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RESumMO

Os compostos polifendlicos sdo metabolitos secundarios ubiquos na Natureza.
Estes compostos estdo presentes em alimentos e bebidas de origem vegetal tendo
uma contribuicado importante em algumas propriedades organoléticas tais como a cor e
0 sabor. Por outro lado, o consumo dos polifendis esta associado a efeitos benéficos
para a saude humana, o que tem fomentado a aplicacdo tecnoldgica destes
compostos. As antocianinas constituem um grupo relevante de polifendis sendo
responsaveis pela grande diversidade de cores que se podem observar nas plantas e
em produtos alimentares delas resultantes. Apesar do enorme potencial de aplicacao
das antocianinas na industria alimentar, a sua utilizagcdo como corantes alimentares

apresenta ainda algumas limita¢des, principalmente devido a sua instabilidade.

Nos ultimos anos a interagdo entre antocianinas e carboidratos tem despertado a
atencdo por parte da comunidade cientifica uma vez que estes compostos sdo
frequentemente encontrados juntos nas plantas e nos alimentos. Diversos estudos
demonstraram que a interacé@o entre estes compostos podera influenciar a estabilidade
e a extracdo destes pigmentos. Deste modo, com este projeto pretendeu-se estudar a
interagdo entre antocianinas e carboidratos habitualmente usados na industria
alimentar. Por outro lado, véarios estudos evidenciaram que a acilacdo das
antocianinas aumenta a sua estabilidade, tendo esta estabilizacdo sido atribuida a
mecanismos de copigmentagdo intra- e inter-molecular (auto-associa¢do). Assim,
neste projeto pretendeu-se estudar igualmente a ocorréncia de mecanismos de auto-
associacao em antocianinas mono-aciladas e néo aciladas.

Os resultados obtidos neste trabalho foram divididos em trés partes: o estudo da
interacao entre flavilios e ciclodextrinas (Capitulo 11l), antocianinas e pectina (Capitulo
IV) e o estudo da ocorréncia de mecanismos de auto-associagdo entre antocianinas
(Capitulo V).

A associacdo entre uma antocianina (cianidina-3-O-glucésido) e trés tipos de
ciclodextrinas (o, B e y) e a avaliagdo do impacto desta associacdo nos equilibrios
termodindmicos e cinéticos das suas reacgbes acido-base foi estudada por
espectrofotometria de ultravioleta-visivel. A adicdo de B-ciclodextrina resultou numa

diminui¢cdo da cor da solugéo antocianica, sendo este efeito mais evidente a pH mais



elevado e a concentracdes superiores de p-ciclodextrina. Este efeito de anti-
copigmentacao indicou claramente que os equilibrios &cido-base foram afetados pela
presenca da ciclodextrina. A inclusdo molecular das formas incolores da antocianina
na cavidade da B-ciclodextrina resultou num aumento da velocidade observada de
isomerizacdo (Kqs) @ pH 5.3 e no aumento da constante de equilibrio de hidratacéo
(Kh), com o aumento da concentracdo da espécie hemiacetal e diminuicdo do catido
flavilio de cor vermelha. Pelo contrario, para as outras duas ciclodextrinas testadas, -
e y-ciclodextrina, ndo foram observadas alteracbes significativas nas constantes de
equilibrio termodinamico e nas velocidades de reacdo, o que sugere que a inclusao de
cianidina-3-O-glucdsido nestas ciclodextrinas nao foi efetiva.

Foi igualmente possivel observar que a inclusdo molecular de cianidina-3-O-
glucésido na cavidade da B-ciclodextrina originou uma estabiliza¢cdo desta antocianina,

traduzindo-se num aumento do seu tempo de semi-vida.

Posteriormente, a estrutura molecular dos complexos de inclusdo cianidina-3-O-
glucésido-B-ciclodextrina foi caracterizada por ressonancia magnética nuclear e por
estudos computacionais. A existéncia de intera¢des inter-moleculares foi evidenciada
através de experiéncias de DOSY (Difusion Ordered spectroscopy) e de NOE (Nuclear
Overhauser Effect). A alteracdo dos desvios quimicos dos protées da cavidade da -
ciclodextrina e dos protbes pertencentes a forma hemiacetal da cianidina-3-O-
glucésida, em conjunto com os valores de coeficientes de difusdo (D) e das
correlagbes de NOE, evidenciou a formacdo de um complexo de inclusdo entre esta
forma de equilibrio e a B-ciclodextrina. Esta antocianina formou um complexo de
inclusdo de 1:1 com a B-ciclodextrina em que o anel pirdnico C da antocianina se
encontra incluido no interior da cavidade da ciclodextrina, enquanto o anel B se
encontra no plano da extremidade mais larga da ciclodextrina. Por outro lado, a
andlise dos dados obtidos nas experiéncias de ressonancia magnética nuclear nao
evidenciou a existéncia de uma interacdo entre o catido flavilio ou a trans-chalcona da

cianidina-3-O-glucésido e a p-ciclodextrina.

A interacao entre as diferentes formas de equilibrio de trés flavilios sintéticos (4',7-
dihidroxiflavilio, 4'-(2-hidroxietoxi)-7-hidroxiflavilio e 3',.4',7-trihidroxiflavilio) e a B-
ciclodextrina e a formacdo dos respetivos complexos de inclusdo foi igualmente
estudada por ressonancia magnética nuclear (ROESY — Rotational Overhauser Effect
spectroscopy). Para estes trés flavilios sintéticos, as respetivas espécies trans-

chalcona interagiram preferencialmente com a ciclodextrina. Pelo contrario, as



restantes espécies em equilibrio ndo evidenciaram qualquer interacdo com a B-
ciclodextrina. Os dados obtidos atraveés das experiéncias de ROESY sugerem uma
estrutura em que a trans-chalcona dos flavilios sintéticos é incluida na cavidade da -
ciclodextrina através do anel A, sendo evidente a interacdo entre os hidrogénios H8,
H6, H5, H4 e H3 e os protbes da superficie interna da B-ciclodextrina. A menor
polaridade do composto 4'-(2-hidroxietoxi)-7-hidroxiflavilio pareceu resultar numa

penetracao mais profunda deste flavilio sintético na cavidade p-ciclodextrina.

Numa segunda parte deste trabalho, foi estudada interacdo entre duas antocianinas
naturais (cianidina-3-O-glucosido e delfinidina-3-O-glucosido) e a pectina, que € um
polissacarideo presente nas paredes celulares vegetais. Esta interacdo foi
caracterizada por ressonancia magnética nuclear de diferenca de transferéncia de
saturacdo (STD) o que permitiu determinar a respetiva constante de dissociacéo (Ky).
Esta interagéo foi igualmente estudada por espectrofotometria de ultravioleta-visivel e
por estudos de modelacdo molecular. A pH 4.0, em que as antocianinas se encontram
sobretudo na sua forma hemiacetal, foi possivel verificar a existéncia de uma interagéo
fraca entre as duas antocianinas e a pectina. Uma variagdo na extensédo dessa ligacéo
foi também verificada para a delfinidina-3-O-glucésida (com trés grupos hidroxilo) que
revelou uma afinidade superior para a pectina comparativamente a cianidina-3-O-
glucosido (Kyg = 180 uM para delfinidina e Kq = 250 uM para cianidina-3-O-glucosido).
Experiéncias realizadas a pH 1.5 (antocianina na forma de catido flavilio) revelaram
uma interagdo superior (K4 = 2 uM) entre as antocianinas e a pectina
comparativamente ao pH 4.0. Estes resultados foram complementados por estudos
computacionais teoricos, que confirmaram uma interacdo mais forte da forma do catido
flavilio da antocianina com a pectina e especialmente para a dp3glc (AH gpagic>Bapagic™

chSgIc) .

A possibilidade de ocorréncia de reacfes de associacdo em antocianinas aciladas
com acido cumarico (malvidina-3-O-(6-cumaroil)glucésido) e antocianinas néo-
aciladas (malvidina-3-O-glucésido) foi estudada por espectroscopia de ressonancia
magnética nuclear e dindmica molecular. Experiéncias de NOESY (Nuclear
Overhauser Effects spectoscopy) e DOSY a pH éacido (1.0) evidenciaram a ocorréncia
de dois mecanismos de associacdo das formas flavilio das antocianinas aciladas,
nomeadamente copigmentacdo intra-molecular e associacdo inter-molecular. As
variagdes espectrais observadas (deslocamentos quimicos, & e coeficientes de

difusdo, D) resultantes das concentracfes crescentes das antocianinas foram



analisadas recorrendo a um modelo isodésmico. Nas condicbes experimentais
testadas, a malvidina-3-O-(6-cumaroil)glucésido evidenciou uma constante de
associacéo superior (1402 M™ (8) e 2203 M (D)) em comparacéo com a malvidina-3-
O-glucdsido (819 M™* (8) e 1002 M™ (D)), indiciando que as antocianinas aciladas
apresentam uma maior afinidade para a auto-associacdo. Em D,O/DMSO o valor de
concentracdo de agregacao critica (cac) determinado foi muito semelhante para as

duas antocianinas.

De um modo geral, este projeto contribuiu para a elucidacdo da interacdo entre
carboidratos e antocianinas, principalmente do ponto de vista estrutural, permitindo a
obtencdo de informagBes determinantes sobre o impacto de ciclodextrinas nos
equilibrios termodindmicos e cinéticos das antocianinas. Os resultados alcancados
neste projeto contribuiram igualmente para a elucidagdo da interagdo entre
antocianinas e pectinas, importante ndo s6 para a estabilizacdo destes pigmentos,
mas também um aspeto fundamental na extracdo e biodisponibilidade das
antocianinas. Este estudo permitiu também obter informacdes sobre os mecanismos

de estabilizac&do de antocianinas.

PALAVRAS-CHAVE: Antocianinas; auto-associagao; carboidratos; ciclodextrinas;

complexos de inclusdo molecular; copigmentacgéo intra-molecular; Dindmica Molecular;
DOSY; flavilios; NOESY; pectina; RMN; ROESY; STD; UV-Vis



ABSTRACT

Polyphenolic compounds are secondary metabolites widespread in the Nature.
These compounds are also present in food and beverages derived from plants in which
they are responsible for major organoleptic properties. The consumption of these
compounds has been associated with health benefits which have stimulated their
technological application in diverse industries. Among polyphenols, anthocyanins are a
relevant group of compounds which play a detrimental role in the color of plants.
Although the great potential of application that anthocyanins represents for food-
industry, their use as food colorants is seriously limited due to their instability problems,

which has prompted the search for new methods to enhance anthocyanin’s stability.

Association between anthocyanins and carbohydrates has drawn attention over the
past few years and this interaction is of particularly importance in food chemistry since
these compounds are often found together in plants and foodstuffs. Several studies
have revealed that this interaction may affect not only color but also the stability and
the extraction of anthocyanins. Moreover, research involving the development of
anthocyanin-containing food colorants has led to the discovery that acylated
anthocyanins exhibit remarkable stability, with this improved stabilization being
attributed to intra and inter-molecular copigmentation.

This project intended to bring insights regarding the structural interaction between
anthocyanins and carbohydrates (B-cyclodextrin and pectin) and the occurrence of intra
and inter-molecular association in anthocyanins. This project also intended to study the
formation and the structure of inclusion complexes between synthetic flavylium
compounds and B-cyclodextrin.

The results obtained in this work was divided into three main chapters focusing the
binding between flavyliums (anthocyanins and synthetic flavylium salts) and several
cyclodextrins (o, B and y) (Chapter lll), anthocyanins and pectin from citrus fruit

(Chapter 1V) and anthocyanins association reactions (Chapter 1V).

The interaction between a,  and y-cyclodextrin and cyanidin-3-O-glucoside and the
impact of this binding on anthocyanin’s network of chemical reactions was investigated
through ultraviolet-visible absorption techniques. It was shown that the addition of -

cyclodextrin resulted in the fading of anthocyanin solution and this fading effect was



greater at higher pH. This anti-copigmentation effect clearly indicated that the
equilibrium and kinetic constants of the network of chemical reactions taking place in
cyanidin-3-O-glucoside was affected by the presence of B-cyclodextrin. Molecular
inclusion in the cyclodextrin cavity resulted in the increase of the isomerization
observed rate constant (kons) at pH 5.3 and in the increase of the hydration equilibrium
constant (K;) which is in agreement with the fading of anthocyanin solution. Oppositely,
for the other two macrocycles a- and y-cyclodextrin, no significant changes were
observed on the equilibrium and kinetic constants, which suggests that the inclusion of
cyanidin-3-O-glucoside in these cyclodextrins was not favored.

Molecular inclusion of this anthocyanin into B-cyclodextrin cavity induced a thermal
stabilization of the pigment with an increase of the half-time values in the presence of

this cyclodextrin.

The formation and the structure of cyanidin-3-O-glucoside-B-cyclodextrin inclusion
complexes were investigated using a combined approach of nuclear magnetic
resonance spectroscopy and Molecular Dynamics simulation. Diffusion ordered
spectroscopy (DOSY) and study of nuclear Overhauser effects (NOE) were used to
determine the selective intermolecular interactions and structure of these complexes in
agueous solution. The observed chemical shift displacements of resonance signals of
protons from the interior of B-cyclodextrin cavity and protons belonging to the
hemiketal, together with the diffusion coeficients measurements and the NOE studies
have anticipated the formation of an inclusion complex between this equilibrium form
and B-cyclodextrin. The analysis of the spectral data have shown no evidence of
internal interaction between this cyclodextrin and the flavylium cation or trans-chalcone
forms of cyanidin-3-O-glucoside. The hemiketal formed a 1:1 inclusion complex with 3-
cyclodextrin in which the pyranic C ring is deeply included inside the cyclodextrin cavity
while B ring lies on the plan of the wider rim. The structure of the complexes was also

clarified through a theoretical approach by Molecular Dynamics simulation.

The interaction between the network of chemical reactions of three synthetic
flavyliums (4’,7-dihydroxyflavylium; 4’-(2-hydroxyethoxy)-7-hydroxyflavylium and 3’,4’,7-
trihydroxyflavylium) and B-cyclodextrin and the structure of the molecular inclusion
complexes was also studied by nuclear magnetic resonance spectroscopy (ROESY
experiments). The trans-chalcone was the network specie exhibiting stronger
interaction with the host. In contrast, the flavylium cation does not interact with (-

cyclodextrin. ROESY experiments suggests a structure where the synthetic flavylium



salts are deeply included on B-cyclodextrin cavity with the hydrogens in positions H8,
H6, H5 (ring A), H4 and H3 interacting with the internal surface of the cyclodextrin. The
decrease polarity of 4’-(2-hydroxyethoxy)-7-hydroxyflavylium resulted on a deeper

penetration of this synthetic flavylium into f-cyclodextrin cavity.

The binding between natural anthocyanins (delphinidin- and cyanidin-3-O-glucoside)
and cell wall carbohydrates was characterized by saturation transfer difference (STD)
nuclear magnetic resonance spectroscopy and the respective dissociation constant
(Kg) was obtained. This interaction was also studied through computational calculations
and ultraviolet-visible spectrophotometry. A pH 4.0, in the presence of the anthocyanin
hemiketal form a weak interaction between anthocyanins and pectin seems to occur. A
variation in the extent of this interaction was also noticed for the two anthocyanins with
delphinidin-3-O-glucoside bearing three hydroxyl groups, revealing to be a stronger
binder to pectin (Ky = 180 uM for delphinidin-3-O-glucoside and Ky = 250 uM for
cyanidin-3-O-glucoside). Experiments performed at acidic pH (flavylium cation)
revealed a stronger interaction (Ky = 2 uM). These experimental results were also
supported by theoretical studies which also revealed a stronger interaction in the
presence of the anthocyanin flavylium cation and also a stronger interaction between
pectin and delphinidin-3-O-glucoside  than  with cyanidin-3-O-glucoside

+
(AH dp39lc> de3glc> chSQIc) '

The association reactions (intra- and inter-molecular association) occurring in a
mono-acylated (malvidin-3-O-(6-coumaroyl)glucoside) and non-acylated anthocyanin
(malvidin-3-O-glucoside) in the flavylium form (pH 1.0) was studied using a synergistic
combination of nuclear magnetic resonance spectroscopy and Molecular Dynamics
simulation. NOESY experiments have showed the occurrence of two association
mechanisms on the acylated anthocyanin namely intra-molecular and self-association.
The spectral variations (chemical shifts, 8, and diffusion coefficients, D) resulting from
the increasing of the anthocyanins concentration were analyzed using an isodesmic
model. In the concentration range tested in this work malvidin-3-O-(6-
coumaroyl)glucoside was found to self-associate with a higher affinity constant (1402
M? (8) and 2203 M™ (D)) compared to the malvidin-3-O-glucoside (819 M™ (8) and
1002 M*(D)) revealing that in acylated anthocyanins the combined aggregation
phenomenon could be responsible for this higher affinity towards self-association. In
this study the critical aggregation concentration (cac) value determined for both

anthocyanins were very similar.



Overall, this work brings more insights on the carbohydrate-anthocyanin interaction,
particularly from a structural point of view and represents valuable insights regarding
the impact of cyclodextrins on the pH dependent equilibrium network of anthocyanins.
The results achieved also offer a contribution to the elucidation of the binding between
anthocyanins and carbohydrates from plants cell wall, important not only for the color
and stabilization of these pigments but also a possible fundamental aspect in the
extraction and bioavailability of anthocyanins. This study also provides information
regarding anthocyanins stabilization mechanism, particularly intra and inter-molecular
association.

From a technological perspective, the results presented on this thesis contribute to
the increasing knowledge regarding the phenomena that drive the stabilization of
flavylium compounds, a major issue for the putative application of these compounds in
several industries.

KEYWORDS: Anthocyanins; carbohydrates; cyclodextrins; DOSY; flavyliums; intra-
molecular copigmentation; Molecular Dynamics; molecular inclusion complexes; NMR;
NOESY; pectin; ROESY; self-association; STD; UV-Vis.
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(A) and inter-molecular (B) interactions were also identified. The mv3cumglc molecules
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OUTLINE OF THIS THESIS

This thesis is organized in six chapters. This is a formal organization and does not
necessarily reflect the order of the experimental work. This is an author’s option in

order to present the results in a concise and clear way.

A general approach regarding the scope and the aims defined for this thesis are

presented on Chapter I. Following this chapter:

Chapter Il consists on a bibliographic review of the most relevant literature, which
includes a general description of polyphenols, particularly some flavonoids and the
main nutritional and health properties attributed to these compounds. A more detailed
explanation regarding anthocyanins chemistry, occurrence in the human diet, toxicity,
reactivity and technological application is also presented. Information regarding
anthocyanin’s stabilization mechanisms and anthocyanin-carbohydrate interaction is

also described in this bibliographic review.

Chapters lll, IV and V concerns the results obtained during the PhD work. Chapter
Il reports the interaction and the formation of inclusion complexes between flavylium
derivatives (anthocyanins and synthetic flavyliums) and cyclodextrins (a, p and y). This
chapter is divided in three parts (A, B and C). In part A the impact of o, B and vy-
cyclodextrins on the thermodynamic and kinetic constants occurring in cy3glc is
presented. The assessment of these parameters was made through an UV-Vis
approach. The evaluation of the thermal stability of cy3glc in the presence of 3-CD was
also evaluated.

In part B the formation of molecular inclusion complexes between cy3glc different
equilibrium forms and B-CD was studied. This molecular inclusion was evaluated
through several NMR experiments, including DOSY and ROESY and through
Molecular Dynamics simulation.

The content of part A and B was adapted from two papers published in peer-
reviewed journals.

Part C of this chapter reports the inclusion complex formation between three
synthetic flavyliums (4’,7-DHF, 4’-(2-hydroxyethoxy)-7-HF and 3’,4’,7-THF) and j-

Xvii
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cyclodextrin. This interaction was studied by NMR spectroscopy (ROESY
experiments). The content of this part results from the adaptation of some data
presented on three papers published in peer-reviewed journals.

Chapter IV reports the study of the interaction between anthocyanins and
carbohydrates present in plant cell walls. More specifically, in this chapter the binding
between cy3glc and dp3glc and low methoxylated pectin from citrus fruit is described.
This binding was assessed using several experimental techniques including UV-Vis
spectroscopy and NMR (STD experiments) and also through a theoretical approach
(Molecular Dynamics simulation). The content of this chapter was adapted from a

paper published in a peer-reviewed journal.

Chapter V describes the occurrence of copigmentation mechanisms (intra-
copigmentation and auto-association) in mono-acylated and non-acylated
anthocyanins. These anthocyanin’s stabilization mechanisms were studied by the
variation of several NMR parameters (6 and D) with anthocyanin concentration and by
Molecular Dynamics simulation. The content of this chapter was adapted from a

submitted manuscript in a peer-reviewed journal.

Chapter VI presents a general conclusion of the main results obtained, representing
not only a summary of the main results obtained as also a global comparative analysis
of different results. Final remarks and recommendations for future research activities

are also presented in this chapter.

The adaptation of these chapters from published and submitted papers involved the
standardization of the formatting and nomenclature. Some sentences and images were
added, in order to clarify some aspects. Also, in Part A from chapter Ill, some
unpublished results related to the impact of y-CD on cy3glc’s thermodynamic and
kinetic constants and results related to cy3glc’s thermal stability in the presence of -
CD (studied by DSC and thermal degradation) were added.
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I.1. Scopes

Nowadays plant polyphenols enjoy an ever-increasing recognition not only by the
scientific community but also, and most remarkably, by the general public because of
their presence in fruits, seeds, vegetables and derived foodstuffs or beverages. The
economic implications of polyphenolic compounds are thus substantial. They are used
in numerous sectors of the food-industry as natural additives (natural coloring agents,
conservative agents, natural antioxidants, nutritional additives, functional foods).
However, it is probably in the field of human health that the economic implication of
polyphenols is the most important. Actually, many plant extracts rich in phenolic
molecules of interest are used as food complements or can be integrated into cosmetic

or pharmaceutical formulations (1) (Figure 1.1).

S \lleExtensior
LA, e ————r

CAPSULES

Nature's ]

Figure 1.1. Representation of some industrial and technological applications of polyphenols (pharmaceutical, cosmetic
and food-industry).

In addition to aroma, taste and texture, color is the most important quality parameter
of foods because it is one of the first characteristics perceived by the senses and is
used by consumers for the rapid identification and ultimate acceptance of foods (2).
Consumers judge the quality of a food product principally by its color and for this
reason the food-industry has commonly used synthetic colorants to enhance or to

restore original appearance of foods due to processing and storage, to ensure

3
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uniformity and raw material heterogeneity and as an indicator of food quality. Synthetic
dyes have also been used because of their outstanding stability against light, oxygen
and heat. However, the safety of these colorants commonly used in the food industry
has been questioned in the past years and consumers had become increasingly
concerned about the adverse health effect. For instance, azo dyes used in drinks, are
associated with detrimental effects on children’s health, particularly with attention deficit
hyperactivity disorder (ADHD) (3). As a consequence, besides the requirement for the
labelling of food containing synthetic colorants, there is a worldwide trend in the search
of nutritious, safe and environmentally friendly food colorants from natural sources (4,
5).

Replacing artificial pigments by their natural counterparts is therefore a major
challenge for the food-industry. In this context, anthocyanins are particularly promising
candidates and in the last two decades an intense research activity on anthocyanins
has been promoted (6) mainly related to their possible use as natural colorants and
their potential health-promoting properties, which could allow their application in
functional foods, in nutraceutical and in the pharmaceutical industries. These phenolic
compounds are ubiquitous colorants of most flowers and fruits and are considered as
suitable candidates for food pigments as they can contribute for the most spectacular
red, blue and purple color. Anthocyanins provide high colorant power, they are
hydrophilic colorants which facilitates their incorporation into many food systems (7)
and they are specifically compatible with a water-based gel formulation. Furthermore
they have been consumed for centuries without adverse effects and studies indicates
that anthocyanins are non-toxic and non-mutagenic (8). On the opposite, several
positive therapeutic properties have been attributed to anthocyanins, like for instance
antioxidant, anti-carcinogenic, anti-inflammatory, and anti-angiogenic properties (9, 10).
Anthocyanins can also improve the nutritional value of processed foods by preventing

oxidation of lipids and proteins in the food products (11).

In response to consumer demand for “greener” additives, combinations of various
extracts of anthocyanins and also winery by-products, which are particularly rich in
anthocyanins due to their poor extraction in the course of vinification, have been used.
For instance, application of anthocyanins based colorants in pastry, fruit yogurt and
many types of fruit-flavored dry mixes is becoming more popular. Indeed, synthetic
dyes are not allowed in the rapidly growing natural food market, where anthocyanins

are becoming increasingly important (12).
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Although the great potential of application that anthocyanins represents for food-
industry, their applications as food colorants are seriously limited due to their stability
problems. Their stability is affected by many factors and the limitation to the application
of anthocyanins as pigments in food systems is related to the process conditions,
formulation and storage. Anthocyanin’s stability is affected by pH, storage temperature,
presence of enzymes, light, oxygen, structure, concentration of the anthocyanins, and
the presence of other compounds such as other flavonoids, proteins, and minerals
(13). Besides this they present low extraction percentages.

These drawbacks have stimulated a search for new methods to enhance the
anthocyanin’s stability and to increase the possibilities for the use of these compounds
(5). Scientific research on the chemistry of colors, in theoretical and applied level, is
essential to the technology of foods, cosmetics and drugs, since with alternative
anthocyanins stabilization mechanisms and with better understanding of their influence
in the anthocyanins degradation may improve the application of natural compounds
(13). The need to avoid the use of synthetic colorants and move towards the use of
natural food colors has also increased the research in this field during the past

decades.

1.2. Aims

The detailed knowledge of the factors that governs anthocyanins color is a key step
towards the implementation of strategies for the stabilization of these pigments which
would allow a putative application in food matrices as natural colorants. On the other
hand, the impact of polymeric compounds (e.g. pectins) on anthocyanins extractability
from plant materials is also an important issue regarding several industries. Despite
some information have already been reported, it has not been carried out a systematic
and fundamental study concerning the mechanisms of anthocyanins color stabilization,

particularly the interaction between these pigments and some carbohydrates.

Bearing this, the overall objective of this thesis was to gain knowledge of
anthocyanins physical-chemical behavior in the presence of some carbohydrates and
particularly to better understand the impact of these carbohydrates (cyclodextrins and
pectin) on anthocyanin’s color and on the physic-chemical equilibria of these pigments.
The occurrence of self-association and intra-molecular co-pigmentation mechanisms

on mono-acylated and non-acylated anthocyanins was also of interest for this thesis.

