition differs between wine types, how
the adducts evolve in red wine, and how they contribute to color intensity of red
wine. Especially the 2D chromatographic fingerprints, and the associated new
visualization method of the chromatographic data, enabled conclusions that would
have been impossible to make with other currently existing methods. These included,
for instance, the subtle evolution in qualitative composition of the PA-Mv" and PA—
Mv-FL adducts.

The adaption of the group-specific UPLC-MS/MS method might not be too time
consuming for other researchers, should they only have access to a suitable MS
system with tandem capabilities. Note, that the MS system does not necessarily have
to be a triple quadrupole system to adopt the concept of the developed method. The
quantification marker ions and the MRM transitions can be adopted as such, which
only leaves the need for optimization of the instrument-dependent parameters to
achieve efficient formation and detection of the quantification marker ions. The
optimization of these parameters could be possible by just analyzing raw commercial
red wines with no need to analyze fractions or isolated model compounds. The
optimization of CEs (or other similar parameter) for further fragmentation of the
quantification markers is important to maximize sensitivity. However, any
parameters of the utilized instrument that related to the accumulation of the
quantification markers do not need to be optimized with absolute accuracy because
there are not some correct values that absolutely must be used. It is primarily
important to produce several fingerprints of the detected oligomeric adducts that
emphasize adducts with different degrees of oligomerization and sizes in different
proportions. One good criterion for this process is presented in Article I: one
fingerprint should emphasize the dimeric adducts, one trimeric oligomeric adducts
and slightly higher oligomers, and one fingerprints should emphasize the highest
oligomeric adducts that can be detected with the utilized instrument.

The purpose of the previous section was to encourage any chemist who is reading
this, and is working with red wine, to go and try to adapt the UPLC-MS/MS method
in their own laboratory. The author is confident that group-specific methodology
could help in solving more red wine related research questions in the future as well.
Moreover, this thesis focuses only on three different groups of oligomeric adducts,
and the group-specific methodology could still be applied to many other groups of
oligomeric adducts in red wine. Perhaps, in some time, the polyphenolic complexity
of the unique oligomeric adducts in red wine can be resolved one chromatographic
fingerprint at a time.
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