5
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In this context several objectives were defined for this work:

Understand the impact of cyclodextrins (o, B, and y) on the color of an
anthocyanin bearing a catechol moiety (cy3glc). Study the effect of these
carbohydrates on the thermodynamic and kinetic constants of cy3glc’s network
of chemical reaction by UV-Vis spectroscopy. Evaluate 3-cyclodextrin impact on
cy3glc’s thermal stability (Ill- Part A);

Study the formation of molecular inclusion complexes between [-cyclodextrin
and cy3glc equilibrium forms and structure establishment of the inclusion
complex cy3glc-B-CD using NMR spectroscopy and a theoretical approach (Il —
Part B);

Study the formation of molecular inclusion complexes between synthetic
flavyliums (as anthocyanins model compounds) and B-cyclodextrin by NMR
spectroscopy. Evaluate the affinity of different equilibrium forms towards

molecular inclusion and the structure of these complexes (lll — Part C);

Study the mechanism governing the binding between anthocyanins bearing a
catechol and a pyrogallol moiety (cy3glc and dp3glc, respectively) and
polymeric carbohydrate (pectin from citrus fruit). Evaluate the extent of the
binding between anthocyanins flavylium cation or hemiketal equilibrium form
and pectin. To perform this study a combined approach of UV-Vis, NMR and

MD simulation was used (IV);

Understand the self-association and intra-molecular copigmentation
mechanisms occurring in mono-acylated and non-acylated anthocyanins. This
stabilization mechanisms were assessed by different NMR parameters and by a

theoretical approach (V);
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II.1. Polyphenols

Polyphenols are secondary metabolites widely distributed in the plant kingdom.
These phytochemicals are distinguished for their roles in many biotic and abiotic
interactions, including plant resistance against fungal or bacterial infections and also in
the defense against insects and mammalian herbivorous. Polyphenols also play an
important role in plant’s color and maturation and in pollinator’s attraction (14) and are
also known for their general protective roles (e.g., as antioxidant, free radical-
scavenging, UV light-absorbing) (15, 16). These compounds are commonly found in
both higher and edible plants and consequently they are abundant in our diet

particularly in plant-derived foods and beverages (e.g. wine, coffee, tea, fruit juices).

Dietary polyphenols are important for food nutritional properties (17) and also for
major organoleptic characteristics, particularly color and flavor properties (astringency
and bitterness) (18). These compounds have also received attention after recognition
of their potential health benefits. High intake of fruits, vegetables and whole grains,
which are rich in polyphenols, has been linked to lowered risks of many chronic
diseases, particularly cancer, cardiovascular diseases, chronic inflammation and many
degenerative diseases (19). For instance, drinking red wine has been correlated with
the relatively low incidence of coronary heart disease in French population despite a
high fat diet, well known as the French Paradox (20) (Table II.1). Polyphenols are also
strong antioxidants, defending against oxidative stress caused by excess reactive
oxygen species (ROS), chelating transition metal ions and inhibiting enzymes involved
in oxidative stress (19, 21-23).

Table I1.1. The French Paradox (20).

Region Plasma cholesterol Mortalit_y from coronaiy
(mg/dl) heart disease (per 10%)
France 216 102
Toulouse 224 78
USA (Stanford) 209 182
UK 240 380

Plant polyphenols comprise a large diversity of structures and their composition is

highly variable both qualitatively and quantitatively; some of the compounds are

9
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ubiquitous whereas others are restricted to specific families or species (24). For
instance, quercetin can be found in all plant products (fruits, vegetables, cereals,
leguminous plants, fruit juices, tea, wine, etc) while isoflavones can be found specially
in soya (16, 17).

Although the term polyphenol is often used as a synonym of phenolic compound, it
should be restricted in a strict chemical sense to molecules bearing at least two
phenolic rings regardless of the number of hydroxyl groups they each bear (25). These
compounds may be classified into different groups as a function of the number of
phenol rings that they contain and the structural elements that bind these rings to one
another (16). Classes of non-flavonoids and flavonoids are usually distinguished with
this latter group of polyphenols being the most abundant (14). In fact, in the last years
more than 8000 flavonoids have been reported in plants and the list is constantly
growing (26). In addition to this diversity, polyphenols may be associated with various
carbohydrates and organic acids and with one another, occurring as oligomers and

polymers (i.e. condensed and hydrolysable tannins) (16).

I1.2. Non-Flavonoids

The non-flavonoids are mostly rather simple molecules, such as phenolic acids
(benzoic and hydroxycinamic acids, based on C;-Cq and C;-Cs skeletons, respectively)
and stilbenes (Ce-C,-Cg), although also include complex molecules derived from them

(eg, stilbene oligomers, gallotannins, ellagitannins and lignins) (16) (Figure I11.1).
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Figure 11.1. Chemical structures of some representative classes of non-flavonoids with some examples of plants where
they can be found.

I1.3. Flavonoids

The flavonoids are the most abundant polyphenols in our diet and they share a
common nucleus containing a three-ring core, consisting on two phenolic rings (A and
B) that are bound together by three carbon atoms that form an oxygenated heterocycle
(C ring) (Cs-Cs-Cg skeleton) (16) (Figure 11.2).

Figure 11.2. Basic structure of flavonoids with rings denomination and numeration.
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The flavonoids composition in plants is highly variable both qualitatively and
quantitatively and they are present predominantly as glycosides (27). This group of
polyphenols can themselves be divided into several groups differing in the oxidation
state (degree of unsaturation) of the heterocyclic pyran ring (flavanols, anthocyanidins,
flavonols, flavones, isoflavones, flavanones). The shift of B-ring substitution from C, to
C; position allows the separation of the isoflavones from others subclasses (12)
(Figure 11.3).

The structural diversity of dietary polyphenols is not limited to differences in the
structure of the carbon skeleton and in the oxidation state of the heterocycle of
flavonoids. It is further complicated by varying patterns of hydroxylation or
methoxylation of the phenolic rings, by glycosylation of most flavonoids, by acylation
with phenolic acids and by the existence of sterecisomers, among others (28).

Among flavonoids, the flavanols and the anthocyanidins are abundant flavonoids in
our diet. These two classes also play a detrimental role in the quality and in the
sensorial properties of plant-derived foods and beverages, particularly in the taste
properties (flavanols) and in the color definition (anthocyanindins). Due to these
characteristics a brief description of the flavanols will be presented. A more detailed
description of the anthocyanindins chemistry will be presented as the work present in

this thesis is essentially focused in this sub-class.
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Figure 11.3. Chemical structures of some representative classes of flavonoids with some examples of plants or plant
derived beverages where they can be found.
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[1.3.1. Flavanols

The sub-class of flavanols exists in both form of monomers (flavanol), oligomers and
polymers (proanthocyanins or condensed tannins) and in contrast to other class of
flavonoids, in the flavanols there is no double bond between C, and C; and no C,
carbonyl in the C-ring. This and the hydroxylation at C; allows flavan-3-ols to have two
chiral centers on the molecule (on C, and Cy), thus four possible diastereocisomers (22).
In the plant kingdom flavan-3-ols are usually hydroxylated in positions Cs and C; (ring
A) and depending on the variation in the stereochemistry of the two asymmetric centers
and on the differences in the pattern of hydroxylation of B ring, flavan-3-ols can be
classified as afzlechin (or epiafzlechin), catechin (or epicatechin) and gallocatechin (or
epigallocatechin) (Figure 11.4). Moreover, the flavanols can be esterified in position Cs
with gallic acid (29). Catechin and epicatechin are the main flavan-3-ols in fruits while
gallocatechin, epigallocatechin and epigallocatechin gallate are found in certain seeds

of leguminous plants and in tea (30, 31).

Flavan-3-ol R; R, Rs R, Rs
(+)-afzelechin OH H H OH H
(-)-epiafzelechin H OH H OH H
(+)-catechin OH H H OH OH
(-)-epicatechin H OH H OH OH
(+)-gallocatechin OH H OH OH OH
(-)-epigallocatechin H OH OH OH OH

Figure 11.4. Chemical structure of the flavan-3-ols units in proanthocyanidins with characteristic numeration and rings
denomination.

Condensed tannins are derived from the oligomerization of flavan-3-ol units that are
bound together by interflavanic bonds (Figure 11.5). The condensed tannins can also be
referred to proanthocyanidins as an acid-catalyzed cleavage of the polymeric chains
produces anthocyanidins (22). Their structure is dependent on the kind of monomer,

the nature of the interflavanic linkage between monomers, by their chain length and by
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the degree of esterification with gallic acid (29). Depending on the interflavanic
linkages, oligomeric proanthocyanidins can be A-type structure in which the monomers
are linked through C,-O-C; or C,-O-Cs bonding or B-type in which C4-Cg or C4-Cq are
common.

The reactivity of condensed tannins with molecules of biological significance has
important nutritional and physiological consequences (32). Their multiple phenolic
hydroxyl groups lead to the formation of complexes with proteins (33, 34) with metal
ions (35) and with other macromolecules like polysaccharides (36).

15
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A. B.

OH

Figure 11.5. Chemical structure of some condensed tannins: type B dimeric procyanidin (A); type A dimeric procyanidin
(B); trimeric procyanidin (C); polymerized procyanidins (D). R is aH or OH.
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11.3.2. Anthocyanins

Anthocyanins (in Greek anthos means flower and kyanos means blue) constitute the
largest and the most important group of water soluble and vacuolar pigments with
appealing colors ranging from pink through scarlet, magenta and violet to purple and
blue (37-39). The total number of anthocyanins structures identified after isolation from
plant extracts is about 700. However, nearly 200 different anthocyanins have also been
presented with tentative structures (40).

Anthocyanins occur in all tissues of higher plants, including flowers and fruits where
they play a definite role in the attraction processes involved in pollination and in seed
dispersal. For this reason, anthocyanins are of considerable value in the co-evolution of
these plant-animal interactions (10). These flavonoids are also quite common in young
leaves and together with other flavonoids they might exert a deterring effect against
herbivores (41). Anthocyanins can act as antioxidants, phytoalexins or as antibacterial
agents (42) and owing to strong absorption of light they may also be important in
protecting plants from UV-induced damage, thereby protecting the tissues from
photoinhibition or high-light stress (14, 43).

In addition to the physiological functions in plants and the color attributes particularly
relevant for the food industry, interest in anthocyanins has increased due to their
possible health benefits (5). An important function of anthocyanins extracts is their
antioxidant activity (44-49), although health benefits also include enhancement of sight
acuteness (50), treatment of various blood circulation disorders resulting from capillary
fragility , inhibition of platelet aggregation, maintenance of normal vascular permeability
(44), vaso-protective and anti-inflammatory properties (51, 52), controlling diabetes,
anti-neoplastic and chemoprotective agents (53, 54), radiation-protective agents (55)
and possibly others due to their diverse action on various enzymes and metabolic

processes (56).

[1.3.2.1. Anthocyanins chemistry

Anthocyanins belong to a large group of flavonoids. Chemically, they are glycosides
of polyhydroxy and polymethoxy derivatives of 2-phenyl-benzopyrylium salts.
Anthocyanidins share a C¢-C3-Cg carbon skeleton (41) and are usually penta- (Cs, Cs,
C;, Cz, Cy) or hexa-substituted (Cs, Cs, C;, C3, C4, Cs) (Figure 11.6). Owing to the long

chromophore with eight conjugated double bonds carrying a positive charge,
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anthocyanins are intensely colored under acidic conditions and the maximum
absorption in the visible range is usually between 465 and 550 nm while the other
maximum absorption band falls in the UV range between 270 and 280 nm (57).

Figure 11.6. General structure of anthocyanins. R; and R; are H, OH or OCHg; R, is OH; R, is a glycosyl or H; Rsis a OH
or a O-glycosyl.

Depending on the pattern of hydroxylation and methylation on A and B rings, there
are close to 31 different anthocyanidins (aglicone) that have been properly identified in
nature (13) of which only six are the most common in vascular plants. In fact,
approximately 90% of all anthocyanins isolated in the plant kingdom are derived from
these six anthocyanidins: pelargonidin (Pg), cyanidin (Cy), peonidin (Pn), delphinidin
(Dp), petunidin (Pt) and malvidin (Mv) (9, 10). The distribution of the six most common
anthocyanidins in the edible parts of plants is cyanidin (50%), pelargonidin (12%),
peonidin (12%), delphinidin (12%), petunidin (7%) and malvidin (7%) (10).

Under acidic conditions, the color of anthocyanidins is determined largely by the
pattern of hydroxylation and methoxylation of the ring B. In general, B ring possessing
more hydroxyl groups falls on the blue end of the spectrum (bathochromic shift) while
those possessing more methoxyl groups fall on the red end of the spectrum (39, 58).
Other factors such as glycosylation pattern, i.e., sugar vs. acylated sugar can also
affect the color of anthocyanin compounds (Table I1.2).

Table 11.2. Differences on chemical structure, color and Amax Of anthocyanidins most commonly found in nature (12). *In
HCI acidified MeOH

R R; R4 Rs Color Amax (NM)
Cianidin (Cy) OH H H OH Magenta 535
Peonidin (Pn) OCHj3 H H OH Magenta 532
Pelargonidin (Pg) H H H OH Red 520
Malvidin (Mv) OCHj3 OCHj3 H OH Purple 542
Delphinidin (Dp) OH OH H OH Purple 546
Petunidin (Pt) OCHj; OH H OH Purple 543




Interacéo de derivados de flavilios com carboidratos numa perspetiva alir:ecilltjapr

Additionally, the sugar moieties of anthocyanins (Figure 11.6) may in turn be further
linked to other sugars through glycosidic bonds (at C;) or acylated with organic
aromatic or aliphatic acids through ester bonds (at C¢). The nature, the number and the
position of the sugar moiety attached to the aglycone as well as the nature and number
of organic acids attached to the sugars result on a wide variety of anthocyanins (43).
Anthocyanins most frequently occur as 3-monosides, 3-biosides and 3-triosides as well
as 3,5-diglycosides and more rarely 3,7- diglycosides (10).

Glucose (glu) is the most common monosaccharide attached to the aglycone, but
rhamnose (rha), galactose (gal), arabinose (ara) and xylose (xyl) are also commonly
attached to the aglycone. The di- and trisaccharides most often found in anthocyanins

are rutinose (rut), sophorose (sop) and sambubiose (sam) (9, 24, 37) (Figure I1.7).

OH OH H
OHl 4 N Hg H Ho
o]
H HO
HO OH HO H HO
H  OH H  OH H  OH
H H H OH H
B-D-glucose a-L-ramnose B-D-galactose o-L-arabinose B-D-xylose
H OH OH
H
Ho HH
HO
HO OH HO
HO  CH,
o]
H 4o
Ho
HOHO oH
H  OH
H H
sophorose rutinose sambubiose

Figure 11.7. Chemical structure of the most common saccharides present in anthocyanins.

The sugar residues may occur acylated with aromatic acids including cinnamic (e.g.
p-coumaric, caffeic, ferulic, or sinapic acid) as well as aliphatic acids (e.g. malonic,
acetic, malic, succinic or oxalic acid) (5) (Figure 11.8) and more than 69% of the
reported anthocyanins contain one or more acyl group (40). Cinnamic acids may
themselves bear glycosidic sugar and aromatic and aliphatic acylation may occur in the
same molecule, forming the polyacylated structure. These acyl substituents are
commonly bound to the C; sugar, esterified to the OH groups of the sugars at position

6 or less frequently at position 4 (59, 60). Nevertheless, anthocyanins containing rather
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complicated acylation patterns attached on different sugar moieties have also been
reported (61, 62).

A. HO B.
o) 0 o)
™ MeO o) HO OH
OH OH HO
OH
— o) OH O
HO

p-Coumaric acid Ferulic acid Succinic acid Malic acid
MeO
HO 0 0 o]
OH <
HO
HO \ y (0] HoMOH HO‘?;
HO o
o
MeO 0 o}
OH
Sinapic acid Cafeic acid Malonic acid Oxalic acid Acetic acid

Figure 11.8. Chemical structure of common cinnamic acids (A) and aliphatic acids (B) acylated with sugar moieties of

anthocyanins.

Both glycosylation and acylation affect the physical and chemical properties of
anthocyanins in that they modify the molecular size and polarity of the molecule,
affecting also the stability and reactivity of the anthocyanin molecule.

In general, acylation of the sugar moieties of the anthocyanins involves a loss of
polarity causing a decrease in water solubility whereas glycosylation increases water
solubility. On the opposite, the aglycone form of anthocyanins is rarely found in nature
due to the poor solubility. Besides this, anthocyanin molecules with complex patterns of
glycosylation and acylation exhibit remarkable stability to pH changes, heat treatment
and light exposure, which could be explained through the formation of intramolecular
H-bonding network within the anthocyanin molecule (63-65). Hydroxylation degree has
also an important effect on the anthocyanins stability. Increasing the number of
hydroxyl groups in the structure of anthocyanins cause a decrease in their stability.
Further, high methoxylation increases the stability of anthocyanins (66).

The various types of glycosidic and acyl substituents that can be found attached to
the anthocyanidins molecule, as well as the different numbers of substitutions that can
be attached to the molecule, are responsible for the wide variability of anthocyanin

chemical structures reported in plant kingdom (12).
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[1.3.2.2. Anthocyanins in the human diet

In the human diet anthocyanins can be found in many sources including certain
varieties of cereals, colored fruits such as berries, cherries, peaches, grapes,
pomegranates and plums as well as many dark-colored vegetables (e.g. red cabbage,
beans, onions, red raddish) (57, 67). Dietary anthocyanins sources also include fruit-
based processed foods and beverages such as juices and red wine (

Table I1.3). Abundance of the more common anthocyanins in the edible parts of
plants varies substantially across plant species and even cultivars with environmental
factors such as light, temperature and altitude affecting anthocyanins concentration
(67, 68). Food contents are generally proportional to color intensity and reach values
up to 1000-4000 mg/kg in blackcurrants or blackberries and 200-350 mg/kg in red wine
(16). With regard to mass consumed, anthocyanins constitute the most important
subclass of flavonoids with an estimated consumption of anthocyanin of 10,000 tons
annually (9) with cyanidin being the most common anthocyanidin in foods. The daily
intake of anthocyanins had been estimated in a wide range (3—-215 mg per day) (69),
but the more recent estimates indicates that the average adult intake of anthocyanins
in Europe and the United States is in the scale of 10 mg per day (40). However the
dietary habits and choices have also a large influence on anthocyanin consumption.
For example, regular red wine or fruit juices drinkers can also benefit higher

anthocyanins intake (9).

Animals and humans have consumed anthocyanins since ancient times and no
adverse impact on health has been reported with oral consumption of anthocyanins in
foods (70). Based on toxicological studies including mutagenicity, reproductive toxicity,
teratogenicity as well as acute and short-term toxicity evolutions, the Joint FAO/WHO
Expert Committee on Food Additives (JECFA) concluded that anthocyanin-containing
extracts are harmless compounds with a very low order toxicity (71). Bearing this, the
use of anthocyanins from natural sources is widely permitted as food colorants in many
countries. In the United States anthocyanins are approved as food colorants under the
category of fruit (21CFR73.250) or vegetable (21CFR73.260) juice color. Under these
categories only the edible portion of plants are to be used. Extracts from dried
materials are permitted under this classification but the extracting solvent is restricted
to water (5). The EU classifies anthocyanins (as grape color extract, grape skin extract,
concentrated juice of black currant, cherry, red cabbage, etc) as food additives under
classification number E163 (57, 72).
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Table 11.3. Selected data for the content of anthocyanins in foods and beverages (9).

Commodity Content (mg.L™" or mg.kg™)
Blackberry 1150
Blueberry 825 — 4200

Boysenberry 1609

Cherry 20 — 4500

Chokeberry 5060 — 10000
Cranberry 600 — 2000
Cowberry 1000

Currant (black) 1300 — 4000
Elderberry 2000 — 10000
Grape (red) 300 - 7500
Loganberry 774
Blood orange (juice) 2000
Plum 20-250
Raspberry (black) 1700 — 4277
Raspberry (red) 100 - 600
Raspberry (red - juice) 4-1101
Sloe 1600
Strawberry 150 — 350
Red cabbage 250
Eggplant 7500
Onion up to 250
Rhubard up to 2000
Red Wine 240-350
Port Wine 140-1100

[1.3.2.3. Anthocyanins reactivity

As already described, the flavonoids are built on a three-ring core consisting of two
aromatic systems and a pyran ring. Except for flavanols that have a fully saturated
central ring, all major flavonoids molecules are pigments absorbing in higher
wavelengths as the unsaturation increases (resulting in an extent of electron
delocalization): from yellow for flavones and flavonols to red and blue for anthocyanins.

A specific type of reactivity can characterize each ring (Figure 11.9) (73).
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Figure 11.9. Flavonoids general reactivity.

For anthocyanins, the central pyranic C-ring tends to have a positive charge
delocalized especially on positions C, and C,. Therefore, the reactions of this ring are
dominated by nucleophilic attack on the electrophilic carbons C, and C,. In fact, the
most important reaction of the anthocyanins is the water attack on C, of the flavylium
cation forming the hemiketal (40). The electrophilic character of C,4 is mostly reported in
connection with the use of SO, as preservative in the food industry. SO, will attack C,
and form colorless adducts in a reversible reaction (74) (Figure 11.10).

R2
0-Glc
+ H,0/-H*
H
o)
HSO, (aq) Rz
0O-Glc

SO;H

//”\

Figure 11.10. Anthocyanins C-ring reactivity exemplified by the nucleophilic attack of water and bisulfite.

On the other hand, and although its positive charge, anthocyanins can react with
electrophilic compounds through hydroxyl groups and positions Cs and Cg. The A-ring
is a phloroglucinol type structure possessing two nucleophilic sites activated by three
hydroxyl groups, two located on ortho position and one in para position and the
chemistry of this ring is dominated by the nucleophilic nature of the carbon atoms in

position Cs and Cg (73). This ring facilitates electrophilic aromatic substitution in these
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positions. As a consequence, the hydrogens at the Cg and Cg positions are relatively
acidic and involved, for instance, in exchange with deuterium in deuterated solvents in
contrast to the hydrogens of the B- and C-rings, which are directly linked to the carbon
skeleton (75).

The increased nucleophilic reactivity of these positions can be detected in aqueous
media (juices, wines, etc.), where anthocyanins readily react with other phenolic
compounds such as flavanols, giving rise to flavanol (4—8) anthocyanins (76) (Figure
[1.11). For anthocyanins, the nucleophilic character of A-ring is provided by their
hydrated forms.

Figure 11.11. Flavanol-anthocyanin type pigments.

The presence of at least two adjacent hydroxyl groups on the B-ring (like in Cy, Dp,
or Pt) allows the occurrence of metal chelation (Figure 11.12). A more discussed
function of the ortho-positioned hydroxyl groups found in the B-ring of delphinidin
(pyrogallol) and in cyanidin and petunidin (catechol) is their ability to act as antioxidants
(77).

Figure 11.12. Anthocyanins B-ring metallic complexation.

Another kind of reaction has been demonstrated for anthocyanin’s cationic form, and
results in the formation of a second pyran ring. This happens in cycloaddition reactions
in the presence of pyruvic acid to form pyranoanthocyanins and the mechanism
involves both the electron deficient C, and the 5-hydroxyl group on the A-ring of the
anthocyanin (78) (Figure 11.13).
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Figure 11.13. Pigment issued from cycloadditions.

11.3.2.4. Anthocyanins stability

Anthocyanins are highly reactive species and they are structurally depending on the
conditions and composition of the media where they are dissolved and suffer
interactions among them and with other compounds that influence their structural
equilibria and modify their color (79). These changes are well known to food chemistry
and technology specialist and have large effects on food quality, affecting the

performance and biological activity of anthocyanin-containing food.

The common simple anthocyanins show instability toward a variety of chemical and
physical parameters, including structure and concentration, oxygen, high temperatures,
light intensity and specially the pH value (70, 80). In fact, the stability of the
anthocyanin molecules is mostly linked to the distribution of the anthocyanins on their
various equilibrium forms, with the formation of hemiketal forms being the most critical
component for anthocyanin instability (81-83). The opening of the C-ring of the
flavylium cation by hydration and subsequent formation of the chalcones is postulated
as the first degradation step of anthocyanins (40).

Anthocyanins also react with sulfur dioxide, with some cations, ascorbid acid,
proteins and other phenolic compounds and will undergo transformations under
storage. These pigments are also highly influenced by enzymatic activity of
glycosidases and polyphenoloxidases which break the covalent bond between the
glycosyl residue and the aglycone of an anthocyanin pigment, resulting in the

degradation of the highly unstable anthocyanidin (40).

Finally, anthocyanin color properties can be strongly modified by interaction

mechanisms, including metal complexation, copigmentation and self-association
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processes. For this reason anthocyanins chemical stabilization is a subject of major

interest and many studies have been conducted with the aim to increase the stability of

these substances (13).

11.3.2.4.1. Structure

With respect to molecular structure, some anthocyanidins are more stable than
others and the stability of these compounds is influenced by the B-ring substituents.
Generally, increased hydroxylation decreases stability, whereas increased methylation
increases it (70). In contrast with aglycons, monoglycosides and mostly diglycosides
derivatives are most stable in neutral pH conditions. This behavior can be explained
because the sugar molecules avoid the degradation of instable intermediaries into
phenolic acid and aldehyde compounds (84). Moreover, anthocyanins containing

galactose are more stable than those containing arabinose (85).

Recent researches have also shown that anthocyanins with aromatic acyl
substituents (especially polyacylated anthocyanins) are more resistant to color fading
with increased pH than their unacylated analogs. These anthocyanins are also more
stable during processing and storage. The improved stabilization has been attributed to
the stacking of the acyl groups with the pyrylium ring of the flavylium cation, thereby
reducing the susceptibility of nucleophilic attack of water and subsequent formation of

colorless equilibrium forms (intra-molecular copigmentation) (5).

Anthocyanin derivatives with substituents connected to the C-ring, for instance
pyranoanthocyanins, have different reactivity than the original anthocyanins and are
more stable in a wider pH range, exhibit higher resistance to bleaching by sulfur
dioxide and higher color intensities as compared to analogous anthocyanidin 3-
glucosides (86, 87). This is because the substitution at C, of the flavylium cation affects
the distribution of the charge throughout the C-ring. As a result, the C, and C, positions

at the flavylium cation become less reactive toward nucleophilic attack (hydration).
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11.3.2.4.2. Concentration effects

Increased anthocyanin concentration promotes higher color stability (5) and higher
color intensity. Change of cyanin concentrations from 10 to 10 (100 fold increase)
produced a 300-fold increment of the color intensity (88). Increasing the content of
anthocyanins improves their stability through self-association processes between
anthocyanins which protects against water attack and consequently the formation of
hemiketal forms (70).

11.3.2.4.3. Temperature, oxygen and light

The stability of anthocyanins was found to decrease during processing and storage
as temperature rises. The increase on anthocyanins degradation occurs since the
equilibriums are displaced toward the trans-chalcone form (89). This effect is observed
as paler anthocyanin solution after heating. At pH 2—4, higher temperatures will also
imply higher hydrolysis rates of the O-glycosyl moieties forming unstable
anthocyanidins which leads to further loss of anthocyanins color. Thermal degradation

of anthocyanins follows first order kinetics (90).

Oxygen amplifies the impact of other anthocyanin degradation processes and the
presence of oxygen, together with elevated temperature was the most detrimental
combinations of many factors tested against color deterioration of isolated
anthocyanins (7). The combined degradation action between oxygen and ascorbic
acid, pH or light caused an growth on anthocyanins degradation (91). The deleterious
effect of oxygen on anthocyanins can take place through direct oxidative mechanism
and/or through indirect oxidation, where the oxidized components of the media further

react with anthocyanins giving rise to colorless or brown products (92).

Light also accelerates anthocyanin degradation (7). It has been shown that
anthocyanins photochemical degradation products are the same as the ones obtained
in thermal reaction, although a different kinetic pathway involving the excitation of the

flavylium cation (93).
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11.3.2.4.4. pH

Evaluation of the factors that affect the stability of anthocyanins indicates pH as a
marked effect on anthocyanins stability, being the most important extrinsic factor of
anthocyanins degradation. Anthocyanins are unique among flavonoids as their
aglycone part undergoes pH-dependent transformation in aqueous solutions. These
dynamic equilibriums have a profound impact on anthocyanins color and stability and

even on their nutraceutical properties.

The structures and interconversions between the different molecular structures of
anthocyanins are well established and are summarized in Figure 11.14 (89, 94-100).
The red flavylium cation (AH") is the predominant species in the equilibrium under
sufficiently acidic conditions (pH<2). When the pH is raised up to pH values of 3-4 the
flavylium cation is involved in two parallel reactions: (i) deprotonation to form the
quinoidal base (A); (ii) hydration in position C, or C, followed by proton loss to give the
non-colored hemiketal (B). The hemiketal form has lost its conjugated double bond
between the A- and B-ring and therefore does not absorb visible light. The cis-chalcone
(Cc) is formed from B by a tautomeric process and the trans-chalcone (Ct) by the
isomerization of the former. These two equilibrium forms present a yellowish color. The
proton transfer is much faster than the hydration but in the case of the anthocyanins
the other forms (B, Cc, Ct) at the equilibrium are more stable than A. This means that
A can be formed as a kinetic product and later totally or partially disappears to yield the
thermodynamic equilibrium. As pH increases above 8, the quinoidal base can be
ionized to carry one or two negative charges (100). The tautomeric reaction is favoured
by increased temperature. However, at any pH condition, the chalcone form exists in a
much smaller proportion as compared with the hemiketal form. The colored species are
the flavylium cation (AH") and the quinoidal base (A) that may appear as red and
purple/blue in common anthocyanins, respectively (97). The relative composition of the
different molecular structures of anthocyanins coexisting in aqueous solution at any
given time will be dependent on pH, structure of a certain anthocyanin, temperature,

time and even concentration (Figure 11.15).
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Figure 11.14. General scheme for anthocyanins equilibrium forms. R; and R, can be OH and/or OCHjs groups depending

on the type of aglycone.
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Figure 11.15. Mole fraction distribution of AH"(m), B (e) and Ct () as a function of pH for delphinidin-3-O-glucoside at 0.4
mM (A) and 0.8 mM (B) (6).
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11.3.2.4.5. Anthocyanins thermal degradation affected by pH

Among the already reported factors that affect anthocyanins stability, the effects of
pH and temperature have been studied thoroughly. According to various proposals for
the thermal degradation pathways, it was clear that pH has a strong influence in the
conditions for shaping the different pathways of anthocyanins degradation. At pH 3.5,
the first step in anthocyanins thermal degradation was the hydrolytic opening of the
pyrylium ring giving the chalcone-glycosides (Figure 11.16). The chalcone-glycosides
would then be cleaved to yield the corresponding chalcones, which degraded to the
hydroxybenzaldehyde derivatives originated from A-ring and the 4-hydroxybenzoic acid
derivatives originated from B-ring (e.g., 3,4-dihydroxybenzoic acid for Cy and 4-
hydroxy-3,5-dimethoxybenzoic acid for Mv) (101). At pH 1, the degradation pathway
seemed to be slightly different (Figure 11.16). When acylated and non-acylated
anthocyanins were heated at 95°C they were cleaved by successive loss of the sugar
moieties. The anthocyanidins were further degraded by scission into the same final
products as observed in the experiments performed at pH 3.5. It was also reported the

existence of intermediate degradation products such as chalcones (102).

Proposed R,
intermediate

Proposed R,
intermediate

Figure 11.16. Thermal degradation pathways of anthocyanins influenced by pH. Adapted from Andersen & Jordhein,
2013 (40).
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[1.3.2.5. Anthocyanins stabilization mechanisms

Although the already mentioned instability of anthocyanins, nature has found many
mechanisms to stabilize the colored forms of these pigments. Several factors that
enhance the stability of anthocyanins have been reported including: acylation (103-
105), glucuronidation with enzymes and several types of association like auto-
association (self-assembling), intra and inter-molecular copigmentation, metal
complexation (8, 80, 88, 106, 107) and reaction with other molecules leading to the
formation of more stable anthocyanin-derived compounds (108, 109). The association
of anthocyanins with other compounds affects not only its color but also its stability and
in general, independently of the type of association of anthocyanins involved, an
increase in their stability is observed. Factors such as solvent, light, pH, temperature,
structure and concentration of copigments and anthocyanins, among others,

significantly influence the association reactions (13, 110).

[1.3.2.5.1. Metallic ions interaction

One of the main characteristics of anthocyanins and anthocyanidins with vicinal
hydroxyl groups in the B-ring (cyanidin, delphinidin and petunidin), is their ability to
form metal-anthocyanin complexes (supermolecules) (111) and this reaction influences
anthocyanins color. Some studies regarding the color variety and stability in flowers,
suggest that the variety of blue and purple colors can be due to the formation of
chelates between some bi- and trivalent metals ions (Al, Fe, Cu, Sn, Mg, Mo) and
anthocyanins (9). The metal selectively links with anthocyanin quinoidal forms,
modifying anthocyanin equilibria towards these structures and provoking a change of
the color to more violet hues (112). In the metal-anthocyanin interaction, the
complexation was found to stabilize the blue ionised quinoidal base by avoiding its
degradation by oxidation (113). More recent studies have shown that the complexation
between o-di-hydroxyl anthocyanins and Fe (Ill) or Mg (Il) ions at pH 5 are essential for
the formation of blue color in plants (114). Anthocyanins — metal complexation have
also been shown to stabilize the color of different berry products (13). Schreiber et al.,
2010 analysed the chemical mechanism for AI** complexing with delphinidin and
divided it in two steps: first, production of the blue quinoidal base anion of delphinidin
that complexes with the AI**, second, this complex is stabilized by the n-n stacking of a

second delphinidin as a flavylium cation on the top of the blue complex, creating a
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bathochromic shift of the cation spectral signature and accentuating the blue color
(115).

Despite the low interest in the food industry about the anthocyanin-metal
complexation, this interaction constitutes a viable alternative for color stabilization,
particularly if the metals involved do not imply a risk for health or even they are part of
the essential minerals diet (116).

11.3.2.5.2. Copigmentation

The color of anthocyanins can be stabilized and enhanced by copigmentation
mechanisms which consist of hydrogen-bind interaction and hydrophobic interactions
(m-n stacking) between the planar polarizable nuclei of the colored forms of the
anthocyanins (i.e., flavylium cation ion and quinoidal forms) with other colorless organic
molecules (i.e., copigments) or other anthocyanins. Copigmentation complexes adopt a
sandwich configuration (vertically stacked) that protects the flavylium chromophore
from the nucleophilic attack of water, thus preventing at least in part the formation of
colorless hemiketal and chalcone forms (79). The final result is that the anthocyanin
solutions show a more intense color (hiperchromism) due to the formation of the n-n
complexes (111). Occasionally a bathochromic effect (the shift of the maximum
absorption wavelength towards higher wavelength), which is also called the bluing
effect, can also be produced due to the proton transfer equilibrium between quinoidal
forms and/or preferent association quinoidal forms and copigments (117).

Copigmentation will induce a stabilization of the flavylium form by the = complex
displacement of the anthocyanin hydration equilibrium toward the pigmented forms and

color enhancement (Figure 11.17).

Self-association

B AR 1
| <— I <— D
! —

Copigmentation

Figure 11.17. Copigmentation mechanism. Adapted from Fulcrand et al., 2004 (73).
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Copigmentation reactions are strongly affected by pH (118), temperature (107),
concentrations (119), solvents (120, 121) and molecule structures. For instance, the
magnitude of the copigmentation is higher at pH 2-5, since at this pH values the
anthocyanin is in its hemiketal colorless form and also the quinoidal equilibrium form is
present (116, 118). The solvent system also affects the copigmentation phenomenon.
The structure of water, in liquid state, governs the molecular association between an
anthocyanin and its copigment. The stronger the network of hydrogen bonded
tetrahedral water molecules is the stronger copigmentation phenomenon can be
achieved. Therefore, the addition of organic solvents or salts to the solvent reduces the
copigmentation effect.

In food science, this physico-chemical phenomenon is considered a very important
interaction because color is one of the main quality factors crucial in a product
acceptance. Copigmentation can take place through several interaction: i) inter-
molecular copigmentation when anthocyanins associate with other molecules (e.g.
flavonols, flavanols, phenolic acids); ii) self-association, which is a particular case of
inter-molecular copigmentation, when it involves anthocyanins themselves; and iii)
intra-molecular copigmentation when the anthocyanin chromophore interacts with other
residues of its own molecule (e.g. aromatic groups of hydroxycinnamic acids). This
latter is restricted to anthocyanins which are acylated and occurs predominantly in
flower vacuoles while inter-molecular copigmentation occurs mostly in fruits and berries
(122) (Figure 11.18).

A wide range of different molecules has been found to act as copigments. The most
common copigment compounds are flavonoids (flavones, flavonols, flavanones, and
flavanols), alkaloids, amino acids, and organic acids. Phenolic acids, i.e.
hydroxycinnamic acids and hydroxybenzoic acids, have also been of interest for co-
pigmentation researchers, and have shown a prominent effect on the enhancement

and stabilization of anthocyanin (123).
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Self-association Inter-molecular Intra-molecular

copigmentation copigmentation

Anthocyanidin Sugar Copigment Acid

Figure 11.18. Self-association, inter-molecular and intra-molecular copigmentation mechanisms occurring on
anthocyanins. Adapted from Rein, 2005 (124)

11.3.2.5.2.1. Inter-molecular copigmentation

Inter-molecular copigmentation can be defined as a physico-chemical interaction
between a colored anthocyanin and a colorless copigment, which is not bound
covalently to the anthocyanin molecule (125). Hydrophobic interactions and hydrogen
bonding have been suggested as the main mechanistic driving forces for inter-
molecular copigmentation (64, 88). These interactions can occur with both the flavylium
cation (AH") and the neutral quinoidal base (A) forms of the anthocyanin once both
forms are almost planar with efficiently delocalized =-electrons. This inter-molecular
association results in an overlapping arrangement of the molecule, which prevented the
nucleophilic attack of water on the anthocyanin molecule. Several studies have
evaluated the color enhancement and stability of anthocyanins present in wines, juices
and fruit products due to the interaction of these pigments with phenolic cofactors.
These results indicate that the presence and amount of hydroxyl, methyl and/or
glycosylated groups on the copigment structure has great influence on the
copigmentation as well on the color enhancement and anthocyanins stabilization (13).

Copigmentation is thermodynamically rather than kinetically controlled, which allows
the use of UV-Vis spectroscopy to determine stability and thermodynamic parameters

associated with copigmentation (126).
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[1.3.2.5.2.2. Self-association

Anthocyanins stability can be achieved by self-association, in which two or more
anthocyanin molecules are associated (127). The self-association of the anthocyanins
was first suggested by Asen et al., (1972) and is demonstrated as a positive deviation
from Beer’s law, which occurs on increasing the concentration of anthocyanins in the
medium (88). Unlike inter-molecular copigmentation, self-association is characterized
by a hypsochromic shift in the wavelength of the absorbance maximum (128).
Gonzalez-Manzano et al., (2008) demonstrated the existence of this association in
wine-like solutions and its positive influence on the color and stabilization of
anthocyanins (129). The mechanism of self-association has been claimed to be
analogous to the stacking-like interactions, in which vertical stacking of the molecules
of anthocyanins are formed and stabilized mainly through the hydrophobic interactions
that take place between their aromatic nuclei (130-132). Like for the other two
copigmentation mechanisms, this interaction protects anthocyanins from water attack
and thereby limits the formation of the hemiketal forms (133).

Self-association takes place with the colored flavylium cation as well as with the
quinoidal bases. At acidic pH, cross aggregation involving the colored species
(flavylium cation) with the colorless trans-chalcone were also described for malvidin-3-
O-glucoside (134). The possibility for the cross aggregation is probably due to the

trans-chalcone planar structure, favoring closer packing with the flavylium cation.

11.3.2.5.2.3. Intra-molecular copigmentation

Intra-molecular copigmentation is a type of association restricted to acylated
anthocyanins in which the chromophore of the anthocyanin (aglycone) and the co-
pigment (phenolic acids) are covalently linked to the same sugar residue (125). This
association, through hydrophobic interaction, is thought to be stronger and more
effective in stabilizing the anthocyanin color than inter-molecular copigmentation
probably due to strengths of the bonds (70).

The intra-molecular copigmentation occurs through the alignment of aromatic acyl
residues with the flavylium cation difficulty the hydration process at the position C, and
C, in the pyrilium ring (81). When acylation occurs through position 6 of the sugar, it
allows the free rotation of the acyl group, allowing the folding of the molecule and intra-

molecular stacking. The flexible saccharide chains are considered spacers, allowing
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the folding of the acyl aromatic rings over the planar pyrylium ring (5) and protecting it
from hydration (135), contributing to the color stabilization of the system.

The number of acyl groups, their structure and the position of attachment to glycosyl
residues, as well as the structure and number as saccharides affect the intra-molecular
copigmentation (125, 135). Polyacylated anthocyanins can be stabilized by a sandwich
type stacking caused by hydrophobic interactions between the planar aromatic
residues of the acyl groups and the positively charged pyrilium nucleus, and thus
diminishing the formation of the hemiketal (130). In the case of mono-acylated
anthocyanins, only on side of the pyrilium ring can be protected against the nucleophilic
attack of water and therefore only a weak intermolecular affect and a partial

stabilization might occur.

[1.3.2.6. Anthocyanins — carbohydrate interaction

Anthocyanins — carbohydrates interaction has been examined primarily focusing on
the effect on color. For instance, several works have reported anthocyanin’s color
stability with pectins (136-138). Other carbohydrates like fructose and glucose have
been found to produce no change or slightly increase the absorbance of anthocyanin
solution. This was probably due to a decrease in water activity which is known to cause
anthocyanins color increase. This color enhancement occurs by the displacement of
the hydration/dehydration equilibrium towards the colored species upon the removal of
water (139, 140). Similar observations were made for polysaccharides like
mannoproteins. On the other hand, amylopectin, amylose and cyclodextrins (o and B)
have been shown to produce a decrease in anthocyanin color (140, 141). In the
particular case of B-cyclodextrin, interaction with anthocyanins has been shown to
improve the pigments thermal stability (142) but also to affect the equilibrium and rate
constants of the flavylium network (143, 144). Sucrose has also been shown to protect
anthocyanins from degrading during frozen storage, prevented browning and the
formation of polymeric pigments, which is probably due to the inhibition of enzymatic
reactions or the hindering of different condensation reactions by sucrose (145).

In anthocyanins-carbohydrate interaction the degree of color change appeared to be
related primarily to the identity of the anthocyanin aglycone and only secondarily to its
sugar substitution and/or acylation pattern (140). Beside this, the size and conformation
of both the anthocyanin and the polysaccharide are important. The effect of added
sugar on anthocyanin stability depends also seems to be influenced by the

concentration and sugar type (146).
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For food industry and nutrition perspective, the interaction between anthocyanins
and carbohydrates is a very important issue to be considered on anthocyanin’s
stabilization as these pigments are bio-synthetized in a polysaccharide rich
environment where intensive contact between these compounds may occur (147, 148).
In fact, anthocyanins along with other polyphenols are located uniformly within the
vacuole of plant cells, enclosed by the tonoplast and cytoplasmic lipid membranes
which are in turn encapsulated by the plant cell wall (149). Cellulose and pectin are the
key constituents of the plant cell wall of fruits and vegetables with these
polysaccharides providing structural support, strength and flexibility (150). They also
regulate the inflow and outflow of nutrients and waste material from the cell whilst also
affecting the textural properties of fruits and vegetables (151). With the disruption of
plant tissues during the food processing or oral mastication and digestion, lipid
membranes and the plant cell walls are fractured allowing the contents within the cell,
including anthocyanins to be released. During exit form the cell, anthocyanins and plant
cell walls become into contact for the first time with the potential for binding interaction
to take place (149) (Figure 11.19). The association between macromolecules resulting
from disrupted cell walls (e.g. pectins) and anthocyanins may affect pigments
extractability, chemical stability and color properties thus playing an important role in

the final color of food products (152).
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Figure 11.19. Schematic representation of the grape cell structure evidencing the presence of the vacuoles where
anthocyanins are located® and schematic representation of the primary cell wall evidencing the most important
carbohydrates?.

On the other hand, natural cyclodextrins macrocyles have been widely employed as
additives in food, cosmetics and pharmaceutical industries and are thus promising
matrices for several applications (153). This has prompted the research concerning the
use of these oligosaccharides in the stabilization of natural pigments, particularly

regarding the impact of host-guest formation on anthocyanins stability and also the

! http://hschools.haifanet.org.il/ironi_a/hisc/subjects/biotech/DocLib7/sugars.aspx
2 http://micro.magnet.fsu.edu/cells/plants/cellwall.html
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nature of the anthocyanin equilibrium species preferentially interacting with

cyclodextrins.

Different mechanisms of association between anthocyanins and carbohydrates have
been suggested. Anthocyanin retention could be primarily a surface phenomenon due
to adsorption (154). On the other hand, the formation of these complexes could also be
attributed to hydrophobic interactions and hydrogen bonding. Some polysaccharides
have the ability to form gel-like structures or to develop secondary structure in solution
forming hydrophobic pockets able to encapsulate and complex polyphenols. In the
case of cyclodextrins, the presence of hydrophobic cavities favors the interaction with
anthocyanins of appropriate shape or mobility (155). However, independently of the
mechanism of association, polysaccharides must have a suitable structure,
composition, as well as a sufficient size and conformational flexibility to be able to

complex polyphenols (156).

As already reported, anthocyanin — carbohydrate interaction has been primarily
studied focusing anthocyanin’s color stability. On the other hand anthocyanins
extractability is also an important parameter to evaluate theirs prospective use as
natural colorants has anthocyanin’s extractability could be largely influenced by their
association with carbohydrates (157). Since the knowledge regarding the aspects
driving the structural interaction between anthocyanins and carbohydrates is scarce,
the main purpose of this project was to perform a fundamental and systematic study on
the interaction between flavylium compounds (anthocyanins pigments and synthetic

flavyliums) and some carbohydrates usually used in the food industry.

Relevant properties of selected carbohydrates studied in this project are

summarized below.

11.3.2.6.1. Structure of pectin and cyclodextrin

Pectins are a high value functional food ingredient widely used as gelling agent and
stabilizer for instance in jams, jellies and spreads (138). These carbohydrates are a
complex family of polysaccharides, mostly present in the middle lamella and primary
cell wall. They comprise smooth and hairy regions (158). The “smooth regions”, also
known as homogalacturonans (HGs), consist of a long chain of (1—4) linked o-D-
galacturonic acid (GalpA) (159) (Figure 11.20). Some of the carboxyl groups can be

partially methyl-esterified at C-6 and acetyl-esterified at positions O-2 and/or O-3,
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depending on plant species. The linear units of HGs in which more than 50% of the
GalpA are esterified with methyl (or methoxy) groups are conventionally called high
methyl-esterified HGs; otherwise they are referred as to low methyl-esterified HGs
(160). The level of methylation also influences strongly the physicochemical properties
of pectins. As it affects the hydrophobicity of the polymer, the degree of methylation of
pectins can modulate their interaction with other biomolecules (161).

“Ocoo

HO OHgy COOCH,
o

HO OH,
HO OH

Figure 11.20. Representation of a homogalacturonan structure.

The hairy regions, named rhamnogalacturonans (RGs) are of two types (I and II).
Rhamnogalacturonans | are formed by the repeating unit of disaccharides —4)-a-D-
GalpA-(1—2)-a-L-Rhap-(1—), with the rhamnose residues of the RG fractions being
partially esterified by chains composed mainly of arabinose and galactose (162, 163).
RG II, is a minor pectic component and as homogalacturonans possesses a backbone
of (1—4) linked a-D-Galp with side chains containing rhamnose and a variety of rare

monosaccharides (164).

Cyclodextrins are oligosaccharides that contain six, seven or eight glucose
monomers (o, B and y-cyclodextrins, respectively) that are joined together to form
circular entities with a-(1—4) linkages (165). This gives to cyclodextrins a molecular
structure that is relatively rigid and has a hollow cavity of specific diameter and volume.
B-cyclodextrin is the most accessible, the lowest-priced and generally the most useful
compared to its homologues especially because of its wide use in the food industry
(166) (Figure 11.21).
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Figure 11.21. Chemical structure of B-cyclodextrin.

The possibility of these molecules to form inclusion complexes, which can change
the physical and chemical properties of guest molecules, offers a variety of potential
uses. Molecular inclusion may lead to dissolution rate enhancement, increased
membrane permeability and bioavailability of low-solubility nutraceuticals.
Cyclodextrins may also provide protection against oxidation, light-induced
decomposition and heat-induced changes (167). For these reasons, cyclodextrins are
widely used in food, pharmaceuticals, cosmetics, environment protection,
bioconversion, packing and in the textile industry (166). The polar hydroxyl groups of
the glucose monomers are located on the rim of the molecule and are directed away
from the cavity. These groups interact with water giving cyclodextrins their aqueous
solubility properties and will interact with polar groups of some molecules to form
hydrogen bonds. While the outer surfaces (top and bottom) are hydrophilic, the internal
cavity has a relatively high electron density and is hydrophobic in nature due to the
hydrogen and glycosidic oxygen atoms being oriented to the interior of the cavity.
Organic molecules of suitable size, shape and hydrophobicity are able to interact non-
covalently with cyclodextrins to form stable complexes. Several forces, such as van der
Waals forces, hydrophobic interaction and dipole-dipole interaction are involved in the
binding of guest molecules to the cyclodextrins cavity (168). The main driving force of
complex formation is the release of enthalpy-rich water molecules from the cavity.
Water molecules are displaced by more hydrophobic guest molecules present in the
solution to attain an apolar-apolar association and decrease of cyclodextrins ring strain
resulting in a more stable lower energy state (169). While the initial equilibrium to form
the complex is very rapid (often within minutes), the final equilibrium can take much
longer to reach. Once inside the cyclodextrin cavity, the guest molecule makes
conformational adjustments to take maximum advantage of the weak van der Waals

forces that exist. The binding of guest molecules within the host cyclodextrins is not
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fixed or permanent but rather is a dynamic equilibrium and the binding strength
depends on how well the host-guest complex fits together. In fact, the dimensions of
the cyclodextrins cavity allow some selectivity for the complexation of guest molecules.
Strong binding results if more interaction occurs between the walls of the cyclodextrins
and the guest molecule. If the molecule to be encapsulated is small compared to the
cavity, then only a part of its surface will be in contact with the walls and the full
potential of the guest molecule to interact with the cyclodextrins is not realized. On the
opposite, for larger molecules, the guest molecule might be totally excluded from the
cavity or only a portion of it would fit. As more of the molecule can fit into the cavity, a
stronger binding results (168).
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[1l. MOLECULAR INCLUSION FORMATION BETWEEN FLAVYLIUM

COMPOUNDS AND CYCLODEXTRIN



SYNOPSE:

e PART A: Effect of cyclodextrins (a, p and y) on the thermodynamic
and kinetic properties of cyanidin-3-O-glucoside. Thermal stability
in the presence of B-cyclodextrin.

e PART B: Structural characterization of inclusion complexes between
cyanidin-3-O-glucoside and B-cyclodextrin.

e PART C: Molecular inclusion of synthetic flavylium compounds in -

cyclodextrin.



A - Effect of Cyclodextrins (a, B and y) on the Thermodynamic
and Kinetic Properties of Cyanidin-3-O-glucoside. Thermal

stability in the presence of B-cyclodextrin.
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Adapted from:

Fernandes, A., Sousa, A., Azevedo, J., Mateus, N., de Freitas, V.
Effect of Cyclodextrins on the Thermodynamic and Kinetic Properties of Cyanidin-3-O-
glucoside, Food Research International, 2013, 51, 748-755. doi: 10.1016/j.foodres.2013.01.037

With the exception of the DSC experiments, the experimental design and work described in this

part was carried out by the author.
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I11.1. Introduction

Color is one of the most important attributes in food products, as it affects the
acceptability of products by consumers (170). Nowadays, as a consequence of
perceived consumer preferences as well as legislative action, there is a worldwide
trend towards the development of food colorants from natural sources, and the
replacement of synthetic dyes by these natural colorants has been increasing (171). In
this context, anthocyanins are attractive as food colorants since these natural pigments
are responsible for the colors of flowers, fruits and vegetables, provide high colorant
power and present a low toxicity and water solubility, which permit their incorporation in
many food systems (172, 173). Moreover, several studies have suggested that these
compounds are beneficial to human health, being responsible for several positive
therapeutic effects (8, 9). However, the use of these colorants in food products may
face some problems due to their instability (66). The color and stability of anthocyanins
is highly dependent on pH, due to changes in the concentration of the four species
present in acidic and neutral aqueous solutions: flavylium cation (AH"), quinoidal base
(A), hemiketal (B) and chalcone (C) (Figure 11.14) (94, 97, 174). Conversion of one
species to another is typically accompanied by dramatic changes in color and stability
(170, 175).

To increase the stability of anthocyanins, molecular inclusion and encapsulation with
several carbohydrates has been used (170, 171, 173, 176, 177) and in particular with
cyclodextrins (CDs) (140, 142, 178). These compounds are cyclic oligosaccharides
composed of B-D-glucopyranosyl units linked by a-(1,4) bonds. The most common are
a-, B- and y-cyclodextrin which have six, seven and eight glucose units, respectively
(Figure 11.21). The glucose monomers are orientated in a cyclic manner, forming a
typical conical or truncated cone structure with a hydrophobic hollow cavity of specific
diameter and volume and a relatively hydrophilic outer surface (168). The hollow
molecular shape gives cyclodextrins their unique ability to form reversible inclusion
complexes with a wide variety of organic compounds (often phenolic substances)
yielding supramolecules (179). Formation of the host-guest complex can be easily
monitored using techniques such as nuclear magnetic resonance (180-182), UV-visible
spectroscopy (UV-vis) (183), fluorescence spectroscopy (184), infrared spectroscopy,
electrochemical approaches and solubility measurements (179). Concerning
anthocyanins, they include in their structure hydrophobic aromatic moieties and
hydrophilic polar groups like hydroxyl groups. This amphiphilic character makes

anthocyanins very good candidates for molecular complexation with cyclodextrins
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(143). Several studies have reported the formation of inclusion complexes of

anthocyanins with cyclodextrin macrocycles (140-144, 185-187). However, interaction

between cyclodextrins and some anthocyanins was found to promote the anthocyanins

discoloration and lead to an anti-copigmentation effect (140, 141, 143, 187).

The main goal of this study was to verify the effect of cyclodextrins (a, f and y) on
the color of cy3glc. The effect of these three cyclodextrins on the equilibrium and
kinetic constants of the network of chemical reactions taking place in cyanidin-3-O-
glucoside was evaluated by UV-visible absorption techniques. The assessment of

cy3glc thermal stability was also studied in the presence of 3-CD.

I11.2. Materials and Methods
[11.2.1. Materials

a-CD, B-CD and y-CD were purchased from Sigma-Aldrich® (Madrid, Spain). Cy3glc
was extracted and purified from blackberries (Rubus fruticosus) by semipreparative
HPLC with C,g reversed phase column (250 mm x 4.6 mm i.d., Merck, Lichrospher®),
as described elsewhere (188).

An universal buffer of Theorell Stenhagen was prepared in distilled water (1L) by
dissolving 2.25 mL of phosphoric acid (85% w/w), 7.00 g of monohydrated citric acid,
3.54 g of boric acid and 343 mL of 1 M NaOH solution in water (until 1 L completion)
(189). The concentration of the buffer (Theorell Stenhagen universal buffer) was
maintained low in order to avoid the buffer effects. Different buffers solutions (pH 1-7)
were prepared by the addition of small amounts of HCI (37% v/v) to the universal
buffer.

[11.2.2. pH measurements

All pH measurements were made in a pH meter WTW pH 320 fitted with a Crison®
52 09 electrode. The calibration was made with standard buffers pH 7.0, pH 4.0 and pH

1.0 purchased from Crison®.
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[11.2.3. Effect of cyclodextrins on the color of cyanidin-3-O-glucoside

A stock solution of cy3glc (1.50 x 10™“M) was prepared in HCI 0.1 M. The low pH
value of the stock solution ensured that most of the cy3glc was in the flavylium form
and thus prevented pigment degradation. Solution composed of 1.0 mL of cy3glc stock
solution, 1.0 mL of solution of NaOH (0.1 M) and 0.5 mL of universal buffer solution at
pH 1.0 and 2.0 was allowed to equilibrate for 2 hours. To these anthocyanin solutions
a, B and y-CD were added at various concentrations (6.00x10™; 1.80x10° and 7.50x10°
¥ M) and the solutions were left to equilibrate for 2 hours. The absorbance (260-700
nm) was measured in an UV-Vis spectrophotometer (Thermo Scientific Evolution

Array®) fitted with a thermostatized 1.0 cm path length quartz cuvette device at 25° C.

l.2.4. pH jump

All thermodynamic and kinetic constants of cy3glc solution and of the inclusion
complexes cy3glc-a-CD, cy3glc-p-CD and cy3glc-y-CD were determined by
spectrophotometric method, as described elsewhere (96, 190). A stock solution of
cy3glc (1.50 x 10™“M) was prepared as described above (control). For the molecular
inclusion complex, a-CD, B-CD and y-CD solution (7.50 x 10°M) were prepared in HCI
0.1 M. Cy3glc was dissolved in this solution at an approximate molar ratio of 1:50
(cy3glc-a, B, or y-CD, molar ratio which induced the largest flavylium cation absorbance
decrease) and left to equilibrate. pH jumps were carried out by adding the necessary
amount of NaOH (0.1 M) to neutralize the stock solution of flavylium cation (cy3glc) and
the necessary amount of an universal buffer solution (at different pH values). The ionic
strength was maintained at 0.1 M so that the effect of ion-pair formation could be
minimized. Throughout the whole experiment the temperature was kept at 25° C.

[11.2.5. Thermal degradation studies

The thermal degradation of cy3glc was studied in aqueous solution, at pH 4.0 (which
is typical to products that contain anthocyanins) at temperatures of 60 and 90° C.
Aliquots of 10 mL of cy3glc aqueous solution (0.01% wi/v) were placed into hydrolysis
tubes already equilibrated in a thermostatic oil bath. At predetermined intervals,

aliquots were removed from the water bath and rapidly cooled at -20° C. Before
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analysis, each sample was allowed to come to room temperature. The anthocyanin
content of the samples was determined by HPLC-DAD as described elsewhere (188).
The thermal degradation of anthocyanins in the presence of B-CD was studied by
dissolving B-CD at a w/w ratio of anthocyanin-p-CD 1:10, in the initial aqueous solution,
followed by the same thermal treatment and analysis as previously described. This
study was performed in triplicate and the results presented are an average of the

obtained values. Data analysis was carried out using ANOVA.

[11.2.6. Study of the decomposition of cyanidin-3-O-glucoside and its B-CD
complex by DSC

The thermal analysis of the B-CD, cy3glc, and it's B-CD complex were performed by
differential scanning calorimetry. DSC studies were performed using a power
compensation differential scanning calorimeter, model SETARAM DSC 141, using a
heating rate of 1.67x10™ K-s™ and hermetically sealed aluminum crucibles. The
experiments were done under constant flow of nitrogen, 1.683x10° m®s™. The
temperature and heat flux scales were calibrated by measuring the temperature and
the enthalpy of fusion of some reference materials (191): o-terphenyl, benzoic acid,
indium, triphenylene, tin, perylene and zinc.

Cy3glc was dissolved in water and left under stirring for 24 hours at room
temperature. The complex was prepared by dissolving cy3glc in a -CD solution (ratio
w/w 1:10, anthocyanin-B-CD) and was also left under stirring for 24 hours.
Subsequently, the control (cy3glc and B-CD) and the mixture (cy3glc-B-CD) were
frozen and lyophilized in a freeze dryer. Approximately 2 mg of cy3glc, B-CD or a
quantity of the complex cy3glc-B-CD containing the same amount of anthocyanin were
placed in aluminum crucibles and were heated from room temperature to 298.15 K in
nitrogen atmosphere at a heating rate of 1.67x10™" K-s™. The samples remained at
298.15 K for 600 s to ensure a homogeneous temperature distribution within the

sample and then were heated up to 673.15 K at the same heating rate.

I11.3. Results and Discussion

The ability of cyclodextrins to form an inclusion complex with a guest molecule is a

function of two key factors. The first concerns the steric requirements and depends on
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the relative size of the cyclodextrin to the size and to the physical-chemical properties
of the molecule to include. The second critical requirement corresponds to the
thermodynamic interactions between the different components of the system
(cyclodextrin, molecule to include and solvent) (166). For a complex to be formed there
must be a favorable net energetic driving force that pulls the guest into the
cyclodextrins and a variety of non-covalent forces such as van der Waals forces,
hydrogen bonds and other forces are responsible for the formation of a stable complex
(148).

Among different naturally occurring anthocyanins, cyanidin-3-O-glucoside (Figure
I11.1) was selected for this study because of its structural simplicity and reduced steric
hindrance, a property needed for a good interaction with cyclodextrin (144). Indeed for
sterically hindered pigments such as anthocyanidin diglycosides and anthocyanidin
monoglycosides heavily substituted on their aromatic rings, the inclusion on the p-CD

cavity is not favored (143).

OH
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Figure 111.1. Structure of cyanidin-3-O-glucoside extracted from blackberries (Rubus fruticosus).

[11.3.1. Effect of cyclodextrins on the color of cyanidin-3-O-glucoside

Addition of B-CD to an acidic solution of cy3glc induces a strong decrease in the
anthocyanin visible absorption band (hypochromism) (Figure Ill.2) and this decrease
was greater with higher concentrations of 3-CD added. This effect was lower at pH 1.0,
in which cy3glc is practically 100% in its flavylium equilibrium form (8% absorbance
decrease at pH 1.0 instead of 38% absorbance decrease at pH 2.0, at molar ratio
1:50). This fading effect, also known as anti-copigmentation phenomenon has
previously been reported in several works (140, 141, 143, 144). Since no change in the
shape of the absorption band corresponding to the flavylium form was observed, it can
be assumed that the flavylium cation is not the species interacting with 3-CD (144).
Indeed, anthocyanin flavylium cation maximum absorption is very sensitive to solvent
effects and the formation of inclusion complex of the flavylium cation with cyclodextrin

would induce a large modification in its solvation shell, shifting the visible maximum of
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absorption of flavylium (144). The large loss of color following the addition of B-CD to
the cy3glc solution points to the preferential inclusion of the colorless forms (B, Cc or
Ct) into the B-CD cavity, a phenomenon leading to the shifting of the pigment hydration
equilibrium towards the formation of more colorless forms through the flavylium cation
which result in the loss of color (141, 172). A small increase of absorbance at Apma in
the ultraviolet region (=280 nm) was observed with the addition of 3-CD, which agrees
with the formation of the anthocyanin colorless forms. These forms are more abundant
at pH 2.0 comparing to pH 1.0 which could explain the higher anti-copigmentation
effect at the prior pH.

On the other hand, addition of a-CD or y-CD (at the same molar ratio) to a cy3glc
solution at pH 2.0 caused only a small increase at Ana in the UV-Visible spectrum
(=280 and 360 nm) and no change could be observed in the band corresponding to the
flavylium cation (=516 nm). These results appear to indicate that the inclusion of cy3glc
on the a or y-CD’s cavity is not favored (Figure IIl.2). As already described, the
dimensions of the cyclodextrin cavity allow some selectivity for the complexation of
guest molecules. In fact the three cyclodextrins tested in this study differs only in the
number of glucose units, having six, seven or eight glucose units, which corresponded
to an internal diameter of 5.7 A, 7.8 A and 9.5 A (a, B, and y-cyclodextrin, respectively)
(168). Probably the dimensions of o andy-CD cavity could not allow so many
interactions between the colorless forms of cy3glc and the cavity walls, thus resulting in
weaker binding (192).
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Figure 111.2. UV-Vis spectra of cy3glc (full line) and UV-Vis spectra of molecular complex cy3glc-f—CD (dotted line) at pH
2.0; Cy3glc: 1.50x10™ M (0); B-CD: 6.00x10“ M (1); 1.80x10° M (2); 7.50x10° M (3) (A); UV-Vis spectra of cy3glc (full
line) and UV-Vis spectra of molecular complexes cy3glc-a-CD (dotted line) (B) and cy3glc-y-CD (C) at pH 2.0; Cy3glc:
1.50x10 M; o or y-CD: 7.50x10° M.
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[11.3.2. pH jumps

One useful way to follow the kinetic process occurring in the network of flavylium
compounds is the use of relaxation techniques, in which the equilibrium of the system
is shifted by means of an external influence, applied very rapidly, forcing the
metastable system thus formed to shift to the new state of equilibrium. The evolution to
a new state of equilibrium can be followed by the monitorization of some parameters
(e.g. UV-Vis and *H NMR spectrum) which allow the establishment of both kinetic (193)
and thermodynamic equilibrium (194). The most common perturbations used are
instantaneous variations of temperature, pressure, concentration or pH, the latter being
more advantageous since it does not produce secondary physical effects (195). For
anthocyanins the flavylium cation (AH") is the predominant species in the equilibrium
under sufficiently acidic conditions. When the pH is raised the flavylium cation is
involved in parallel reactions that occur in distinct scales of time. The proton transfer is
guite instantaneous occurring in the nano- to micro-second range (194, 196-198) while
the hydration reaction is a relatively slow processes occurring in seconds to a few
minutes, depending on the pH of the system (96). The hemiketal is involved in a
tautomeric process that leads to the ring opening (and closure) with formation of cis-
chalcone. This reaction is also pH dependent and usually occurs in the sub-second
scale of time. By contrast, the cis-trans chalcone isomerization is much slower and pH
independent and its equilibrium state are fully established in a time of scale of seconds
to weeks, depending on the cis-trans isomerization barrier (199).

The impact of cyclodextrins (o, B and y) in the network of chemical reactions taking
place in cyanidin-3-O-glucoside was studied using a standard UV-visible
spectrophotometer, by performing direct pH jumps from acidic to basic, in thermally
equilibrated solutions. In acidic media the following equations account for the
thermodynamic and kinetic processes occurring in anthocyanins (Figure 11.14) (94, 96,
97):

Kq
AHY + H,0 < A+ H;0% K. proton transfer ~ (I11.1)
K
AH* + H,0 &= B + H,0* Ky, hydration (I1.2)
K
B <= Cc K, tautomerization  (111.3)

Kj . L
Cc = (t K; isomerization (1n.4)

53



54

FCUP
Interacdo de derivados de flavilios com carboidratos numa perspetiva alimentar
These can be simplified in one single acid-base equilibrium with constant K,
equations (II1.5 to 111.8), if the A, B, Cc and Ct species are represented together as one
generic conjugate base CB (given by the sum of the species A, B, Cc and Ct), which is

in equilibrium with the acidic flavylium cation AH":

Krg

AH* + H,0 & CB + H;0* (11.5)

K'y = K, + Ky + Ky K, + Ky K. K; (111.6)
/ [CB][H307]

K'og=—r— (I11.7)

[CB] = [A] + [B] + [Cc] + [Ct] (111.8)

[11.3.2.1. Thermal equilibrium

Determination of the cy3glc and the cy3glc-p-CD K’, value was carried out by
spectrophotometric measurement (96, 200) from the pH dependence of the absorption
spectra of equilibrated solutions. Several pH jumps were performed from thermally
equilibrated solutions at pH 1.0 to higher pH values (between 1.5 and 6.2
approximately). The decreasing of the absorbance of the flavylium cation was fitted for
a single acid-base equilibrium according to equation (l11.6). The cy3glc:3-CD molar ratio
tested was 1:50 since at this ratio the anti-copigmentation effect was superior.

The pH dependence of the absorption spectra of thermal equilibrated solutions of
cy3glc (A) and of inclusion complex cy3glc-B-CD (B) together with the representation of
the fitting of the experimental data to equation (l11.6) was displayed in Figure 111.3. The
main feature that emerges from these spectra was the progressive decrease, with
increasing pH, of the absorption band centered at =511 nm, which can be attributed to
the flavylium cation, accompanied by a bathochromic shift to higher An.x. At lower pH
values these spectra suggested the predominance of the hemiketal form (lack of
absorbance in the visible region) a more evident effect in the presence of 3-CD. It was
also possible to notice the presence of small amounts of cis-chalcone in equilibrium

with the hemiketal form through the existence of a band at =330 nm (89).

From the data represented in this figure and the fitting of the equation (l11.6) allowing
the calculation of pK’y, = 2.8 for cy3glc and pK’, = 2.1 for inclusion complex cy3glc-p-
CD. The difference observed on the pK’, calculated for cy3glc and for cy3glc-B-CD

probably indicates that in the presence of B-CD the colorless forms are more favorable.
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Figure 111.3. UV-Vis spectra of equilibrated solutions of cy3glc (6.0x10°M) (A) and of molecular complex cy3glc-B-CD
(6.0x10°M-3.0x10°M) (B) as a function of pH; Inset: Determination of pK, through the fitting of the absorption data

taken at 511 nm for each pH values.

[11.3.2.2. Equilibrium constants

As already reported three main processes with very different timescales can
generally be observed for anthocyanins: (i) proton transfer is the fastest and occurs in
the micro-second timescale; (ii) hydration (including tautomerization) takes place on a
timescale from seconds to several minutes (if pH is not much higher than pKy); (iii)
isomerization occurs on a timescale of seconds or days, depending on the cis-trans

isomerization barrier.

111.3.2.2.1. Proton transfer

The first process that occurs upon a pH jump from pH < 1 to higher values is the
transfer of a proton. This reaction is very fast and for this reason, conventional
spectrophotometry including stopped-flow analysis is useless (96, 201). The acidity
constant K,, can be calculated through an alternative method as follows: pH jump from
pH<1 to a value where pH >> pK,+2. At this pH the flavylium cation is totally converted
into quinoidal base and hydration process is generally slow enough to be followed by a
conventional spectrophotometer. Under these conditions, the absorbance taken

immediately after the pH jump, A, corresponds to the maximum of concentration of this
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species. At the end of the kinetic process (final equilibrium) the absorbance of the
quinoidal base indicates its final concentration A;. The ratio Aj/A, is equal to the molar
fraction distribution of the quinoidal base at the equilibrium (when B’ = 1, there is
practically no flavilyum cation) (equation (111.9)). For cy3glc, Ki/K’, = 0.12, giving pK, =
3.7. For the molecular complex cy3glc-B-CD, Ki/K’, = 0.07, giving pK, = 3.1 (Figure
[11.4). Once again, in the presence of the cyclodextrin a decrease in the K, value was

noticed suggesting a higher stability of the colorless forms.

[Al _ Ka 1. pr _ [Al+[BI+[Ccl+[ct]
o K, B, B'= B — (111.9)
A. B
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Figure 111.4. Spectral variations versus time of cy3glc (A) (6.0x10°M) and spectral variations versus time of molecular
complex cy3glc-B-CD (6.0x10°M-3.0x10°M) upon a direct pH jump from pH1.0 to pH 5.3; Inset: Variation of the
absorbance at 530 nm versus time, giving pK,= 3.7 (cy3glc) and pK, = 3.2 (cy3glc-B-CD) through equation (111.9).

[11.3.2.2.2. Hydration reaction

For anthocyanins the different reaction rate of proton transfer, hydration,
tautomerization and isomerization reactions allowed the separation of these processes.
Also the cases where the cis-trans isomerization barrier is very high, as in the case
anthocyanins, the system can be separated into the sequence of reactions A = AH*
= B = Cc on one hand and Cc= Cton the other. Besides these, according to
previous works (134, 190) for anthocyanins the value of K;is very small. Considering
only the fastest process (hydration reaction) and neglecting the tautomerization (K; = 0)
and the isomerization equilibria (K; = 0) in the acid-base equilibrium, it was possible to
determine the pseudo equilibrium constant (K”,). Bearing this in mind, equation (l11.6)

could be simplified to give equation (I11.10), which allows the calculation of K.
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K'y= K, +K, (11.10)

At the end of the hydration reaction it can be assumed that the system is in pseudo
equilibrium, from which the respective constants could be obtained. Nevertheless, this
only constitutes an approximation in the measurement of K,. The pseudo equilibrium
(K”,) was obtained considering the absorption spectra of solution in pseudo equilibrium
(end of hydration reaction) which was obtained in different time ranges considering the
pH of the system. Values of pK”, =2.69 (2.0x10° M™, K7,) and 2.48 (3.3x 10 M™, K~

were determined for cy3glc and for the molecular complex cy3glc-B-CD, respectively.

Taking the absorbance values of the consecutive spectra at Anax and plotting them
against time, one can obtain the graph depicted on Figure 1l.5. The experimental data

were fitted to MoNo kops = Ag + (A; X eCK1Y) or biexponential curves kops = Ay +
(A, xeRY) + (A, x el7k2Y) which allowed the determination of the observed rate

constants (kqps) Of the hydration process (fastest reaction) and for the isomerization

process (slowest reaction) (196).

The graphical representation of the first observed rate constants (k.ps) for cy3glc and
for the molecular complex cy3glc-B-CD against pH of the system allowed the
determination of its variation (Figure 111.5). Hydration reaction revealed to be pH
dependent: at higher pH values the observed rate constants was smaller. On the other
hand, the hydration reaction becomes faster in acidic solutions. However, direct pH
jumps from pH 1.0 to very acidic pH values are useless for observing the variation of
the rate constants of hydration since at very acidic pH, AH" is the most stable specie
and no spectral modifications can take place (190). For these reasons for the
determination of the hydration constant (Ky) several pH jumps from pH 1.0 to higher pH
values were performed (between 2.5 and 6.2, approximately). The fitting of the
experimental data by equation (Il1.11) allowed k;, and k, determination together with K
calculation for cy3glc (K, = 1.8x10° M™) and for the inclusion complex cy3glc-B-CD
(Kn=2.7x10° M) (through equation (111.12)).

[H*]

Kobs = Teps ko Kkn + Kon[H"] (I1.11)

K, = - (I1.12)
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Figure 111.5. Fitting of the first observed rate constant as a function of pH for cy3glc solution (6.0x10°M), pKy = 2.9 (A)
and for cy3glc-B-CD solution (6.0x10°M-3.0x10°M), pK;, = 2.5 (B), determined through equations (11.11) and (I11.12).

Hydration of cy3glc was speeded up by the presence of B-CD and this reaction
appears to be about 1.5 times faster inside the B-CD cavity which could explain the
anti-copigmentation effect observed in the presence of this macrocyclic.
Simultaneously K, was higher than K, reflecting the well-known stability of the

anthocyanin hemiketal form (compared to the quinoidal forms) in aqueous solution.

[11.3.2.2.3. Isomerization reaction

Direct pH jumps followed in a longer scale of time put in evidence the existence of a
much slower process that was assigned to the Cc-Ct isomerization. Three pH jumps to
pH 4.5, 5.3 and 6.1 were performed and followed during several hours to study the
isomerization process. An example of one of those experiments is displayed in Figure
[11.6 at pH 5.3, in which the decrease of absorbance at 530 nm together with the
increase of absorbance at 340 nm could be an indication of the isomerization process,

which led to the formation of the trans-chalcone (Ct).

Taking the absorbance values of the consecutive spectra at Amax = 530 nm and 340
nm and plotting them against time, one can obtain two distinct graphs. The fitting of the
biexponential curve at 340 nm allowed the determination of the observed rate
constants (keps) Of the hydration (fastest process — absorbance decrease) and the
isomerization process (slowest process — absorbance increase) (96). It was possible to
observe that at pH 5.3, the isomerization occurs with a mean lifetime of 0.96 h for

cy3glc and of 0.55 h for inclusion complex cy3glc-B-CD (1/Kops). Inclusion of this
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anthocyanin on the B-CD cavity clearly induced acceleration on the isomerization

observed rate constant (approximately 1.7 times faster).
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Figure 111.6. Variation of the absorbance at 340 nm versus time of cy3glc solution (6.0x10°M) (A) and cy3glc-B-CD
solution (6.0x10°M-3.0x10°M) (B) upon a direct pH jump from pH 1.0 to pH 5.3, showing two kinetic processes (Kobs1 €

kobsz)-

The observed rate constant (isomerization, Kq.s2) and hydration constant (K)
obtained for the molecular inclusion complex cy3glc-B-CD are in agreement to previous
works. Dangles et al.,, (1992) reported the inclusion-induced acceleration for the
hydration and isomerization reaction of a synthetic, non-natural anthocyanin, the 3,4’-
dimethoxy-7-hydroxyflavylium. In this work, the evaluation of hydration reaction was
made through one pH jump to pH 3.5 and observed rate constant was about twice as
fast inside de B-CD cavity. Similarly, this macrocycle catalyzed the chalcone cis-trans
isomerization, and the isomerization observed rate constant has been estimated to be
about ten times faster inside the B-CD cavity (143).

Similar studies were performed with 3-CD’s homologues, a- and y-CD. As previously
reported the cyclodextrins tested in this study differs only in the number of glucose
units. The interaction of these two macrocycles with cy3glc did not alter significantly the
equilibrium and kinetic rate constants of this anthocyanin which clearly suggests that
the inclusion of cy3glc on the o- and y-CD’s cavity was not favored. These weak
interactions resulted only on a reduced impact on cy3glc’s color and on the equilibrium

and kinetic constants (Table I11.1).

59



60 | FCUP
Interacdo de derivados de flavilios com carboidratos numa perspetiva alimentar

Table I11.1. Thermodynamic and kinetic constants determined by UV-Vis absorption for the transformations of cy3glc
(6.0x10°°M) and of inclusion complexes cy3glc-B-CD, cy3glc-a-CD and cy3glc-y-CD (6.0x10°M-3.0x10°M).

Thermodynamic and kinetic constants described for malvidin-3-O-glucoside in the literature (Mv3gic) (190).

Determined values Described values
Cy3glc Cy3glc-a-CD Cy3glc-B-CD Cy3glc-y-CD Mv3glc
K'a (M7 1.8x10° 2.3x10° 8.4x10° 1.5x10° 5.35x10°
pK'a 2.8+0.1 26+0.1 21+0.1 2.8+0.1 23+01
Ka(M™) 2.1x10™ 2.9x10™ 5.9x10™ 2.4x10™ 1.6x10™
pKa, 37+0.1 35+0.1 32+0.1 36+0.1 3.8+0.1
Ky (M ™) 1.5x10° 2.0x10° 2.7x10° 1.7x10° 4.3x10°
pK, 2.8 2.7 25 2.8 2.4
kn(s') 0.08+0.01 0.08+0.01 0.05 + 0.01 0.14 0.08 + 0.01
kn(M™'s™) 48+ 1 40 1 18+1 81.+1 19+1

[11.3.3. Thermal degradation studies

The data obtained by HPLC-DAD analysis (anthocyanin content) was fitted by a
first-order kinetics models (equation (lll. 13)), where C, is the initial anthocyanin
content and C is the anthocyanin content after predetermined time (t). Degradation rate
constants, k, were obtained from the slope of a plot of the natural logarithmic of
anthocyanin retention (In(C/Cy) versus time (t). For a first order reaction, half-life values
(tip, the time needed for 50% degradation of anthocyanins) were determined by
equation (1. 14) (202).

In(C/Cy) = —kt (I1.13)
ti; = In0.5/k (I1.14)

The kinetic plots from the HPLC-DAD data at 60 and 90° C are illustrated in Figure
[11.7. In general, linear relationships were observed between In(C/C,) and time for both
control (cy3glc) and complex sample (cy3glc-B-CD) (R* between 0.9552 and 0.9926),
apparently indicating a first order reaction kinetics for pigment degradation. Similar
kinetic responses for anthocyanins have been reported by other authors (142, 171,
173, 203). Table 11l.2 shows the first order degradation rate constant (k) obtained from
the slope of logarithmic plots of anthocyanins retention versus time. Half-life value (ty)

was calculated from the degradation rates. As expected, the degradation rate constant
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(k) of anthocyanins increased with increasing heat temperature and time. The results
show that the effect of temperature on degradation kinetic rates for anthocyanins in
control and complexed with B-CD were significantly different (p<0.05) for both
temperatures tested with the rate of degradation being lower in the presence of 3-CD.
Comparison of t;, values revealed that anthocyanins were more resistant in the
presence of 3-CD, as the presence of this macrocycle increased the half-time value.
This possible anthocyanin stabilization could be due to anthocyanin complexation with
B-CD.

The equilibrium forms of anthocyanins present at the pH 4.0 (pH tested in the
thermal degradation studies) are the flavylium cation, the hydrated hemiketal (major
specie), the chalcone forms and the quinoidal base form. As pointed out by the UV-vis
data obtained, a preferential inclusion of the neutral and more flexible colorless forms is
expected, while the flavylium cation appears to be a poor candidate for inclusion in the
cyclodextrin cavity due to its polarity and planar structure. As described on section
11.3.2.4.5, at pH 3.5 anthocyanin degradation is generally accepted to be initiated by
hydration at position C, and subsequent cleavage of the flavonoid skeleton to form the
chalcone form. The significant protection towards thermal degradation observed in the
presence of B-CD could be due to the preferential inclusion of the hydrated forms that
could prevent extended tautomerization reaction leading to the formation of the
chalcone form and subsequent formation of hydroxybenzaldehyde and 4-
hydroxybenzoic acid anthocyanin derivatives. However further studies needed to be

performed in order to clarify the equilibrium form interacting with 3-CD cavity.
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Figure 111.7. Degradation of cy3glc (+) and cy3glc-B-CD complex (=) in aqueous solutions (pH 4.0) at 60° C (A) and 90° C
(B).
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Table 111.2. Degradation kinetics parameters of cy3glc and cy3glc-B-CD complex. Columns with the same symbol (*)

indicate that there is significance difference (p<0.05).

K (min ™) tyo (N) R?
Temperature
Cy3glc* Cy3glc-B-CD* Cy3glc Cy3glc-B-CD Cy3glc  Cy3glc-B-CD
-0.0008 .
60° C 0.00029 14.4 39.8 0.9809 0.9552
+0.0002 +0.00003
90° C -0.0032 -0.0026 3.6 4.4 0.9926 0.9899

+0.0001 +0.0001

[11.3.4. Study of the decomposition of cyanidin-3-O-glucoside and its B-CD
complex by DSC

DSC is widely used to confirm the formation of a complex in the solid state. For
instance, the disappearance of thermal events of guest molecules, such as
endothermic peak assigned to melting, when examined as CD complexes is generally
considered as a proof of inclusion (204). Moreover, DSC can be used to study the
thermal degradation of a compound. Figure III.8 shows the combined DSC
thermograms of cy3glc (blue line), B-CD (green line) and of the inclusion complex of
cy3glc-B-CD (red line) as a function of temperature.

Through the thermogram analysis there is a clear indication of complex formation,
between cy3glc and B-CD, based on the shape of the dehydration process in the
complex. In the complex form, cy3gc dehydration process was shifted to higher
temperatures. It was also noticed a decrease on the thermal stability of the dehydration
process in the B-CD in the complex form (a shift of 20 °C) (A).

The DSC thermogram of cy3glc (blue line) demonstrated the occurrence of a
decomposition / polymerization process at 170° C (B). However, after complexation
with 3-CD this decompaosition process is not present in the thermogram of the complex
(red line) which is a good indication of anthocyanin-B-CD interaction. The absence of
this peak in the thermogram of the complex could also be an indication of the
anthocyanin thermal protection due to inclusion formation.

In the complex form, the pre-melting peak were shifted to higher temperature (a shift
of 30 °C) than the previous observed temperature of melting for cy3glc and pre-melting
for B-CD (C). This indicates a significant interaction between cy3glc and B-CD, that is
maintained until the pre-melting temperature of the p-CD. The shifted to higher

temperature is followed and supported by an increase of the process enthalpy.
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Figure 111.8. DSC thermograms of cy3glc (blue line), B-CD (green line) and inclusion complex (cy3glc-B-CD) (red line)

under nitrogen atmosphere.

l11.4. Conclusion

The need for safe natural food colors has prompted researchers all over the world to
look for new sources of food colors. In order to increase the knowledge about the
impact of cyclodextrins on the equilibrium and kinetic constants of the network of
chemical reactions taking place in cyanidin-3-O-glucoside a spectroscopic study was
performed. The spectral properties of cy3glc were changed by the molecular inclusion
with B-CD. The anti-copigmentation phenomenon observed shows dependence on the
pH and on the B-CD concentration. The comparison of the values of the equilibrium
and kinetic equilibrium constants between cy3glc and inclusion complex cy3glc-3-CD
showed that the inclusion causes significant modifications in the Kkinetic and
thermodynamic properties. Inclusion of cy3glc in the B-CD cavity induced acceleration
on hydration constant (K,) and on the isomerization observed rate constant (Kqps),
which is in agreement with the anti-copigmentation phenomenon observed. B-CD’s
homologues (a and y-CD) didn’t cause significant changes on the network of chemical
reactions taking place in cy3glc probably indicating that this interaction is not favorable.

Moreover, molecular inclusion of cy3glc into B-CD cavity was shown to enhance the
thermal stability of this anthocyanin, which could be an advantage for efficient

utilization in food systems.
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B - Structural characterization of inclusion complexes between

cyanidin-3-O-glucoside and B-cyclodextrin

Adapted from:

Fernandes, A., lvanova, G., Bras, N., Mateus, N., Ramos. M.J, de Freitas, V.
Structural characterization of inclusion complexes between cyanidin-3-O-glucoside and pB-
cyclodextrin, Carbohydrate Polymers, 2014, 102, 269-277. doi: 10.1016/j.carbpol.2013.11.037

With the exception of the computational calculations, the experimental design and work

described in this part was carried out by the author.
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I11.1. Introduction

Cyclodextrins (CD) are cyclic oligosaccharides consisting of six or more (1—4)-a-D-
glucopyranose units, possessing the remarkable ability of forming inclusion complexes
with a variety of organic molecules (205, 206). Due to their unique structural features,
these molecules are invaluable in a variety of industrial applications namely in the food
industry, where they have been used for controlling flavor release, masking odors and
tastes, stabilizing emulsions, controlling or masking color, and protecting ingredients

from oxidation and from thermal decomposition (165, 166).

In recent years, replacing synthetic dyes by natural colorants has become a major
issue for the food industry since the use of synthetic additives is becoming less popular
among the consumers as they easily associate these colorants to toxic issues.
Anthocyanins are potentially very interesting as natural food colorants due to their
ability to impart vibrant colors. These polyphenolic compounds provide colors ranging
from salmon-pink to red and violet, they are water-soluble pigments which simplifies
their incorporation in aqueous food systems and do not pose any particular problems in
terms of food safety (83). On the contrary, these compounds are antioxidant and were
described to have some putative beneficial health effects (9, 12).

However, the application of anthocyanins as food colorants requires improvement of
their chemical stability since they are very unstable and susceptible to be transformed
in food matrices during storage (173). The fact that anthocyanins co-exist in aqueous
solution in a complex network of equilibrium species depending on pH is an important
factor related to the color displayed by these compounds. In very acidic aqueous
solutions, the red flavylium cation (AH") is predominant. As pH increases, water
addition on flavylium cation gives rise to the colorless hemiketal (B). This specie is in
fast equilibrium with some yellow cis-chalcone (Cc). Finally, the slowest process is the
cis-trans isomerization to lead to a small mole fraction of yellow trans-chalcone at
equilibrium (Ct). Concurrently, deprotonation of the flavylium cation also occurs,
leading to blue-purple quinoidal bases (A) (89, 94, 95). For anthocyanins, the quinoidal
bases are not the most stable specie at the equilibrium and they tend to disappear to

form the most stable hemiketal (B) form (97).

The formation of inclusion complexes between cyclodextrins and anthocyanins was
found to improve the anthocyanin stability and prevent losses during storage (140, 142,

178, 207, 208). However, in several studies an anti-copigmentation effect was
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described, resulting from the better inclusion of the colorless forms into the cyclodextrin
cavity (140, 141, 144). Some preliminary kinetic results have also demonstrated the
preferable inclusion of these forms, established on the increase of the hydration
constant (K;) and on the isomerization observed rate constant (Kops) (143, 144).

Therefore, a correct knowledge of the factors that govern anthocyanin’s color
stability seems to be decisive in terms of a putative application in food matrices. The
aim of the present work was to distinguish the different anthocyanin (Figure 11.14)
colorless forms by their tendency for associating with B-cyclodextrin in aqueous
solution. For this purpose, a combination of NMR experiments (ROESY and DOSY)

and a theoretical approach has been undertaken.

I11.2. Materials and Methods

[11.2.1. Materials

B-CD, deuterium oxide (99.9%) was purchased from Sigma-Aldrich® (Madrid,
Spain). NaOD (99.5%) was purchased from Euriso-top® Cy3glc was extracted and
purified in the laboratory from blackberries (Rubus fruticosus) by semipreparative
HPLC with C,g reversed phase column (250 mm x 4.6 mm i.d., Merck, Lichrospher®),

as described elsewhere (188).

[11.2.2. NMR samples preparation

Solutions of cy3glc at different concentrations (8.6 mM, 5.2 mM, 2.7 mM, 2.1 mM
and 1.4 mM) and B-CD (8.6 mM) were prepared in 99.9% D,O at room temperature
and pH was adjusted to 3.5 by the addition of NaOD (209). For the study of the
inclusion complexes formation 1.4 mM of cy3glc was dissolved in 99.9% D,O and
appropriate amounts of f—cyclodextrin were added (1.2 mM; 1.4 mM; 2.2 mM; 3.4 mM
and 4.5 mM). pH was also adjusted to 3.5. Samples were allowed to equilibrate for at
least 8 hours before the NMR study.



FCUP | 69
Interac&o de derivados de flavilios com carboidratos numa perspetiva alimentar

[11.2.3. UV-Vis absorption spectra

Absorption spectra of cy3glc solution (1.4 mM) and absorption spectra of samples of
cy3glc and pB-CD at different concentrations were obtained in an UV-Vis
spectrophotometer (Thermo Scientific Evolution Array®) fitted with a thermostatized 1.0

cm path length quartz cuvette device at 25° C.

l11.2.4. NMR spectroscopy

All NMR experiments were recorded on a Bruker Avance Ill 600 HD spectrometer,
operating at 600.13 MHz for protons and 150.92 MHz for carbon, equipped with 5 mm
CryoProbe Prodigy and pulse gradient units, capable of producing magnetic field
pulsed gradients in the z-direction of 50 G/cm. The NMR measurements have been
done with standard BRUKER pulse sequences, in D,0O, at 300K and at pH 3.5. *"H NMR
experiments were performed with water suppression using excitation sculpting with
gradients (210), acquisition time 1.36 s, relaxation delay 2 s, 128 or 256 transients of a
spectral width of 10000 Hz were collected into 32 K time domain points. Typical
measuring conditions for the *H/*H and 2D spectra (COSY, TOCSY, ROESY, NOESY)
recorded in phase sensitive mode and with water suppression were: relaxation delay 2
s, 64-128 scans, a total 2K data points in F2 and 256 data points in F1 over a spectral
width of 10000 Hz. TOCSY spectra were recorded MLEV-17 sequence with a mixing
time of 80 ms. ROESY experiments were carried out using a mixing time of 100, 200,
400, 500, 700 and 800 ms in the phase-sensitive mode. 2D 1H/13C HSQC and HMBC
experiments were carried out with a spectral width of ca 10000 Hz for 1H and 32000

Hz for 13C, relaxation delay 1.5 s, Fourier transform (FT) size 2 K x 1K.

Proton registered diffusion-ordered NMR (*H DOSY) experiments were acquired
using the bipolar longitudinal eddy current delay (BPPLED-Bipolar Pulsed Field
Gradient Longitudinal Eddy Delay) pulse sequence (211). The experimental conditions
(5mm NMR tubes, amount of the solute and solvent, a temperature of 300 K, no
sample rotation and high air flow of 535 L/h to avoid convections in the samples) for all
DOSY experiments were kept constant. Before the NMR experiments, the temperature
was equilibrated and maintained at 300 K, as measured using the spectrometer
thermocouple system. Typically, in each experiment a number of 16 spectra of 32K
data points and 128 or 256 scans were collected, with values for the duration of the

magnetic field pulse gradients (8) of 2.4 ms, diffusion times (A) of 120 ms and an eddy
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current delay set to 5 ms. The pulse gradient (g) was incremented from 2 to 98% of the
maximum gradient strength in a linear ramp. The spectra were processed with the
Bruker Topspin software package (version 3.2). The diffusion coefficients (D) were
obtained by measuring the signal intensity of characteristic resonances of the species
presented in the samples studied and were all scaled to the absolute D value obtained
for acetone (0.001 M; 1.69 x 10°m? s™*, calculated standard deviation of 1.15 x 107%)

used as an internal reference.

[11.2.5. Molecular Dynamics simulation

The initial structure of pB-cyclodextrin was obtained from its complex with
cyclo/maltodextrin-binding protein (pdb id: 2ZYN at 1.7 A resolution) (212) retrieved
from the protein databank. Given the absence of cy3glc structure in this database, the
initial geometry of this compound was built with the GaussView software (213). To
calculate the optimized geometries and electronic properties for the subsequent
parameterization of this compound, the Gaussian 09 suite of programs (214) was used
to perform restricted Hartree-Fock calculations (RHF), with the 6-31G(d) basis set.
Atomic charges were further recalculated using RESP algorithm (215). This
methodology was chosen for its consistency with that adopted for the parameterization
process in AMBER 10.0 simulation package (216). The geometry optimizations and a
Molecular Dynamics (MD) simulation on cy3glc-B-CD complex were performed with the
parameterization adopted in AMBER 10.0, using the GAFF force field, the general
Amber force field for small organic molecules, and the Glycam2004 force field
(Glycam-04 parameters) for carbohydrates (217-219). In this simulation, an explicit
solvation model with pre-equilibrated TIP3P water molecules was used, filing a
truncated octahedral box with a minimum distance of 12 A between the box faces and
any atom of the cy3glc-B-CD complex. The size of this system was 6,004 atoms. The
complex geometry was minimized in two stages: first both compounds were kept fixed
and only the position of the water molecules was minimized. Afterwards the full system
was minimized. Subsequently, an MD simulation of 100 ps at constant volume and
temperature, and considering periodic boundaries conditions was run, followed by 30
ns of MD simulation with NPT ensemble, in which Langevin dynamics was used
(collision frequency of 1.0 ps™) to control the temperature at 303.15 K (220). These
simulations were carried out using the Sander module, the bond lengths involving
hydrogen atoms were constrained using the SHAKE algorithm, and the equations of

motion were integrated with a 2 fs time step using the Verlet leapfrog algorithm (221).
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The Particle-Mesh Ewald (PME) method (222) was used to include the long-range
interactions, and the nonbonded interactions were truncated with a 10 A cutoff. The MD
trajectory was saved every 2 ps and the MD results were analyzed with the PTRAJ
module of AMBER 10.0 (216).

111.3. Results and Discussion

In the present work, the ability for inclusion complex formation between the different
equilibrium forms of cy3glc and B-CD in aqueous solution and the structure of these
inclusion complexes were studied by NMR spectroscopy and theoretical calculations.
pH 3.5 was selected to perform this study since at this pH value approximately 75% of
the anthocyanin corresponds to the hemiketal form with the remaining 25%
corresponding to the flavylium cation, to the cis and trans-chalcone and to the quinoidal
base form (97).

[11.3.1. NMR spectral characterization of cy3glc

The detailed knowledge of the structural and spectral characteristics of
anthocyanins is of primary significance prior to the investigation of the molecular
structure of inclusion complexes with B-cyclodextrin. It is well known that anthocyanins
can co-exist in agueous solution in equilibrium between five species depending on pH
(Figure 11.14). Additionally, the relative species population is affected by the possible
self-association of anthocyanins as a result of the vertical stacking caused by
hydrophobic interaction between aromatic rings (self-association) (134) .

Therefore, a preliminary NMR spectral characterization of cy3glc in aqueous
solution, at pH 3.5 and different concentrations was performed. The assignment of the
resonance signals in *H NMR spectra of anthocyanin was based on the analysis of one
and two dimensional (COSY, TOCSY, HSQC, HMBC) NMR spectra. The NMR data
are consistent with the data already published (99, 134, 223) and the assignments of
the chemical shifts and coupling constants of protons H2', H6’, H5’ and H4 in the
different equilibrium forms are presented in Table 111.3 The resonance signals of
protons H6 and H8 in the A ring disappeared from the spectrum a few hours after
sample preparation due to protons exchange with deuterium (134, 224). The hemiketal
can be easily identified not only because it is the major specie at this pH value but also

because of the existence of twin peaks related to the presence of the two epimers
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(R/S) on carbon 2 (C2). The cis- and trans-chalcones usually appear at low

concentrations (6).
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Table 111.3. *H (600.13 MHz) NMR data (proton chemical shift (ppm), multiplicity and spin-spin coupling constant (Hz)) and diffusion coefficient (D) for the flavylium cation, hemiketal, cis-chalcone and

trans-chalcone equilibrium forms of 8.6 mM and 1.4 mM cyanidin-3-O-glucoside solutions in D,O at pH 3.5 (s, singlet; d, doublet; dd, double doublet).

Cyanidin-3-O-glucoside

Flavylium (AH")

Hemiketal (B)

Cis-chalcone (Cc)

Trans-chalcone (Ct)

8.6 mM 1.4 mM 8.6 mM 1.4 mM 8.6 mM 1.4 mM 8.6 mM 1.4 mM
Aglicone
H2' 7.23s 7.67s 7.08 d/7.04 d (2.2) 7.09 d/7.06 d (2.2) 7.23d (2.0) - 7.39d (2.2)
H5' 6.50d(8.2) 6.84 6.86 d (8.6) 6.88 d (8.6) 6.70 d (8.6) - 6.95d (8.5)
H6' 7.44d@8.2) 7.79 6.99 dd/6.95 dd (8.6; 2.2) 7.02 dd/6.99 dd (8.4; 2.2) 7.21 dd (8.0; 2.0) - 7.42 dd (8.6; 2.0)
H4 8.21s 8.60 s 6.335/6.32s 6.415/6.38s 6.54 s - 6.73 s
Dx10 *° (m%*s™) 3.24 4.20 5.34 5.55 5.50 - 5.59
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From the analysis of the '"H NMR spectra performed at decreasing concentrations
(8.6 to 1.4 mM) a systematically downfield shift of the resonance signals of the
flavilyum and a significant accumulation of hemiketal form and appearance the of weak
signals form cis- and trans-chalcone were observed (Figure 111.9). The self-association
of anthocyanins is a well-known phenomenon taking place with the flavylium cation as
well as with the quinoidal base. Cross aggregation involving flavylium cation and trans-
chalcone was also described (132, 134) and in this work, the self-association of the
flavylium cation was perceived through the downfield shift with the anthocyanin
concentration decrease. Perceptibly, the disruption of the aggregation phenomenon
affects the equilibrium between the four species in the aqueous solution resulting in a
significant increase of the B form and appearance of Cc and Ct forms at solution

concentration under 1.4 mM.
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Figure 111.9. 'H NMR spectra of cyanidin-3-O-glucoside in D,O at pH 3.5 as a function of concentration (8.6 mM-A; 5.2
mM-B; 2.7 mM-C; 2.1 mM-D, 1.4 mM-E).

The concentration dependence of self-association of cy3glc species was additionally
estimated on the basis of the alteration of their self-diffusion coefficients as measured
by DOSY experiments. The diffusion coefficients measured for the different species
presented in the solution of cy3glc at 9 and 1.4 mM are presented in Table 111.4. It is
possible to observe that the D value for the flavylium cation form was significantly
affected by the concentration as a result of its self-aggregation. Micellarization process
is a well-known phenomenon taking place in procyanidins (225, 226) and similarly to

these polyphenolic compounds, by plotting the flavylium cation D value against the
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inverse anthocyanin concentration we could obtain an approximated cac, critical
aggregation concentrations (~1g.L™") (Figure 11.10). However to ensure that the
flavylium cation behaves such as procyanidins undergoing a micellarization process,
more anthocyanin concentration should be tested.

43 -
40 -
3.7 A

34

D x 10-1° (m2.s1)

3.1 A

2.8 A

25 T T 1
0 0.5 1 15

1/[Cy3glc] Lg™

Figure 111.10. Estimation of cac’s value from the diffusion coefficients. The intercept of slopes obtained for concentrated

and diluted regions of D versus inverse anthocyanin concentration gives the cac value.

[11.3.2. NMR analysis and stoichiometry of the inclusion complex cy3glc-p-CD

Evaluation of the changes in chemical shifts of B-cyclodextrin upon complexation
provided the first information about the host-guest interaction allowing the
determination of the stoichiometry of the inclusion complexes. The reasoning is based
on the expectation that if the guest molecule is imbedded in the CD cavity, the
screening environment should be sensed by magnetic nuclei inside the B-CD cavity
(H3 and H5) but not by outside protons (H1, H2 and H4) (227).

In order to minimize the effect of the self-aggregation of the anthocyanin, the lowest
solution concentration (1.4 mM) was selected to perform the subsequent NMR study of
the interaction between cy3glc and B-CD and for structural characterization of cy3glc-B-
CD complex (Figure 111.11). '"H NMR spectra with high resolution were recorded for
cy3glc-B-CD in D,O at pH 3.5. The spectra are dominated by the intense resonance
signals of B-CD and upfield shifts of the resonance signals of H3 and H5 B-CD’s
protons was detected. This behavior may result mainly from the magnetic anisotropic
shielding by the aromatic rings in cy3glc molecules, included within the cavity of 3-CD
(224, 228). Only minor alterations in the chemical shift of protons H1, H2 and H4 which

lie on the outer surface of the cavity was observed.
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In the "H NMR spectra of cy3glc-B-CD, signals belonging to the protons of AH*, B,
Cc and Ct forms of cy3glc were clearly observed. Moreover, it was found that the
addition of B-CD to the aqueous solution of cy3glc immediately induced the
appearance of new set of resonance signals identified as Bcp (Figure 111.11). The
intensity of these signals increased while the intensity of the resonance signals of the B
form decreased with time. On the basis of 1D and 2D (TOCSY, HMBC) NMR analysis,
these new signals were attributed to the hemiketal anthocyanin form complexed with 3-
CD (Bcp). Well defined long range correlations were observed in the *H/**C HMBC
spectra between characteristic signals of the B¢p, such as between the protons at
8 7.16 ppm (H2'), 6 6.98 ppm (H6’) and & 6.76 ppm (H4) with carbon C2 at 102.3 ppm,
characteristic of hemiketal form. The 'H signals of Bcp were found to be downfield
shifted with respect to the spectra of B before the addition of B-CD. The two epimeric
forms could not be distinguishable after complexation, which could be a result of a
preferable inclusion of one of the two epimers into -CD’s cavity. Indeed, the use of
cyclodextrins for the separation of isomers was already been reported in the literature
(228, 229). Also, for the protons signals of Cc a downfield shifted were observed.
Interconversion between cis- and trans-chalcone is in slow exchange (in the NMR time
scale) while the chemical exchange between the hemiketal and the cis-chalcone is
much faster (96, 97). Bearing this, the chemical shifts changes observed for the cis-
chalcone could result from the faster chemical exchange. However based on the NOE
interaction observed between this equilibrium form and B-CD and on the alteration of
the D value, we assume that the chemical shift changes may be a result from the
interaction with B-CD’s internal protons, namely a steric compression effect (230)
instead of chemical exchange. Only minor chemical shifts changes were detected in *H

NMR spectra of cy3glc:3-CD for the protons and Ct forms.
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Figure 11.11. *H NMR spectra of 1.4 mM cyanidin-3-O-glucoside solution in D,O at pH 3.5 (A) and *H NMR spectra of
cyanidin-3-O-glucoside with increasing ratios of -CD after reaching equilibrium (1:0-A; 1:0.8-B; 1:1.6-C; 1:2.4-D; 1:3.2-
E).

For the evaluation of the stoichiometry of the inclusion complexes cy3glc-p-CD,
Job’s continuous variation technique was applied (231). For this purpose, solutions
with different cy3glc-B-CD molar ratios were prepared and the data were plotted in the
form XyAd versus Xy, where Xy is the mole fraction of 3-CD. The Job’s plot showed a
maximum at r = 0.5 (where r = [B-CD]/([3-CD]+[Cy3gIc])), indicating that the complexes
possessed a 1:1 stoichiometry (Figure 111.12).
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Figure 111.12. Job’s plot obtained to determine the stoichiometry of the complex (X4 is 3-CD molar fraction).
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Moreover, when performing the NMR titration it was noticed that the addition of -
CD affected principally the hydration reaction, mainly disturbing the normalized molar
proportions between the flavylium cation and the hydrated hemiketal. The other
equilibrium forms, cis- and trans-chalcones were almost unaffected with the increase of
B-CD (Figure I11.13). These preliminary results suggest the preference inclusion of the
hemiketal into B-CD with this compound catalyzing the transformation of the flavylium
cation into the hemiketal, a phenomenon leading to the shifting of the pigment
hydration equilibrium towards the formation of more hemiketal with the addition of more
-CD. The normalized molar proportion of the various equilibrium forms were
determined by integration of signals in the *H NMR spectra. Concurrently, during the
same experiments with the addition of B-cyclodextrin a clear change in the color of the
anthocyanin solution was observed. B-cyclodextrin induces a strong decrease in the
anthocyanin visible absorption band and this decrease was greater with higher
concentrations of B-CD added (Figure 111.13). This behavior had already been
described in the literature (143, 144) and once again suggests a preferential interaction

between the anthocyanin hemiketal form and -CD.
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Figure 111.13. Normalized molar proportion of the AH", B, Cc, Ct and hemiketal complexed (Bcp) as a function of
different B-CD ratios, determined by integration of signals in the 'H NMR spectra (A). Uv-visible spectra of cyanidin-3-O-

glucoside alone and in the presence of B-cyclodextrin at different concentrations (B).

111.3.3. Diffusion Ordered spectroscopy

Diffusion Ordered NMR (DOSY) is a well-established technique for characterizing
the structure and dynamics of complex systems. The self-diffusion coefficients of these
systems reveal structural characteristics such as molecular size, weight and shape
(232, 233). This methodology relies on the determination of the diffusion coefficients in

the absence and presence of host molecules (B-cyclodextrin in this study), thus
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providing information about the size and evidence on the magnitude of the binding
constants (234, 235).

Typically, cy3glc is approximately one half of the average size of B-CD. In these
DOSY studies it was intended not only in confirming the interactions between cy3glc
and B-CD but also distinguishing the affinity of the existing anthocyanin equilibrium
species at pH 3.5 for inclusion complex formation with 3-CD. Since a modification in a
solution composition was expected to induce changes in the behavior of the
anthocyanin equilibrium forms, cy3glc-3-CD samples containing cy3glc to 3-CD ratio of
1:0.8, 1:1.6, 1:2.4 and 1:3.2 were studied. The diffusion coefficients of 3-CD and the
existing equilibrium forms of cy3glc in cy3glc-B-CD samples were determined and
compared with the corresponding values of cy3glc and B-CD alone. The diffusion
measurements using DOSY were performed under identical experimental conditions
taking special attention on the concentration, pH and temperature of the samples. The
diffusion coefficients (D) of cy3glc equilibrium forms were obtained by measuring the
signal intensity at more than one place in the spectra and those for -CD from the
resonance signals of the anomeric protons. To account for changes in the samples
solution viscosity or drift on the experimental conditions, the diffusion coefficient values
were all scaled to the absolute D value obtained for acetone (0.001 M; 1.69 x 107° m?

s!, calculated standard deviation of 1.15 x 10~%) used as an internal reference.

In the absence of 3-CD the D value of B, Cc and Ct was found to be very similar to
5.5 x 10" m?s™ (Table 111.4). The significantly lower D value observed for AH" was
attributed to the tendency of this equilibrium form to self-aggregate resulting on a
specie with higher hydrodynamic diameter. Concerning the results obtained for the
inclusion complexes cy3glc-p-CD, diverse behaviour of the different anthocyanin
equilibrium forms in the presence of B-CD was observed. The diffusion coefficients
measured for the new set of signals detected in cy3glc-p-CD (Bcp) form was found to
be similar to the corresponding values of B-CD (4.0 x 10*° m?s™). This is an indication
of intermolecular interactions and complexation between these two species was hence
assumed. Likewise, the decrease of the diffusion coefficient of cis-chalcone in cy3glc-
B-CD samples, to values close to that of -CD reveal a possible interaction between
these two species. However, only small changes in the self-diffusion of trans-chalcone
was observed in the presence of B-CD. This fact and the registered absence of
chemical shift displacements of Ct resonance signals in the *"H NMR spectra of cy3glc-

B-CD strongly suggest a lack of intermolecular interactions between and 3-CD.
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Table I1.4. Diffusion coefficients (D) obtained for p-cyclodextrin and for AH*, B, Cc and Ct equilibrium forms of 1.4 mM

cyanidin-3-O-glucoside solutions with increasing amounts of 3-CD in D,O at pH 3.5; * undetected.

Dx 10 (m%s™

Ratio cy3glc:p-CD AH" B Cc Ct Bco
1:0.0 4.2 5.4 55 5.6 -
1:0.8 4.2 55 4.0 54 3.9
1:1.6 * 5.7 3.9 55 3.8
1:2.4 * 5.8 4.0 55 3.8
1:3.2 * 5.7 4.0 55 3.9

Dp.cox 10 %% (m?s™) = 4.0;

The flavylium cation diffusion coefficient was almost unchanged and lower than -
CD’s during the experiments until the third anthocyanin:3-CD ratio was achieved. At
this ratio only traces of the AH" equilibrium form was detected, not allowing the correct
D determination (Table 111.4). The results from the analysis of DOSY spectra of the
inclusion complex cy3glc:-CD indicate that only two of the anthocyanin equilibrium
forms, B and Cc, showed preference for association and affinity for intermolecular
complex formation with B-CD. These results are in agreement with the observed
chemical shifts alterations registered for protons of B, Cc and B-CD in *H NMR spectra
of cy3glc:B-CD. The observed changes in the chemical shifts and self-diffusion change

for B and Cc suggest an inclusion of these species into the cavity of 3-CD.

[11.3.4. Putative structure of the inclusion complex of cy3glc with B-CD

Beside the chemical shifts changes and changes of diffusion constants initiated by
complexation with CD, changes of NOE for the species in the solution serve as a
measure of intermolecular binding and inclusion complex formation. Further reliable
information on the inclusion complex formation can be obtained by the evaluation of the
intermolecular proximity of protons in the guest species to the H3 and H5 protons,
located inside of the cyclodextrin cavity by measurements of NOE. Additionally,
information can be extracted for the preferred structural arrangement of the guest

molecules in the cyclodextrin cavity in the process of inclusion complexes formation.

Therefore, structural investigations based on NOE studies were performed to further
determine the behavior and way of interaction of the different forms of anthocyanin co-

existing in aqueous solution at pH 3.5 with B-CD and to define the structure of the
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cy3glc-B-CD complex. The NOE relies on different correlation times (t;) of free and
bound molecules and the observation of intermolecular NOE between molecules in

solution is a strong indication for intermolecular association processes.

Rotating frame nuclear Overhauser spectroscopy (ROESY) was applied to study
solutions containing equimolar amounts of B-CD and cy3glc in D,O. A number of
ROESY experiments using a mixing time in the range between 100 and 800 ms were
recorded with the aim to discriminate the NOE originating from the bound state of
cy3glc with B-CD (inter-molecular NOE) and NOE of the non-bounded species in the
solution (intra-molecular NOE). In the ROESY spectrum, the cross-peak connecting
two proton resonances indicates that those proton nuclei are in close proximity in the
ground state of the molecule (224). The intensity of the rotating frame nuclear
Overhauser effect (ROE) was estimated from the integral volume of the cross-peak and
was classified as strong, medium, weak or very weak (228).

Concerning the NOE experiments, a prior ROESY spectrum of cyanidin-3-O-
glucoside in the absence of B-cyclodextrin was performed (500 ms mixing time). A
characteristic intramolecular correlation between the anthocyanin H4 and glucose H1”
was detected. Also very weak correlations could be observed between protons from
anthocyanin B-ring and glucose protons revealing the proximity of these two rings
(Figure 111.14).
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Figure 111.14. 2D ROESY (600 MHz) spectra of cy3glc acquired in D,O (pH 3.5) with a mixing time of 500 ms, showing
characteristic intra-molecular NOE interactions.

81



82

Efelﬂigao de derivados de flavilios com carboidratos numa perspetiva alimentar

In transient experiments such as ROESY, the NOE dynamically builds up and then
decays due to relaxation during the mixing time. In general, large molecules build-up
NOE quickly and the point of maximum NOE is shifted to shorter mixing time while
small molecules build-up NOE more slowly. When the mixing time is increased, for
larger molecules (such as the complex cy3glc-p-CD) the ROE signal becomes weaker.
For this reason, in order to discriminate inter from intramolecular NOE, several ROESY
experiments were performed with different mixing times. At lower mixing time (100-200
ms) only inter-molecular interactions could be detected. The analysis of 2D ROESY
spectra of cy3glc-B-CD showed correlations between protons of cy3glc’s hemiketal
form complexed with B-CD and H3 and H5 protons lying on the inner surface of 3-CD
(Figure 111.15). The H3 protons of B-CD shares strong inter-molecular ROE correlations
with protons H4 from C-ring and H6’ from ring B, medium inter-molecular correlations
with proton H2’ and weak inter-molecular correlations with proton H5’ (also from B ring)
of the hemiketal form Bcp. H5 of B-CD shares strong ROE correlations with protons H4
(Figure 111.15). These observations strongly suggest that the cy3gic’s C-ring is deeply
included in the B-CD cavity. No NOE interactions were detected between protons from
the anthocyanin B¢p with the outer protons H2 and H4. All together, these data suggest
that probably the A- and C-ring are included from the wide secondary hydroxyl group
side of the B-CD cavity being closer to the narrow rim, whilst the B-ring lies on the
plane of the wider rim of B-CD. This type of molecular inclusion had already been
described for other polyphenols, namely for (-)-epicatechin gallate (also presenting a
catechol B ring) and (-)-epigallocatechin gallate (presenting a pyrogallol B ring) (224,
228).

In this spectrum no dipole-dipole interactions were registered between protons of
the flavylium cation and trans-chalcone equilibrium forms and 3-CD. However, small
but detectible NOE was observed between characteristic protons of cis-chalcone and
B-CD’s H3. The structural similarity of the two equilibrium forms Bcp and Cc was
assumed to be a reason for their similar behavior in a presence of CD. The presence of
a tetrahedral carbon atom in the neutral hemiketal makes it much less rigid then the
almost planar flavylium cation and probably allows a closer fit to the macrocyclic cavity.
Additionally, for the charged and highly polar flavylium cation the relative desolvation of
the guest molecule when it enters the cyclodextrin cavity is probably more
endothermic. In the cis-chalcone the presence of an open chain probably also allows a

better molecular inclusion in the hydrophobic cyclodextrin cavity.
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In the 2D ROESY spectra recorded at longer mixing time (500 and 800 ms) weak
intramolecular interactions between the anthocyanin protons were observed in the
aromatic spectral area besides weak intermolecular dipole interaction between B¢p and

Cc with the interior B-CD cavity protons.
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Figure 111.15. 2D ROESY (600 MHz) spectra of cy3glc-B-CD (1:1) acquired in D,O (pH 3.5) with a mixing time of 500 ms,
showing characteristic inter- and intra- (expanded spectral area) molecular NOE interactions in the complex. The

assignment of resonances of B¢p and B-CD is included.

[11.3.5. Structure of the inclusion complex cy3glc-B-CD by Molecular Dynamics

simulation studies

To better understand the inclusion of the hemiketal cy3glc form in the hydrophobic
B-CD’s internal cavity, computational studies were additionally carried out. An MD
simulation of 30 ns was performed for this complex, which allowed the respective
conformational space to be sampled. The last 20 ns of this MD simulation were used
for the subsequent structural analysis. The root-mean-square deviation (RMSD) value
obtained for this compound was 2.92 + 0.62 A. This small value reveals higher
equilibration and stability of this complex during the MD simulation. Figure 111.16 shows
the closest structure to the average geometry of cy3glc-B-CD complex, which is in good

agreement with the data obtained in the NMR studies.
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In order to measure the movement of the cy3glc molecule relative to the average
structure over the whole simulation, root-mean-square fluctuation values by atom were
also calculated. Analyzing these values it was noticed higher RMSF values for the main
hydroxyl groups of the glucose unit and the HO-C3’ group of the B ring, as well as for
the H5 and H6’ atoms which reveal a higher degree of flexibility during the MD
simulation. The dynamic behavior of these atoms agrees with their previously referred

close contact with solvent molecules.

To clarify the binding and inclusion mode of cy3glc--CD complex, the distances
between all H atoms of A-, B- and C- rings of the hemiketal and the H1, H2, H3, H4
and H5 atoms of each glucose unit from the B-CD were also calculated during the MD
simulation. Table 11.5 shows the average distances of the closest contacts between the
hydrogen atoms of cy3glc and the 3-CD molecules. As seen in the Molecular Dynamics
simulation, the binding and inclusion of cy3glc in the cavity of 3-CD are ensured by the
establishment of hydrophobic interactions between the polyphenolic and glucose rings,
as well as hydrogen bonds with the hydrophilic hydroxyl polar groups of both
compounds. All these crucial interactions contribute to the formation and stabilization of
this complex. As seen in Figure II1.16, the A- and C- nucleus of cy3glc provide the
major contribution to the binding driving force, followed by the B-ring, whilst its glucose
residue seems to perturb the cy3glc’s inclusion in the B-CD and is facing the solvent.
Similarly to the present NMR studies, these results also reveal a higher proximity
between the H4, H2’, H5’ and H6’ atoms of cy3glc and the internal H3 and H5 atoms of
several glucose units, in particular the Glc3, Glc5 and Glc7 units. It was also obtained
large distances to the outer H1, H2 and H4 atoms of 3-CD, and it is noteworthy that the
H6 at the A-ring of cy3glc is very distant to the hydrogen atoms of 3-CD and directed to

the solvent molecules during the whole simulation (data not shown).

Table 111.5. Distance values obtained for the closest contacts between the hydrogen atoms of cy3glc and 3-CD

compounds.
Atom of cy3glc Atom of B-CD Distance (A)
H4 H3-Glc7 and H5-Glc7 3.29+1.02 and 3.22 £ 0.82
H6 - -
H8 H3-Glc3 and H5-Glc3 3.60 £ 1.24 and 2.93 + 0.93
H2’ H3-Glc5 4.87 +1.47
H5’ H3-Glc5 4.66 +1.77

H6’ H3-Glc5 4.56 +1.65
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Figure 111.16. Structure of cy3glc-B-CD complex in front-view (A) and side-view (B). The B-CD is represented with
surface and colored by atom type, the cy3glc is represented with sticks and colored in gray. All H; and Hs protons of
each glucose unit from B-CD are colored in blue, while the nonpolar hydrogen atoms from the cy3glc are colored in
orange (H4, H8, H2’, H5” and H6’) and green (H6).

To better characterize this cy3glc-p-CD inclusion mode, the solvent-accessible
surface area (SASA) values for some nonpolar H atoms of both cy3glc (H4, H6, H8,
H2’, H5 and H6’) and B-CD (H1, H2, H3, H4 and H5) molecules during the MD
simulation were calculated. The SASA defines the surface area of a group/atom that is
accessible to a solvent probe and indicates which atoms are most exposed to the
solvent.

Table 111.6 shows the obtained SASA values with standard deviations for each atom. As
expected, the outer H1, H2 and H4 atoms of B-CD have shown higher values. On the
other hand, the internal H3 and H5 atoms present smaller values of SASA, which
agrees with the hydrophobic environment of B-CD’s cavity. Relatively to the cy3glc
molecule, the higher SASA value was obtained for the H6 atom (7.82 + 2.83 A?), which
indicates that this specific atom is highly exposed to the solvent. On the other hand,
minimal SASA values were obtained for H4, H8, H2’, H5’ and H6’. According to the
SASA values obtained, a higher protection of H4, H8, H2’, H5’ and H6’ atoms was
noticed due to the interaction with the B-CD molecule. Therefore, the hydrophilic
environment around the H6 of cy3glc point out by this data demonstrates that this atom

is proximal to solvent water molecules and is directed to the exterior of the -CD cavity.
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Table 111.6. SASA values obtained for several hydrogen atoms of cy3glc and 3-CD molecules.

Atom SASA (A%
H1-Glc of B-CD 74.55 + 4.89
H2-Glc of p-CD 108.42 £ 3.85
H3-Glc of B-CD 2.03+3.37
H4-Glc of B-CD 4490 + 3.98
H5-Glc of B-CD 0.20 + 0.56

H4 of cy3glc 0.03+0.32
H6 of cy3glc 7.82+2.83
H8 of cy3glc 0.05+0.28
H2’ of cy3glc 2.26 £ 2.63
H5’ of cy3glc 5.34 + 3.43
H6’ of cy3glc 2.61+3.54

I11.4. Conclusion

Nuclear Magnetic Resonance analysis and Molecular Dynamics simulation
performed in this study have clearly proved the selective inclusion of the anthocyanin
hemiketal form into the B-CD cavity. This assumption was based on the anthocyanin
chemical shift alteration after complexation with B-CD, decrease on the diffusion
coefficient of the hemiketal equilibrium form to values close to the corresponding
values of B-CD and on the observed NOE effect between this equilibrium form with
CD’s interior protons. The computational data support and clarify the successful
inclusion of the cy3glc molecule inside the hydrophobic cavity of 3-CD proposed by the
present experimental studies.

The results achieved offer a contribution to the elucidation of the formation and the
structure of inclusion complexes between the equilibrium network of anthocyanins
forms and cyclodextrins increasing the knowledge regarding the phenomena that drive

the stabilization of these natural colorants.
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I11.1. Introduction

Synthetic flavylium salts and anthocyanins are both derivatives of 2-phenyl-1-
benzopyrylium (Figure 111.17). These compounds have several applications, mainly as
“greener” colorants, both as food colorants and as dyes. More recently, flavylium salts
have found new and high-tech applications, namely in solar energy conversion (97).

Figure 11.17. 2-phenyl-1-benzopyrylium derivatives: flavylium (A); anthocyanin (B); anthocyanidin (C);
deoxyanthocyanindin (D). R groups can be H, OH or OCHjs.

Synthetic flavylium salts have been associated with natural anthocyanins as the pH
and light-dependent network of chemical reactions involving synthetic flavylium
compounds is basically identical to that exhibited by natural anthocyanins in acidic and
neutral media (Figure 11.14). Moreover, the information acquired for the kinetic
processes that occur in synthetic flavylium salts have forced a correction of the models
and interpretations used for anthocyanins (236). For instance, it is a matter of fact that
in the case of common anthocyanins the mole fraction of trans-chalcone is very small
and by consequence the study of the cis-trans isomerization is better carried out if the
appropriate synthetic flavylium compounds are used. Bearing this, synthetic flavylium
salts can behave as model compounds for natural anthocyanins with the study of these

compounds being relevant to the comprehension of the anthocyanins chemistry (97).

For the synthetic flavylium compounds at very low pH values the flavylium cation is
the most stable species. After a direct pH jump from equilibrated solutions of the
flavylium cation (pH<1) to higher pH values, the base is immediately formed (proton
transfer) because the competitive reaction leading to hemiketal is much slower. For

example immediately after a pH jump to pH=4.0 equal concentrations of AH" and A,
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are obtained. However for synthetic flavylium salts, and on the opposite to what

happens in the most common anthocyanins in which the hemiketal is the major specie

at the equilibrium, the most stable species at this pH value is the trans-chalcone, and

the system evolves to this form at expenses of AH" and A (89, 95).

The possibility of incorporating anthocyanins and related compounds in matrices
such as zeolites, gels and ionic liquids (237, 238) have been explored in recent years
(97, 239). One of the results of these studies is that the photochromic properties of
some synthetic flavylium compounds can be modulated by the nature of the matrices.
Among different matrices, cyclodextrins have a great potential for the incorporation of
flavylium derivatives because the truncated-shape cone of these oligosaccharides,
possess an hydrophilic outer surface and a cavity more or less apolar which makes it
ideal to form host-guest inclusion complexes. Moreover, CDs have been widely
employed as additives in food, cosmetics and pharmaceutical industries and are thus
promising matrices for several applications (153, 240).

In spite of the fact that cyclodextrins promote discoloration of anthocyanins, the so-
called anti-copigmentation effect (143, 144), the nature of the species that are
stabilized is not yet perfectly identified. Therefore, it is important to clarify the structures
of the inclusion complexes from a view point of substrates within the hydrophobic
cavities of CD in aqueous solution. In this work the formation of molecular inclusion
complexes and the identification of the network species preferentially stabilized by the
host (B-CD) were studied through NMR experiments. The model compounds for
anthocyanins,  4’,7-dihydroxyflavylium,  3’,4’,7-trihnydroxyflavylium  and  4’-(2-
hydroxyethoxy)-7-hydroxyflavylium were selected (Figure 111.18).

Figure 111.18. Chemical structure of 4’,7-dihydroxyflavylium (A), 3',4’,7-trihydroxyflavylium (B) and 4’-(2-hydroxyethoxy)-

7-hydroxyflavylium (C).
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I11.2. Materials and Methods

[11.2.1. Materials

B-CD, D,O (99.9%) was purchased from Sigma-Aldrich® (Madrid, Spain). NaOD
(99.5%) was purchased from Euriso-top® The compounds 4’,7-dihydroxyflavylium,
3,4, 7-trinydroxyflavylium and 4’-(2-hydroxyethoxy)-7-hydroxyflavylium were
synthesized according to the method of Katritzky (241).

[11.2.2. NMR samples preparation

To evaluate the interaction between the different equilibrium forms of 4’,7-DHF,
3,4’,7-THF and 4’-(2-hydroxyethoxy)-7-HF and B-cyclodextrin and to study the
inclusion complex formation, approximately 1mM of the macrocycle was dissolved in
D,0O at room temperature. Each synthetic flavylium was added at a molar ratio of 1:1
and pH was adjusted to 3.5 by the addition of NaOD. The samples were allowed to
equilibrate for at least 12 hours before performing the NMR experiments.

[11.2.3. NMR spectroscopy

NMR experiments were recorded on a Bruker Avance Ill 600 HD or on a Bruker
Avance Il 400 spectrometer, equipped with 5 mm Cryoprobe Prodigy or PABBO BB
probe and pulse gradient units, capable of producing magnetic field pulsed gradients in
the z-direction of 50 G/cm or 53 G/cm, respectively. The NMR measurements have
been done with standard BRUKER pulse sequences, in D,0, at 300K and at pH 3.5. 'H
NMR experiments were performed with water suppression using excitation sculpting
with gradients (210), acquisition time 1.36 s (or 2.56 s), relaxation delay 2 s (or 1 s),
128 or 256 transients of a spectral width of 10000 Hz (or 5342 Hz) were collected into
32 K time domain points. Typical measuring conditions for the *H/*H and 2D spectra
(COSY and ROESY) recorded in phase sensitive mode and with water suppression
were: relaxation delay 2 s, 64-128 scans, a total 2K data points in F2 and 256 data
points in F1. ROESY experiments were carried out using an intermediate mixing time
of 500 ms in the phase-sensitive mode. 2D *H/**C HSQC and HMBC experiments were
carried out with a spectral width of ca 10000 Hz (or 6410 Hz) for 1H and 32000 Hz (or
20125 Hz) for 13C, relaxation delay 1.5 s, Fourier Transform (FT) size 2 K x 1K.
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I11.3. Results and Discussion

[11.3.1. NMR spectral characterization

Prior to the study of the interaction between the synthetic flavylium compounds and
B-cyclodextrin, a NMR spectral characterization of the equilibrium forms of 4°,7-DHF,
3,4, 7-THF and 4’-(2-hydroxyethoxy)-7-HF in aqueous solution at pH 3.5 was
performed. Separation of the *H NMR peaks of each species is possible whenever the
rate of interconversions between the several species is slow in comparison with the *H
NMR timescale. This is generally observed for all the processes except for the proton
transfer reaction. In this case flavylium cation (AH") is in rapid exchange with quinoidal
base (A) and the peaks appear in a single set (96).

According to what it was expected based on the network of chemical reactions
taking place in these synthetic flavylium salts, the *H NMR spectra enable one to
identify the flavylium cation (in fast equilibrium with quinoidal base) and the trans-
chalcone (Figure 111.19). The assignment of the resonances corresponding to these
equilibrium forms was established on the analysis of the mono and bi dimensional
(COSY, HSQC, HMBC) NMR spectra. Long range correlations in the *H/**C HMBC
spectra between protons H2’,6’, H3 and H4 with the carbon C2 at 193 ppm (carbonyl
group) were observed, that are in agreement with the presence of the trans-chalcone
form. Additionally, the isomer trans was recognized based on the large coupling
constant of 16 Hz between the vicinal protons, H4 and H3. For both equilibrium
species, proton H8 was assigned by the observation of a splitting of 2.2 Hz due to long
range coupling to proton H6 while proton H4 was assigned based on the observation of
a coupling constant of 8.9 Hz due to coupling to proton H3 (only for AH" equilibrium
form). Assignment of resonances due to protons H2',6’ and protons H3’,5’ in the two
different forms (for 4’,7-DHF and 4’-(2-hydroxyethoxy)-7-HF) follows from the relative
intensity of two protons expected from these equivalent nuclei. The proton chemical
shifts, coupling constants and carbon chemical shifts for the two equilibrium forms of

the three synthetic flavylium compounds are presented in Table Il.7.
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Figure 111.19. Expanded 'H spectra of 4°,7-DHF (A), 3',4’,7-THF (B) and 4’-(2-hydroxyethoxy)-7-HF (C) in DO, at pH
3.5.
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Table 111.7. *H and *C chemical shifts and coupling constants for the two equilibrium forms of 4’-7-DHF, 3',4’,7-THF
and 4’-(2-hydroxyethoxy)-7-HF in D,O at pH3.5; d, duplet; dd, double duplets; t, triplet.

Flavylium cation (AH") Trans-chalcone (Ct)
4" 7-DHF
'H8 (ppm)/I(Hz)  “Cs(ppm)  H3(ppm)/I(Hz)  °C 8 (ppm)
H3 8.06 d (8.9) 111.9 7.52d (16.1) 119.0
H4 8.86 d (8.9) 152.6 7.86 d (16.1) 140.9
H5 7.97 d (9.0) 132.1 7.54d (8.9) 131.3
H6 7.29 dd (9.0; 2.2) 121.3 6.44 dd (8.9; 2.4) 108.5
H8 7.35d (2.2) 102.3 6.34d (2.4) 102.7
H2'.6 8.24.d (9.1) 132.1 7.89d (8.9) 131.4
H3'5' 7.04d (9.1) 117.0 6.92 d (8.9) 115.4
Flavylium cation (AH") Trans-chalcone (Ct)
3.4, 7-THF
'"H & (ppm) /I(Hz)  °C 5 (ppm) '"H & (ppm) /I(Hz)  °C § (ppm)
H3 7.94 d (9.0) 112.1 7.33d(15.9) 118.2
H4 8.75d (8.9) 152.1 7.69d (16.0) 140.7
H5 7.88 d (9.0) 132.2 7.38d (8.8) 131.2
H6 7.21 dd (9.0; 2.2) 121.0 6.34 dd (8.8; 2.2) 108.4
H8 7.24 d (2.0) 102.3 6.24d (2.2) 102.5
H2' 7.57d (2.2) 115.1 7.29d (2.2) 115.4
H5' 6.91d (8.9) 116.8 6.83 d (8.6) 115.1
H6' 7.73dd (8.7; 2.2) 124.7 7.36 dd (8.8; 2.2) 123.1

Flavylium cation (AH") Trans-chalcone (Ct)

4’-(2-hydroxyethoxy)-7-HF
'H 8 (ppm) /I(Hz)  °C & (ppm) 'H 8 (ppm) /I(Hz)  °C & (ppm)

H3 8.04 d (9.8) 112.0 7.42.d (16.2) 118.6
H4 8.84.d (9.8) 153.0 7.76 d (16.2) 141.4
H5 7.94d(9.2) 1325 7.43d (9.0) 131.1
H6 7.26 dd (9.1; 2.2) 121.2 6.36 dd (8.8; 2.3) 108.3
H8 7.29d (2.2) 102.3 6.26 d (2.3) 102.3
H2',6' 8.22d (9.3) 132.1 7.85d (9.1) 130.8
H3'5' 7.10d (9.3) 116.1 6.98 d (9.3) 114.3
a 4.14 1 (4.4) 69.6 4.10t(4.4) 69.3

b 3.851(4.6) 59.5 3.851(4.6) 59.6
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[11.3.2. NMR analysis of the inclusion complexes with B-CD: putative structure of

the inclusion complexes

Preliminary indications of the formation of inclusion complexes can be derived from
the changes in the chemical shift of the guest molecule or of B-cyclodextrin in the *H
NMR spectra. Such chemical shift changes may provide valuable insight into the
molecular conformation of the inclusion complexes (242). From the standpoint of the
induced chemical shifts of the aromatic protons of 3',4’,7-THF in the presence of j-
cyclodextrin a clear intermolecular interaction between the trans-chalcone and the
cyclodextrin could be assumed. Upon the addition of 3’,4',7-THF to an aqueous
solution of B-cyclodextrin, a downfield shift of the protons of the trans-chalcone
equilibrium form was observed, with this shift being most prominent for H8 and H4
(0.09 and 0.07 ppm, respectively). This chemical shift alteration may result from the
contact, namely from a steric compression effect (230). Regarding the flavylium cation
equilibrium form, the proton signals were not differentiated from their initial position or
suffered a slight upfield shift upon addition of cyclodextrin, thus indicating a lack of
interaction with 3-CD Similar chemical shift alteration could be observed for the other

two synthetic flavylium salts.

In order to investigate the selective inter-molecular interactions between the
synthetic flavylium equilibrium forms with B-cyclodextrin and to determine a more
detailed structure of the 1:1 complex, a proton-proton NOE experiment was performed.
Rotating frame nuclear Overhauser spectroscopy (ROESY) was applied in order to
investigate the structure of the synthetic flavylium salts-p-CD inclusion complex in
agueous solution at pH 3.5 and at equimolar amounts. An intermediate mixing time of
500 ms was selected in order to discriminate the intra and inter-molecular NOEs effects
and the evaluation of the intermolecular proximity of protons in the guest specie
(synthetic flavylium) to the protons located inside of the cyclodextrin cavity (H3-CD, H5-
CD and H6-CD) was performed.

An expanded region of 2D ROESY (600 MHz) spectra of 4",7-DHF-B-CD complex
(1:1) showing the selected intermolecular ROE’s between B-cyclodextrin protons and
the aromatic protons of 4’,7-DHF is shown in Figure I11.20 (expanded spectral area).In
the 2D ROESY spectra of the complex 4’,7-DHF-B-CD, inter-molecular interactions
were detected only between the trans-chalcone form and B-cyclodextrin. Indeed strong

rotating frame nuclear Overhauser effect (ROE) correlations between H3-CD and H5-
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CD of B-CD (protons lying on the inner surface of the macrocyclic) and the protons
H2',6’ and H3',5’ for the trans-chalcone were detected. The H5-CD also shares
important inter-molecular correlations with H3 and with protons H5 and H6 belonging to
the A-ring. H3 is also slightly correlated with H3-CD from -CD. Proton H8 evidences a
weak inter-molecular correlation with 3-CD’s H6-CD proton located in the top of the
narrow rim. Collectively, the ROEs correlations observed suggest that the A-ring and
H3 of trans-chalcone are deeply included in the B-CD cavity. The correlations observed
also propose that this ring is closer to the narrow rim of 3-CD while B ring is closer to
the wide rim. No interactions between the 3-CD outer protons (H2-CD and H4-CD) and
the trans-chalcone protons were detected. Moreover, flavylium cation does not interact
at all with B-cyclodextrin as no inter-molecular correlation could be observed between

these two species (*H signal labelled with the symbol *).
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Figure 111.20. Expanded region of 2D ROESY (600 MHz) spectra of 4°,7-DHF--CD complex (1:1) showing the selected
intermolecular ROE’s between B-CD protons and the trans-chalcone aromatic protons of 4’,7-dihydroxyflavylium. The
assignment of the resonances peaks of the trans-chalcone form was included while the peaks corresponding to the

flavylium cation were labeled in the spectrum with the symbol (*).
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Concerning the other two synthetic flavylium salts studied, similar results could be
obtained regarding the equilibrium specie preferentially interacting with 3-CD. In the 2D
ROESY spectra no inter-molecular interactions between B-cyclodextrin and the
flavylium cation were detected a clear evidence of the lack of contact between these
two molecules. In contrast, correlations between the aromatic protons of HF’s trans-
chalcone and B-cyclodextrin were observed, suggesting an intermolecular interaction

between these molecules. (Figure 111.21).
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Figure 111.21. Expanded region of 2D ROESY (400 MHz) spectra of 3’,4",7-THF-B-cyclodextrin complex (left) showing
the selected inter-molecular ROE’s between B-CD protons and the trans-chalcone aromatic protons of 3',4’,7-THF.
Expanded region of 2D ROESY (400 MHz) spectra of 4”-(2-hydroxyethoxy)-7-HF-B-cyclodextrin complex (right) showing
the selected inter-molecular ROE’s between B-CD protons and the trans-chalcone aromatic protons of 4°-(2-

hydroxyethoxy)-7-HF. The other 'H signals in the spectra correspond to the flavylium cation equilibrium form.

Strong intermolecular interactions between H6-CD from p-cyclodextrin located in the
top of the narrow rim and protons H6 and H8 from 3’,4’,7-THF’s A ring were detected.
Proton H6 also shares a correlation with H5-CD, suggesting that this ring is deeply
included in B-cyclodextrin’s cavity close to the primary hydroxyl group side, being
closer to the narrow rim. The H5-CD also shares intense inter-molecular correlations
with protons H4, H3 and H5. These protons are also slightly correlated with H3-CD
from B-cyclodextrin. Proton H5', belonging to the flavylium B ring evidences a strong
intermolecular correlation with B-cyclodextrin’s H3-CD proton. Regarding protons H2’
and H6' no information could be obtained due to the overlapping of the signals.
However based on the inter-molecular correlations detected for H5' it could be
assumed that this ring is closer to pB-cyclodextrin’s wide rim. No interactions between
the B-CD outer protons (H2-CD and H4-CD) and the trans-chalcone protons were

detected, a clear evidence of inclusion complex formation.
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In the 2D ROESY spectra of the complex 4’-(2-hydroxyethoxy)-7-HF-B-cyclodextrin
strong inter-molecular interactions between B-cyclodextrin internal protons and the
trans-chalcone were clearly observed. Besides this, no interactions between the outer
protons (H2-CD and H4-CD) and the trans-chalcone protons were detected, a clear
evidence of inclusion complex formation.

Regarding the trans-chalcone A ring, correlations between H6 and H8 and H6-CD
(primary interaction) and H5-CD (weaker interaction) of B-cyclodextrin were clearly
distinguished. For the H5 proton a strong interaction with H5-CD and a weaker
interaction with H6-CD was detected, which suggests that this part of the molecule is
deeply included in B-cyclodextrin’s cavity. Regarding protons H4 and H3, strong
correlations were detected with H5-CD. The former is also slightly correlated with H6-
CD from B-cyclodextrin suggesting again a higher penetration in the macrocyclic. For
the protons located in the trans-chalcone B ring, strong intermolecular interactions
were detected with p—CD’s H3-CD and H5-CD protons. Collectively, the ROEs
correlations observed propose that the A ring and proton H, are deeply included in the
cavity being closer to the narrow rim while protons belonging to the B ring are located
closer to B-cyclodextrin’s wide rim. Concerning the 4’ substituent (4.14-3.85 ppm) no
interaction was detected with B-cyclodextrin’s protons and it could be assumed that this
part of the molecule is outside cyclodextrin’s cavity.

Compared to similar compounds (4’,7-DHF and 3',4’,7-THF) the results obtained in
the 2D ROESY experiments suggest a higher penetration of this compound and a more
efficient interaction between the guest and the host molecule probably due to the

decreased polarity.

Based on the inter-molecular interaction observed in the 2D ROESY a possible
structure of the inclusion complex 4’,7-DHF-B-cyclodextrin is shown on Figure I11.22.

Similar molecular structures could be obtained for the other synthetic flavyliums.

Figure 111.22. Possible structure of the inclusion complex of the trans-chalcone form of 4’,7-DHF and B-CD in D,0O, based
on NMR data.
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I11.4. Conclusion

Through the analysis of the 2D ROESY it was clear the preferential inclusion of one
of the equilibrium forms of the synthetic flavylium salts into -CD cavity. In fact, while
the trans-chalcone is included in the cyclodextrin cavity as the NMR data strongly
indicate, the flavylium cation does no interact with the macrocycle. This could be due to
the higher flexibility of the former equilibrium form which allowed the formation of
inclusion complexes. Collectively, the results obtained proposed a molecular structure
where the synthetic flavylium salts A ring are deeply included in 3-CD’s cavity, while
the B ring is closer to cyclodextrin wider rim. Decreasing polarity of the guest molecule

seems to provide a higher penetration into the host cavity.
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V. INTERACTION BETWEEN ANTHOCYANINS AND CARBOHYDRATES FROM

PLANT CELL WALLS






A - Understanding the molecular mechanism of anthocyanins

binding to pectin

Adapted from:

Fernandes, A., Bras, N., Mateus, N., de Freitas, V.

Understanding the molecular mechanism of anthocyanins binding to pectin, Langmuir, 2014, 30
(28), 8516-8527.

doi: 10.1021/1a501879w.

With the exception of the pectin purification and the computational calculations the experimental

design and work described in this part was carried out by the author.
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IV.1. Introduction

The main interest on anthocyanins arises from their role as water-soluble plant
pigments which potentiated its utilization as natural colorants in the food and other
industries (4). Another noteworthy property of anthocyanins is their broad range of
biological properties, playing an essential role in the prevention of several diseases
such as neurological and cardiovascular illnesses, cancer and diabetes (243).
Nevertheless, anthocyanins are highly instable and susceptible to degradation (5) and
their successful application by several industries mainly depends on anthocyanins
chemical stability improvements (91, 137). For instance, the color of these compounds
is highly pH dependent, due to changes in the concentration of the equilibrium species

present in acidic and neutral aqueous solutions (Figure 11.14).

Moreover, the interaction between food ingredients such as carbohydrates and
anthocyanins has been shown to affect pigments stability and also to modify the
equilibrium and rate constants of the flavylium network (13, 140, 154, 244). From a
food industry and nutrition perspective, the interaction between anthocyanins and
carbohydrates may be relevant since these pigments are biosynthetized in a
polysaccharide rich environment where intensive contact between these compounds
may occur (147, 148, 245). In fact, anthocyanins are mainly located within the vacuole
of the plant cell and with the disruption of plant tissues during the processing of fruits
and vegetables an interaction between constituents of cell walls and of the vacuoles
may occur (149). As a result, anthocyanins present within plant tissue have the
potential to interact with compounds of cell walls particularly pectins, affecting
anthocyanins extractability, bioavailability, their color properties and their chemical
stability (147, 156).

Pectin is a heterogeneous and complex polysaccharide found in the primary cell
walls and middle lamellae of most higher plants, where they give mechanical strength
and flexibility due to their interaction with other cell wall components (246). The
dominant structural feature of pectin is a linear chain consisting of poly-a-(1—4)-D-
galacturonic acid (GalpA) with varying degree of esterification (methylation and/ or
acetylation) of the carboxylic acid residues. This backbone also called
homogalacturonan can be occasionally interrupted by  stretches  of
rhamnogalacturonans from type | and Il (159). Rhamnogalacturonans | are formed by
the repeating unit of disaccharides —4)-a-D-GalpA-(1—2)-a-L-Rhap-(1—), with the

rhamnose residues of the RG fractions being esterified by chains composed mainly of
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arabinose and galactose (162, 163). RG |l possesses a backbone of (1—4) linked a-D-
Galp with side chains containing rhamnose and a variety of rare monosaccharides
(164). The composition of pectin varies with the source from which it is isolated, as well
as with the conditions used during isolation and purification (247). This carbohydrate is
a high value functional food ingredient widely used as gelling agent and stabilizer for
instance in jams, jellies and spreads (138).

Interaction between anthocyanins and pectins have been mostly examined primarily
focusing the pectin effect on color stability and these works have shown a slight
stability enhancement (136, 138, 139, 147, 154, 248). This effect was mostly ascribed
to intermolecular association between the carboxylic groups of pectin backbone and
anthocyanins in a similar manner as calcium ions are bound in pectin (249). However,
in the literature information concerning the structural aspects that govern the interaction

between anthocyanins and pectins is scarce.

Therefore, the main goal of this work was to study the mechanism governing the
binding of two anthocyanins (cyanidin-3-O-glucoside and delphinidin-3-O-glucoside)
and low methoxylated pectin from citrus fruit. The study of this interaction was done by
UV-Vis spectroscopy and saturation transfer difference nuclear magnetic resonance
(STD NMR) spectroscopy. This latter technique has been used to characterize protein-
procyanidin interaction with very promising results (250, 251). However, to the best of
our knowledge, this is the first time that this technique was applied to study the binding
between carbohydrates (pectin) and anthocyanins. The outcomes achieved should
provide a better understanding about anthocyanin-pectin binding from a structural point
of view and should provide important information for the development and application
of anthocyanins in the food industry but also in the pharmaceutical and cosmetic

industries.
IV.2. Materials and Methods
IV.2.1. Materials
D,0 (99.9%), DMSO-ds (99.8%), DCI (99%), NaCl and pectin from citrus fruits, were
purchased from Sigma-Aldrich® (Madrid, Spain). NaOD (99.5%) was purchased from

Euriso-top®. Acetic acid (100%) and anhydrous sodium acetate (99.5%) were

purchased from VWR® and Fluka®, respectively. All aqueous solutions were prepared
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with distilled water. An universal buffer of Theorell Stenhagen was prepared by
dissolving 2.25 mL of phosphoric acid (85% w/w), 7.00g of monohydrated citric acid,
3.54g of boric acid and 343 mL of 1 M NaOH solution in water (until 1 L completion)
(189). Cyanidin-3-O-glucoside (cy3glc) and delphinidin-3-O-glucoside (dp3glc) were
extracted and purified in the laboratory from blackberries (Rubus fruticosus) and
grapes (Vitis vinifera) respectively, as described elsewhere (Figure 1V.1) (188, 252).

Figure 1V.1. Chemical structure of anthocyanins tested in this study (cy3glc, A and dp3glc, B).

IV.2.2. Purification and analysis of pectin

Pectin from citrus fruits was purified by precipitation with ethanol and was analyzed
by colorimetric methods and gas chromatography to determine sugar composition and
esterification degrees, as described elsewhere (245, 253, 254). According to these
analyses it was found that pectin was composed by 85% galacturonic acid, 10%
galactose and 5% of other sugars. The degree of methylation and acetylation was
determined to be 14% and 1%, respectively.

Molecular weight determination was performed using a Malvern Zetasizer Nano ZS
instrument running a Static Light Scattering (SLS) method (255, 256). The samples
were studied in sodium chloride at different pectin concentrations at 25° C and the

average molecular weight of pectin was found to be 111 kDa.

IV.2.3. UV-Vis absorption spectra

Stock solutions of cy3glc, dp3glc (1.0 x 10°M) and pectin from citrus fruit (1 g.L™)
were prepared at pH 1.5 and 4.0 in acetate buffer (0.1 M). When necessary the pH was
adjusted with 1 M NaOH or HCI. Aliquots of 100 uL of the anthocyanin solution were
mixed with increasing pectin volumes, corresponding to 0.0-0.4 g.L™ pectin

concentration. After equilibration for 120 minutes at 25° C, UV-Vis spectra of the
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solution were recorded in 1 nm steps from 360 to 860 nm. Spectrophotometric

measurements were carried out in triplicate using a plate reader (Power Wave XS, Bio

Tec Instruments) equipped with Gen5 Software.

IV.2.4. pH jumps

The thermodynamic and kinetic constants of a cy3glc-pectin solution were
determined by spectrophotometric method, as described elsewhere (96, 190, 244). A
stock solution of cy3glc (1.50 x 10™“M) and pectin (4.50 x 10°M) was prepared in HCI
0.1 M. pH jumps were carried out by adding the necessary amount of NaOH (0.1 M) to
neutralize the stock solution of flavylium cation and the necessary amount of an
universal buffer solution (at different pH values). The concentration of the buffer
(Theorell Stenhagen universal buffer) was maintained low in order to avoid the buffer
effects. The absorbance was measured in an UV-vis spectrophotometer (Thermo
Scientific Evolution Array UV-vis spectrophotometer) fitted with a thermostated 1.0 cm

path length quartz cuvette device at 25° C.

IV.2.5. Dialysis

A dialysis molecular porous membrane tubing (MW cut-off 12-14 KDa,
Spectral/Por®) was filled with 4 mL of anthocyanin (cy3glc) and anthocyanin-pectin
(cy3glc-pectin) solution and immersed into a flask containing 6 mL of distilled water.
The mixtures were prepared at a molar ratio of 16:0 and 16:1 (anthocyanin:pectin) and
the pH was adjusted to 1.5 and 4.0. The diffusion of anthocyanins was evaluated by
monitoring the absorbance of the dialysate at 512 nm at time 30, 60, 90, 120 and 180
minutes on a UV-Vis spectrophotometer (Thermo Scientific Evolution Array UV-Vis
spectrophotometer). The samples were pre-acidified before the absorbance reading.
The retention coefficient was calculated for each pH using the equation RC = [1 — (Abs
cyaglczpectin/ ADS ¢y3gic) 1100 (257).

IV.2.6. NMR samples preparation

4 uM of purified pectin solution was prepared in DMSO/D,0 (5% DMSO, v/v, 850 uL

total volume) and transferred into 5 mm NMR tubes in order to maintain the pectin
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concentration constant throughout the STD-NMR experiments. 5% DMSO and
temperature of 313 K was used to ensure total anthocyanin solubilization. The
anthocyanin solutions at different concentrations were lyophilized and added as a
powder, allowing for the same NMR tube to be used for all experiments. Cy3glc and
dp3glc were added in the 700 — 4400 uM range. Minimum anthocyanins concentration
used in the experiments was restricted by the detection limit for the STD resonances
while maximum concentrations tested were limited by anthocyanins solubility. Prior to
titration experiments and after the addition of more anthocyanin, the pH of the mixtures
was adjusted to 4.0 by the addition of NaOD and DCI. Assays at different pectin
concentrations were performed in order to establish the concentration used, limited on
the pectin solubility in the NMR solvent and on the solution viscosity. To study the
pectin-anthocyanin (cy3glc) interaction at acidic pH (1.5), solutions were prepared in
30% DMSO/D,0 as described before.

IV.2.7. NMR spectroscopy

NMR experiments were recorded on a Bruker Avance Ill 600 HD spectrometer,
operating at 600.13 MHz, equipped with 5 mm CryoProbe Prodigy and pulse gradient
units, capable of producing magnetic field pulsed gradients in the z-direction of 50
G/cm. The measurements were done with standard Bruker pulse sequences at 313K.
'H and STD spectra were recorded with a shaped pulse to suppress the water
resonance (258) using the following parameters: spectral width, 20 ppm; nutation
angle, 11 us and 90°; shaped pulse duration, 2 ms. Selective saturation of pectin off-
resonance at 17 ppm and on-resonance at 4.2 ppm was performed through an
adaptation of the method described by Gongalves et al. (2011) (245), using a pseudo-
two-dimensional (2D) sequence for STD with shaped pulse train alternating between
the on- and off-resonances (259, 260). STD-NMR spectra were acquired using EBurp-
shaped (pH 4.0) or Gaus 1.1000 (pH 1.5) pulses for selective saturation (50 ms), with a
2.5 us delay between pulses, which corresponds to a total saturation time of
approximately 2.5 s. The number of scans (32), receptor gain value (2050) and
relaxation delay (3.5 s) were kept constants(251). To subtract the unprocessed on- and
off-resonances spectra, to baseline-correct the resulting difference spectrum and to
integrate the areas of cy3glc and dp3glc peaks, the software TopSpin 2.1, Bruker was

used.
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IV.2.8. Optimization and Molecular Dynamics Simulations

The initial structures of flavylium cation (AH*dp3g|c) and of hemiketal (Bgpsgc and
Beysgic) anthocyanin equilibrium forms, were built with the GaussView software (213);
whilst the pectin model was constructed with the Glycam Biomolecule Builder (261).
The representative model used for pectin has 16 monosaccharide residues with the
following sequence: (GalpA-a(1-4)).0-a(1-4)-GalpA-a(1-2)-Rhap-a(1-4)-GalpA-a(1-2)-
Rhap-a(1-4)-GalpA-a(1-3)-Galp, in which the second and fourth GalpA are methylated,
while the eighth GalpA is acetylated. To calculate the optimized geometries and
electronic properties for the subsequent parameterization of anthocyanin, the Gaussian
09 suite of programs (214) was used. These calculations were performed with the
restricted Hartree-Fock method and with the 6-31G (d) basis set. Atomic charges were
further recalculated using the RESP algorithm (215). The geometry optimizations and
MD simulations were performed using GAFF (262) and Glycam2004 force fields (217-
219) for anthocyanins and carbohydrates, respectively. Explicit solvation (TIP3P water
model) was included as a rectangular box with a 12 A distance between the box edges
and any atom within each system. Three MD simulations were performed: the first one
with pectin model, 18 flavylium cation molecules (dp3glc) randomly placed around the
carbohydrate (with a minimum distance of 20A) and 7 CI" counter-ions; and another two
MD simulations with the anthocyanins hemiketal form, (Cy3glc).s:pectin and
(dp3glc)ig:pectin systems. The 18 anthocyanins molecules (Cy3glc or dp3gic) were
randomly placed around the carbohydrate (with a minimum distance of 20A) and 11
Na® counter-ions. The eighteen anthocyanin molecules used in these simulations
reproduce the molar ratio of the experimental conditions used in the NMR studies. All
complex geometries were minimized in two stages. Subsequently, an MD simulation of
100 ps at constant volume and temperature, and considering periodic boundaries
conditions was runned. This was followed by 45 ns of MD simulation with the NPT
ensemble, in which Langevin dynamics was used (collision frequency of 1.0 ps™) to
control the temperature at 303.15 K (220). All simulations were carried out using the
AMBER 10.0 simulations package (216). Bond lengths involving hydrogen atoms were
constrained using the SHAKE algorithm, and the equations of motion were integrated
with a 2 fs time step using the Verlet leapfrog algorithm (221). The Particle-Mesh Ewald
(PME) method (222) was used to treat long-range interactions, and the nonbonded
interactions were truncated with a 10 A cutoff. The MD trajectories were saved every 2
ps and were analyzed with the PTRAJ module of AMBER 10.0 (216) .
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IV.3. Results and Discussion

In this work, the interaction between pure anthocyanins and pectin was examined by
UV-Vis spectroscopy, saturation transfer difference nuclear magnetic resonance (STD
NMR) spectroscopy and Molecular Dynamics simulations (MD). Since cooperative
hydrogen bonding (between the oxygen atom of the carbohydrate and the phenolic
hydroxyl group) has been recognized to be an important feature for the anthocyanin-
pectin interaction (137), this study focused on a fundamental evaluation considering
cy3glc and dp3glc exhibiting catechol (two hydroxyl groups) and pyrogallol (three

hydroxyl groups) moieties, respectively.

For this study, low methoxylated pectin (14%) from citrus fruit was chosen to study
the interaction between pectins and anthocyanins. In the literature, some results point
out the importance of the degree of esterification of pectins in the stabilization effects of
anthocyanins. Indeed, low esterified pectins have shown to provide better anthocyanin
stabilization when compared to high esterified pectins (136, 137, 139, 248). On the
other hand, some of these works had also revealed that the natural source of pectins is
essential for the magnitude of this binding. Citrus pectin has been shown to enhance
anthocyanins stability, when compared to the corresponding apple pectins or sugar
beet pectins. The interaction between anthocyanins and pectin was studied at pH 4.0
and this value was chosen because it is the typical pH of many food matrices (142,
154). At this pH value the neutral hemiketal form (B) is expected to be the main
equilibrium specie present in solution (6). Since electrostatic forces could also be
relevant to the pectin-anthocyanin binding this interaction was also studied in the

presence of the flavylium cation at pH 1.5 (AH").

To study the binding between these two compounds, STD-NMR spectroscopy was
selected. This NMR experiment is a well-known method for probing molecular
interactions in solution and it has been widely used to probe low affinity interactions
between small ligands and biologically relevant macromolecules (proteins or nucleic
acids) (263, 264). Briefly, ligand protons that are in close contact to the receptor (< 5A)
receive saturation transfer from the receptor (via spin diffusion, through the nuclear
Overhauser effect) and as a result STD NMR signals can be observed. Protons that
are not involved in the binding process reveal no STD-NMR signals (265). STD is
ideally suitable to receptors with large masses (> 30000 Da) which allow an enhanced
spin diffusion and consequently saturation transfer within the receptor and the ligand

(266, 267). Thus, the STD was the selected technique to study the interaction between
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anthocyanins and pectin. The receptor (pectin from citrus fruit) that possesses large
molecular mass (~111000 Da, determined by static light scattering — Figure 1V.2)
should enhance the saturation transfer to the anthocyanin (small ligand, ~500 Da).
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KCIR, (Da)
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Figure 1V.2. Debye plot for molecular weight determination of pectin from citrus fruit in sodium chloride.

IV.3.1. UV-Vis absorption spectra

As already reported, much effort has been dedicated to study the interaction
between anthocyanins and food carbohydrates, particularly related to anthocyanins
stability and color properties (170, 173, 177). Some studies have shown that the
presence of mono and polysaccharides produce no change or slightly increase the
absorbance of anthocyanin solutions (139, 140, 154). On the other hand, some
previous works had shown that the presence of B-cyclodextrin modify dramatically the
equilibrium and rate constants of the flavylium network. B-cyclodextrin was shown to
promote discoloration of anthocyanins, the so-called anti-copigmentation effect,
interacting preferentially with the colorless anthocyanin hemiketal form (144, 187, 244,
268).

In this work, addition of pectin to equilibrated solutions of dp3glc and cy3glc at pH
1.5 and 4.0 does not seem to greatly influence the color of these anthocyanins. Pectin
induced a slight increase on anthocyanin visible absorption band A« (& hiperchromic
effect) and a very weak copigmentation effect could be observed (dp3glc: AAbs 5%
and 11% and cy3glc: AAbs 4% and 2% at pH 1.5 and 4.0, respectively). Addition of
pectin did not change the shape of the absorption band corresponding to the flavylium
form and did not cause any shift in the A5 value. This slight increase could be due to

weak hydrophobic interactions occurring between anthocyanins and pectin surface.
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Concurrently, to verify the impact of pectin on the equilibrium and rate constants of
the anthocyanin network, direct pH jumps from acidic to basic, in thermally equilibrated
solutions were performed, as reported elsewhere (244). The interaction between pectin
and cy3glc did not cause alteration on the equilibrium and kinetic rate constants of this
anthocyanin. Only a very small increase could be perceived on the hydration constant
(Ky) which could explain the very weak copigmentation effect observed (Table IV.1).
From these two UV-Vis experiments it was perceptible that the impact of this citrus
pectin on cy3glc color was very limited. However these experiments were performed at
one relatively low pectin concentration and in this type of interactions, the water activity
influenced by polysaccharides concentration has a detrimental impact on color

stabilization.

Table IV.1. Thermodynamic (M™) and kinetic constants determined by UV-Vis absorption for cy3glc (244) and cy3glc-
pectin solution (1.5x10™ M-4.5x10°M). Estimated error = 10%.

Cy3glc Cy3glc-pectin
K'a (PK’2) 1.8x10°(2.8) 1.5x10° (2.8)
Ka (PKa) 2.1x10™ (3.7) 2.1x10™ (3.7)
Kp (PKp) 1.5x10%(2.7) 1.7x10° (2.8)
kn(s™) 0.08 0.09
kn(M's™ 48 55

IV.3.2. STD NMR Studies

Firstly, to guarantee the specificity of STD eliciting resonances and to validate the
functionality of the STD pulse sequence chosen, a STD NMR experiment was
performed for cyanidin-3-O-glucoside and pectin. In this experiment an external
capillary containing a 15 mM of phloroglucinol solution was placed into the NMR tube in
contact with the anthocyanin and pectin solution. As expected, it was observed that the
signals corresponding to phloroglucinol (6~6 ppm) are not present in the STD spectrum

appearing only in the regular *H spectrum (Figure 1V.3).
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9.0 85 8.0 7.5 7.0 6.5 6.0 5.5 50 45 4.0 3.5 ppm

Figure 1V.3. 'H spectra recorded in D,O/DMSO (5%) at 313 K of mixtures of pectin:cy3glc and an external capillary with
15 mM of phloroglucinol (A). Corresponding STD spectra of A, evidencing the specificity of STD eliciting resonances

®).

Also, in the STD experiments it is crucial that the choice of the on-resonance
irradiation frequency does not overlap with the ligand resonances(269). Also to confirm
that the on-resonance irradiation frequency did not affect the anthocyanins aromatic
protons and that the pectin was saturated by the on-resonance irradiation, experiments
were performed on solutions of anthocyanins at the maximum concentration tested
(cy3glc and dp3glc). For anthocyanins alone, in the difference STD spectrum the
anthocyanins aromatic resonances were not visible which indicates that the on-

resonance irradiation frequency does not overlap with these resonances (Figure 1V.4).

| Mo

Al {JWL

7.5 7.0 6.5 6.0 3.5 5.0 45 4. ppm

Figure IV.4. 'H spectra recorded in D,O/DMSO (5%) at 313 K of dp3gic (A) and cy3glc (C) alone, with the
corresponding STD spectra (B and D, respectively).
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On the other hand, the detailed knowledge of the structural characteristics of
anthocyanins is of primary significance prior to the investigation of the binding between
these pigments and pectin. Therefore, a preliminary NMR spectral characterization of
cy3glc and dp3glc in aqueous solution, at pH 1.5 and 4.0 was performed. The
assignment of the resonance signals in the *"H NMR spectra of anthocyanin at both
pH’s was based on the data already published (6, 223, 268). In the 'H spectra of cy3glc
and dp3glc represented in Figure IV.5, the hemiketal can be easily identified because
of the existence of twin peaks. The labeling of the signals in these 'H spectra
corresponds to the numbering of the anthocyanin hemiketal form.

As previously reported, in a STD spectrum only signals of the ligand that are in close
contact to the receptor will receive magnetization transfer and consequently will remain
in the difference spectrum. Figure IV.5 shows the 'H NMR spectra obtained for a
solution of pectin (A) and anthocyanin-pectin (dp3glc, B and cy3glc, D). The
corresponding STD spectra of B and D are displayed in spectra C and E, respectively.
For dp3glc, at the ligand-to-receptor ratio displayed (200:1) it was observed that the
saturation induced in pectin after irradiation was transferred to dp3glc protons (C). This
clearly indicates an interaction between the hemiketal form of anthocyanin and pectin,
with protons belonging to the anthocyanin suffering STD amplification. For cy3glc and
for the same ligand/receptor ratio, no STD signal could be observed (E). Only at a
much higher cy3glc-pectin ratio (600:1, F) small intensity resonances could be
observed in the STD spectrum. This could probably be an indication of a much weaker
affinity between these two components and only in the presence of large amount of
ligand a weaker interaction could occur. When comparing the binding between these
two anthocyanins and pectin it was noticeable that dp3glc bearing a pyrogallol moiety
(three hydroxyl groups) seems to interact strongly with pectin when compared to cy3glc
with a catechol moiety (two hydroxyl groups). Probably the existence of only two
hydroxyl groups instead of three, in ring B resulted in a much weaker cy3glc-pectin
interaction. These results are in agreement with those described by other authors (137)
and they re-enforce the importance of hydrogen bonding in the interaction between
anthocyanins and pectin. According to the “egg box model” (163) for low methoxylated
pectins, analogous hydrogen bonds may be formed, with these hydrogen bonds
probably occurring between the carboxyl and hydroxyl groups between the

galacturonans of the pectins and the anthocyanin hydroxyl groups (270).
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Figure IV.5. *H spectra recorded in D,O/DMSO (5%) at pH 4.0 and 313 K of 4 uM pectin (A) and mixtures of 4 pM pectin
and 700 puM dp3glc (B) or cy3glc (D). In part C and E the corresponding STD spectra of B and D, respectively is

represented. Part F shows the STD spectra of cy3glc-pectin mixtures at higher anthocyanin:pectin molar ratio.

IV.3.3. Dissociation constant calculations

In order to quantify the strength of this interaction, the binding between
anthocyanins and pectin at pH 4.0 was followed by measuring the intensities of
selected cy3glc and dp3glc protons observed in the STD spectra with increasing
anthocyanin concentration (251). In these titration experiments, Ky, n and An,.x were
calculated using the equation previously described for a multisite model (equation
(IV.1)) (250).

_ Amax Ka Ty _ Ka Ti 2 _ 4'[Ti]1/2
Aons = 2 {(1 * n[Po] + n[Po]) ([1 + n[Po] + n[Po]] ) n[Po] } (V.1)

where Agps IS Al;, the integral intensity variation, Amax IS limax, K¢ IS the dissociation
constant expressed in M, [Tj], the total anthocyanin concentration able to fix the pectin,

[Pi] the total concentration of pectin and n the number of polyphenol binding sites (251).

The titrations were conducted at high ligand-to-receptor ratios ranging from 200:1 to
approximately 1200:1 which correspond to an anthocyanin concentration >> K. In this

situation the receptor is completely saturated by the ligand. The desirable situation
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occurs when [ligand] = Ky, the receptor being half-saturated by ligand (267). However,
in this work the selection of anthocyanin concentration was restricted essentially by the
detection limit in the STD experiments and for this reason these anthocyanin
concentration ranges were chosen. The signals belonging to the hemiketal form B-ring
(H2', He’ and Hs’) were chosen for the titration curves and Figure 1V.6 shows the STD
titration experiment performed at a fixed pectin concentration (4 uM) and at some
representative dp3glc and cy3glc concentrations ranging from 0.7 to 4.4 mM (part A
and B, respectively), at pH 4.0. It is possible to observe that the STD signal of dp3glc
and cy3glc resonances increases systematically as anthocyanin concentration rises.
As previously reported, and when compared to dp3glc, only at much higher cy3glc-

pectin ratio small intensity resonances could be observed in the STD spectra.
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Figure 1V.6. Representative spectra from a STD titration on a solution of 4 uM pectin and increasing concentrations of
anthocyanin (dp3glc, A and cy3glc, B). Signals correspond to the protons of the hemiketal form of anthocyanins. STD
titration was performed in D,O/DMSO (5%) at 313 K and at pH 4.0.

Figure IV.7 (A and B) show the plot of the intensity of the integral for anthocyanins
titrations as a function of ligand concentration at a fixed pectin concentration at pH 4.0.
The behavior observed during the STD experiments at this pH maintaining the same
anthocyanin/pectin ratios, appears to be slightly different. Detailed analysis of this
figure shows that when increasing the dp3glc concentration, a curve with a logarithmic
tendency could be observed, corresponding to the increase of the occupation of the
receptor-binding site (267). The plot of the integral intensity for cy3glc titrations as a
function of ligand concentration seems to reveal similar behavior to the one obtained
for dp3glc. However, this behavior could only be achieved at a much higher
anthocyanin concentration, probably indicating a weaker interaction between cy3glc

and pectin. Nevertheless, to ensure that the interaction between pectin and cy3glc

117



118

Algrp

FCUP
Interagdo de derivados de flavilios com carboidratos numa perspetiva alimentar

occur in the same manner as for dp3glc, higher anthocyanin concentration should be

tested.
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Figure IV.7. Observed (symbols) and fitted (lines) integral intensities of dp3glc and cy3glc hemiketal form proton
resonances in STD-NMR spectrum with increasing anthocyanin concentration at pH 4.0 (part A and B, respectively).
The fitting parameters represented in equation (IV.1), Kg, n, 4max, Were calculated using a least-squares fitting routine

within the software program Microsoft EXCEL.

The experimental data points (for the hemiketal form of dp3glc and cy3glc) were
fitted using equation (1). The best Ky, 4max and n values obtained for the experimental
points fitting are reported in Table IV.2. For the two anthocyanins tested, a Ky > 100
uM was obtained through the fitting of the experimental data, indicating probably a very
weak interaction between the hemiketal forms and pectin at pH 4.0. Cy3glc seems to
evidence a weaker affinity for pectin compared to dp3glc exhibiting larger Ky and
requiring the addition of more ligand to saturate the receptor-binding site. These results
once again reinforce the importance of hydrogen bonds to this interaction, with
anthocyanins carrying a pyrogallol group exhibiting stronger interaction with pectin.

Table IV.2. Kq4, number of binding sites (n) and Amax for the interaction between dp3glc and cy3glc (hemiketal form) and

pectin determined by STD-NMR using equation (IV.1).

Kg n Amax
dp3glc 180 uM 750 0.59
cy3glc 250 uM 1270 0.30

In the binding of the neutral hemiketal form of anthocyanins (cy3glc and dp3glc) to
low esterified pectin, the number of hydroxyl groups at the anthocyanin-B ring seems to
be an important feature. Although the experimental data seems to present a logarithmic

tendency in the concentration range tested, the dissociation constants obtained
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suggested that probably non-specific surface adsorption could be responsible for this
binding instead of specific binding sites. In fact, a dialysis experiment performed at pH
4.0 (neutral hemiketal form) had revealed a negligible retardation of passage across
the dialysis membrane which probably suggests a non-specific surface. On the other
hand, anthocyanins equilibrium forms adsorption on ionic carbohydrate, could also be
explained by electrostatic and ionic forces involving charged molecules (155) and this
raises the question about the interaction between pectin and charged anthocyanin
molecules, particularly flavylium cation. Similar to the dialysis experiment performed at
pH 4.0, another experiment was conducted at pH 1.5 (flavylium cation form). This form
had revealed a much stronger adsorption to pectin surface resulting on a retardation of
dialysis membrane passage (retention coefficient, RC = 42% at pH 1.5 and RC = 7% at
pH 4.0) (Figure 1V.8). This was probably due to the planar structure of the flavylium
cation that could either favor interaction with the adsorbent (through the formation of
n—n bonds) or even facilitate the juxtaposition of species in solution onto the already
adsorbed molecules involving hydrogen bonds and non-specific charge association of
the flavylium cation to the electronegative polysaccharide (271).
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Figure IV.8. Absorbance (512 nm) versus time corresponding to cy3glc release from a dialysis membrane alone and in

the presence of pectin (16:1 anthocyanin:pectin molar ratio) at pH 1.5 (A) and 4.0 (B).

As the interaction between anthocyanins and pectin appear to be stronger when the
flavylium cation is present at higher concentration, the binding between cy3glc and
pectin was also studied at pH 1.5 by STD NMR. Oppositely to the behavior obtained for
pH 4.0, at this pH when performing a STD experiment only with pure anthocyanin
(control), resonance signals belonging to anthocyanin aromatic protons could be
observed in the STD difference spectrum. This behavior could probably be explained
by anthocyanins self-association, which facilitates the saturation transfer between

anthocyanin molecules. Self-association is a very well-known phenomenon that usually
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occurs with the flavylium cation as well as with the quinoidal base (134) and is driven
by hydrophobic vertical stacking between the anthocyanins to form n—n complexes.
This two equilibrium species present a planar hydrophobic structure which allows the
formation of these complexes whereas the hemiketal form cannot (272). At pH 4.0 the
neutral hemiketal form is the main specie and self-association is probably occuring in a
much lower scale. This equilibrium form assumes a non-planar structure which does
not allow the vertical n—rn stacking. In fact, in a previous work, a systematic study
focusing on the concentration dependence of self-association of cy3glc equilibrium
species was performed on the basis of the alteration of their self-diffusion coefficients
as measured by DOSY experiments (268). The diffusion coefficients were measured
for the five cy3glc different species presented in solution and it was possible to observe
that the D value for the flavylium cation form was significantly affected by the
concentration as a result of its self-association. For the neutral hemiketal, the diffusion
coefficient was practically unchanged with concentration decrease. Bearing this, to
minimize anthocyanins self-association phenomenon, DMSO was added to the
anthocyanin-pectin solution and a more selective pulse program were used (240). In
this case, in the STD spectrum (control) the cy3glc aromatic resonances were not
visible.

As it can be seen in Figure IV.9 (part A), as anthocyanin concentration rises, the
STD resonance signals of the flavylium cation also increases with resonances from
cy3glc anthocyanin protons appearing in the STD spectra. The experimental data
points obtained were also fitted using equation (1) and a logarithmic curve could be
obtained resulting on a K4 = 2 uM (part B). Compared to pH 4.0, the cy3glc flavylium
cation appears to be a much stronger binder to pectin in accordance to the preliminary
results obtained in the dialysis experiments with non-specific charge association

probably effecting this interaction.
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Figure 1V.9. Representative spectra from a STD titration on a solution of 4 uM pectin and increasing concentrations of
cy3glc ranging from 1 to 4 mM (A). STD titration was performed in D,O/DMSO (30%) at 313 K and at pH 1.5.
Respective observed (symbols) and fitted (lines) integral intensities of cy3glc flavylium cation proton resonances in STD

NMR spectrum with increasing anthocyanin concentration, resulting on n = 575 and 4max = 0.24 (B).

IV.3.4. Molecular Dynamics simulations

To better characterize the conformational behavior between the charged (flavylium
cation) and neutral (hemiketal) anthocyanin molecules with a representative model of
pectin in agueous solution, computational studies were additionally carried out. To this
regard, three MD simulations of 45 ns each were performed. Figure IV.10 shows the
root-mean-square deviation (RMSD) along the MD simulation, for the pectin molecule,
in regards to its initial structure. In all simulations, it was observed that after the first
nanosecond the RMSD values stabilize and have variations with a maximum of 2 A
during the remaining of the simulation. This supports the overall stability and
equilibration of the pectin structures.
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Figure 1V.10. RMSD values obtained for the pectin residues along each MD simulation. Blue, green and red lines

correspond to AH"gpsgic, Bapsgic and Beyagic, respectively.

To analyze the binding between anthocyanins and pectin, several representative
structures of the systems were extracted during the simulations (Figure 1V.11). The
formation of stable complexes, involving anthocyanin molecules and some pectin’s
monosaccharides, was observed. Concerning the flavylium cation (AH"gsqc), initially
there is a binding of 3 molecules around the polysaccharide (Figure IV.11-A). During
the extent of the simulation, there is an additional binding of more anthocyanins to
pectin. As can be observed in the same figure, this binding increased during the
simulation: after ca. 4 ns simulation 5 AH"g,35c Molecules interact with pectin and 9
molecules interact at 20 ns. The latter structural arrangement (with 50% of AHg3g1c
molecules bound to pectin) was maintained throughout the final 25 ns of simulation,
revealing its higher stability. The large planar structure (A-C and B rings) and the
positive charge of these compounds greatly contribute to their strong interaction with
the sugar rings, hydroxyl and carboxylate groups of pectin. It was observed the
occurrence of self-association of two or four anthocyanins that are perfectly aligned
between themselves by their large planar surfaces or with the pectin rings. The binding
of the flavylium cation molecules to pectin occurs mainly by hydrogen bonds and
dispersive contacts, and some of these interactions are depicted and described in
Table I1V.3. The short length of the exemplified H-bonds (e.g. H-C4-4p3gic t0 H-C6-gnai2 OF
H-C2'-gp3gic 10 H-Cl-gaias (acetyiatedy) and the small distances between the non-polar CH
groups of both molecules reinforces the strong binding of these compounds to the
pectin. Furthermore, the A-C nucleus provides a huge roughly planar polarizable
surface that is strategically available to establish an accessible surface to interact with
pectin’s ring planes. The small proximity between some of these planes (described in
Table 1V.3) allows the establishment of optimized n—n stacking interactions that

contributes to the higher stability of the global complex.
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Additionally, the simulations of the anthocyanin hemiketal form (Bcysqic)1s:pectin and
(Bapsgic)1s:pectin systems reveal that the binding of these molecules to pectin is smaller
than the one observed for flavylium cation. In the case of Bgasgc Molecules, the
maximum binding was achieved after 10 ns of simulation and it was only 17% (3
molecules, as seen on Figure IV.11). Concerning Bgpsgc, @ sequential binding was
observed, i.e., 2, 3, 4 and 5 molecules were bound to pectin at respectively 3.6 ns, 13.5
ns, 14.4 ns and 28 ns (Figure 1V.11, respectively). The later structural arrangement
(28% of binding) was maintained throughout the remaining of the simulation. The
presence of the hydroxyl group at C, atom slightly decreases the planarity of the strict
A-C-B surface of each compound, which may be responsible for their weak interaction
with the polysaccharide. Their stellated structures make these molecules interact with
each other, forming clusters between themselves (as seen in Beysgc Simulation after 34
ns), which prevent a large interaction with pectin. It was also observed that the pectin

tends to adopt a semi-coiled structure in the absence of anthocyanin binding.
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Figure IV.11. Representation of several geometries of AH" gpq1c:peCtN, Beyagie:pectin and Bapsgie:pectin systems along the

course of each MD simulation. The pectin and anthocyanins molecules are depicted with sticks and van deer Waals

(respectively) and are colored by atom type. Each panel represents an expansion of the total anthocyanin:pectin

system.
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Table IV.3. Representation of examples of some interactions established between the dp3glc (AH") molecules and

pectin. The distances correspond to the average values of the last 10 ns of simulation. A snapshot from the MD

simulation is also displayed, where the interactions are depicted by dashed lines. The dp3glc carbons and protons

labeling corresponds to the numbering of the anthocyanin hemiketal form

Interaction Distance / A
HO-C3'-dp3glc to COO™-GalpA; 35%2.6
HO6(Glc)-dp3glc to COO-GalpAio 1.7+0.2
HO6(Glc)-dp3glc to HO3-GalpAg 3.2+£10
HO4(GlIc)-dp3glc to COO -GalpAis 28+15
HO3(Glc)-dp3glc to COO -GalpAis 2.1+05
HO-C5-dp3glc to COO-GalpAio 1.7+0.2
HO6(Glc)-dp3glc to COO-GalpAaiz 20x0.9

H-C2’-dp3glc to H-C1-

GalAg(acetylated) 32212
H-C4-dp3glc to H-C6-Rhapi» 25204
7 AC ring-dp3glc to GalpAg ring 54+17
AC ring-dp3glc to GalpAao ring 6.6+1.0

Similarly to the flavylium cation, both neutral anthocyanins interact with pectin

residues by hydrophobic contacts (direct n—n stacking and strong van der Waals

interactions) between their large planar surfaces. With this interaction there is a

concomitant high-energy release of water molecules from the solvation shells

(hydrophobic effect). Furthermore, the binding driving force could also be strengthened

by H-bonds involving the numerous hydroxyl groups from anthocyanin units and

galacturonic acid moieties. Figure V.12 shows some examples of these interactions.

When comparing both anthocyanins (hemiketal form), it was observed that Bgpsgic

interacts more with pectin than Bcggc. This is probably due to the additional hydroxyl

group in the B ring of dp3glc, which grants a more hydrophilic character to this

molecule. Similarly to AH" g3, Small distances were evidenced, which is in agreement

with the NMR results presented in this work.

Figure 1V.12. Representation of some interactions with pectin established between the cy3glc (A) and dp3glc (B)

molecules (present in the hemiketal equilibrium form).
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Figure IV.13 shows the Solvent-Accessible Surface Area (SASA) values that were
determined for the pectin residues during each MD simulation. These values evaluate
the surface area of pectin that is accessible to a solvent probe, which could indicate the
extension of anthocyanins’ binding. It was observed that the SASA value of pectin
decreases much faster in the presence of AH 435 molecules than in the presence of
the Bgyage and Bgpsge mMolecules, which suggests a larger binding extension of the
former compound. In the (AH*dp3g.c)18:pectin simulation, the SASA value rapidly
decreases from 2716.5 + 95.6 A? (1® ns) to 2117.5 = 73.7 A? (6™ ns), and finally to
1919.6 + 69.5 A? in the last nanosecond of simulation. However, in the other two
systems (Beysge and Bgpsge, respectively), the initial SASA value (~ 2700 A% only
decreases in the last nanosecond of simulation to 2349.3 + 37.0 A% and 2210.4 + 39.0

A,

Overall, all these computational data suggest that the extension of polyphenols
binding to pectin is the following: AH* > B which is in agreement with the experimental
NMR studies performed. Simultaneously to calculate the SASA value, an MD
simulation (20 ns) with the pectin model alone was performed. The SASA value of the
initial extended structure of pectin is 2725.9 + 52.4 A? (first nanosecond). However,
after this time, the pectin structure starts to adopt a semi-coiled (or partial-folded)
geometry, which causes the decrease in the SASA value. A 10.1 % maximum SASA’s

decrease was attained in the last nanosecond of simulation (2451.9 + 30.5 A?).
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Figure 1V.13. Solvent-Accessible Surface Area (SASA) values obtained for the pectin model. Blue, green and red lines

correspond to AH"gp3gic, Bapagic and Beyzgie, respectively.

IV.4. Conclusions

For the first time the study of the interaction between anthocyanins and low
esterified pectin was evaluated through STD NMR spectroscopy and Molecular
Dynamics simulation. This methodology allowed the measurement of weak interactions
occurring between anthocyanins and this polysaccharide and the results presented
herein indicate that this interaction probably occurs through hydrogen bonding and
hydrophobic interactions. For these reason, the number of hydroxyl groups in the
ligand seems to affect this binding. As only low esterified pectin was studied it was not
possible to outline how this interaction was affected by the pectin type (particularly the
degree of esterification). In the presence of the flavylium cation a much stronger
interaction between anthocyanins and pectin could be perceived. Pectin impact on the
thermodynamic and kinetic constants was very restricted causing only a small increase

on the K.

From a food industry perspective these results contribute to the elucidation of the
interaction between anthocyanins and food carbohydrates increasing the knowledge
regarding the phenomena that drive the extraction and stabilization of these natural

colorants.
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V. ANTHOCYANIN’S ASSOCIATION MECHANISMS






A - Study of Anthocyanins Self-Association by NMR

spectroscopy

Adapted from:

Fernandes, A., Bras, N., Mateus, N., de Freitas, V.
Study of Anthocyanins Self-Association by NMR spectroscopy, New Journal of Chemistry,

submitted

With the exception of the computational calculations all experimental design and work described

in this part was carried out by the author.
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V.1. Introduction

An attractive and stable color is a fundamental aspect for the food industry since it
plays a very important role in the consumer’s choice and oftentimes adds a value to
the food (5). Therefore for optimal color retention, artificial dyes have been commonly
added by the food industry. Nevertheless, the safety of these colorants has been
guestioned, leading to a reduction in the number of permitted colorants and to a

worldwide tendency towards the consumption of natural products (116, 273, 274).

Replacing synthetic dyes with natural colorants poses a challenge due to the higher
stability of synthetic colorants with respect to light, oxygen, temperature and pH,
among other factors (275). Anthocyanins are well established as natural colorants
mainly because of their availability as by-products of the wine industry (276). Besides
the color attributes, interest in anthocyanins has increased because of their possible
health benefits to the consumers (12, 277) and these characteristics make
anthocyanins a worthy substitute to synthetic dyes. However, their use as food
colorants has been limited due to their relatively low stability (5). Anthocyanins are
structurally dependent on the conditions and composition of the media where they are
dissolved and suffer interactions among them and with other compounds that influence
their structural equilibria and modify their color. One of the most important parameter
for anthocyanins stability is the pH value of a system (278) and in fact, the main
obstacle in using anthocyanins derive from their loss of color in non-acidic media.
Anthocyanins undergo reversible structural transformations with the pH, which is
accompanied by dramatic changes in color. At pH 3 or bellow, anthocyanins exist
predominantly as a flavylium cation (AH") with their color ranging from orange to
bluish-red (depending on the chemical structure). As the pH is raised, proton transfer
and hydration reactions occur giving rise to the purplish quinoidal base (A) and to the
colorless hemiketal (B), respectively. This latter undergoes a ring opening producing
the cis-chalcone (Cc) which further isomerizes originating the trans-chalcone (Ct) (89,
94, 95). Due to these transformations with pH, the hydrophilic anthocyanins are most
common applied in acidic food systems (pH<3), to ensure the predominance of the

colored flavylium cation (5).

Research involving the development of strategies for the stabilization of these
pigments has found that this can be achieved by copigmentation, a phenomenon in
which pigments associate with other compounds resulting in a color enhancement and

in more stable colors (64, 279). In food science, this phenomenon is considered a very
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important interaction as color is one of the main quality factors. Copigmentation occurs
in different ways, namely by inter-molecular association between colorless copigments
and anthocyanins (80), intra-molecular copigmentation, which is an interaction between
the chromophore and non-chromophoric parts of the same molecule (280) and by self-
association, which is an inter-molecular association between anthocyanindin nuclei
(281) or between anthocyanindin nuclei and aromatic acyl groups (282) (Figure V.1).
All these mechanisms involve hydrophobic vertical n-stacking of the chromophore, thus
protecting it from the nucleophilic attack of water and preventing, at least in part, the
formation of colorless hemiketal and chalcone forms. The intra-molecular
copigmentation is restricted to anthocyanins which are acylated by phenolic acids.
Indeed, when acylation occurs through the position 6 of the sugar, the free rotation of
the acyl group is possible, allowing the folding of the molecule and intra-molecular

stacking of the acyl group with the pyrylium ring of the flavylium cation (5).

Intra-molecular association Inter-molecular association
OH
C—— HO
0 HO ~N—
o 0O
0] OH 0]
~ —
OH O
0]
I:I\ OH
0]
——1 ———— OH
Anthocyanin Acylating group

Figure V.1. Schematic representation of intra and inter-molecular association in acylated anthocyanins. Adapted from
Mistry et al., 1991 (283).

A subset of copigmentation involving anthocyanins is the case of self-association in
relatively concentrated solutions and this interaction has been evidenced by several
techniques including UV-vis absorption spectroscopy, circular dichroism and NMR (6,
88, 128, 131, 132, 281, 284, 285). This process takes place with the flavylium cation as
well as with the quinoidal base. Cross aggregation involving flavylium cation and trans-
chalcone has also been described (134). Beyond its marked role in anthocyanins
chemical stabilization, anthocyanins inter- and intra-molecular interactions must also be
considered for anthocyanins biovailability purposes and it is therefore essential to

clarify these mechanisms.
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In this work it is presented a study dealing with anthocyanins self-association (inter-
and intra-molecular interactions) in the flavylium form and the relationship between
anthocyanin structure and their tendency to self-associate. Two structurally related
anthocyanins where used: mono-acylated malvidin-3-O-coumaroylglucoside and non-
acylated anthocyanin, malvidin-3-O-glucoside were studied. Anthocyanins self-
association was assessed by different NMR parameters, such as proton chemical shifts

(*H3), translational diffusion coefficients (D) and NOE correlations.

V.2. Materials and Methods

V.2.1. Materials

D,O (99.9%), DMSO-ds (99.8%) and DCI (99%) were purchased from Sigma-
Aldrich® (Madrid, Spain). Malvidin-3-O-glucoside (mv3glc) and malvidin-3-O-
coumaroylglucoside (mv3cumglc) (Figure V.2) were extracted and purified in the
laboratory from a young red table wine (Vitis vinifera L. varietal caste Touriga Nacional)
by semipreparative HPLC using a reversed-phase C18 column (250 mm x 4.6 mm i.d.)
as described elsewhere (252).

Figure V.2. Structure of mv3glc and mv3cumgic obtained from red wine (Vitis vinifera L.).
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V.2.2. NMR samples preparation

Solutions of anthocyanins (mv3glc and mv3cumgic) were prepared in D,O/DMSO dg
(7:3 viv) or in D,O at room temperature and pH was adjusted to pH 1.0 by the addition
of DCI. pH measurements were made in a pH meter WTW pH 320 fitted with a
standard glass Crison ® 5209 electrode. The calibration was made with standard
aqueous buffers at pH 4.0 and 1.0 from Crison®. Before performing the NMR
experiments (DOSY and 'H) the pH was checked and adjusted to 1.0 whenever
necessary. After pH adjustment, the samples were allowed to equilibrate for one hour
before the NMR study to guaranty sample stability and to ensure that the equilibrium

between all sample components was entirely achieved and at the intended pH.

V.2.3. NMR spectroscopy

NMR experiments were recorded on a Bruker Avance |l spectrometer, operating at
400.13 MHz (*H), equipped with 5 mm PABBO BB Probe and pulse gradient units,
capable of producing magnetic field pulsed gradients in the z-direction of 53 G/cm.
The NMR measurements have been done with standard BRUKER pulse sequences in
D,0/DMSO (7:3) or D,O at 300 K. '"H NMR experiments were performed with water
suppression using excitation sculpting with gradients (210), acquisition time 1.36 s,
relaxation delay 2 s and128 or 256 transients of a spectral width of 10000 Hz were
collected into 32 K time domain points. Typical measuring conditions for the *H/*H and
2D spectra (COSY) recorded in phase sensitive mode and with water suppression
were: relaxation delay 2 s, 64-128 scans, a total 2K data points in F2 and 256 data
points in F1 over a spectral width of 20000 Hz. 2D *H COSY and **C HSQC and HMBC
experiments were carried out with a spectral width of ca 10000 Hz for *H and 32000 Hz
for 13C, relaxation delay 1.5 s, Fourier transform (FT) size 2 K x 1K. Multiplicities were
recorded as singlets (s), doublets (d), triplets (t), doublets of doublets (dd), multiplets
(m) and unresolved (*).The delay for the long-range C/H coupling constant was
optimized to 7 Hz. The two-dimensional nuclear Overhauser effect spectroscopy
(NOESY) experiments were acquired in phase-sensitive mode with optimized mixing
time of 400 ms. Generally, 64 scans and 512 F1 slices were obtained and the spectral
width was 6500 Hz.
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V.2.4. Diffusion Ordered NMR experiments

Proton registered diffusion-ordered (*H DOSY) spectroscopy was used to measure
translational diffusion coefficients (D) and was performed on a Bruker Avance Ill 600
HD spectrometer, equipped with 5 mm CryoProbe Prodigy and pulse gradient units,
capable of producing magnetic field pulsed gradients in the z-direction of 50 G/cm.
DOSY experiments were acquired using the bipolar longitudinal eddy current delay
(BPPLED - Bipolar Pulsed Field Gradient Longitudinal Eddy Delay) pulse sequence
(211). The experimental conditions (5mm NMR tubes, temperature of 300 K, no sample
rotation and high air flow of 535 L/h to avoid convections in the samples) for all DOSY
experiments were kept constant. Before the NMR experiments, the temperature was
equilibrated and maintained at 300 K, as measured using the spectrometer
thermocouple system. Typically, in each experiment a number of 16 spectra of 32K
data points and 128 or 256 scans were collected, with values for the duration of the
magnetic field pulse gradients (5) of 2.4 ms, diffusion times (A) of 120 ms and an eddy
current delay set to 5 ms. The pulse gradient (g) was incremented from 2 to 98% of the
maximum gradient strength in a linear ramp. The spectra were processed with the
Bruker Topspin software package (version 3.2).

V.2.5. Optimization and Molecular Dynamics simulations

The 3D structure of mv3cumglc molecule was prepared with the GaussView
software (286). To obtain the optimized geometries and electronic properties for its
subsequent parameterization, the Gaussian 09 suite of programs (287) was used.
These calculations were performed with the restricted Hartree-Fock method and with
the 6-31G(d) basis set. Atomic charges were further recalculated using the RESP
algorithm (215). The geometry optimization and MD simulations were performed using
GAFF force field (262). Explicit solvation (TIP3P water model) was included as a
rectangular box with a 12 A distance between the box edges and any atom within each
system. Two systems were studied: i) one mv3cumglc and one CI" counter-ion and ii)
two mv3cumglc and two CI' counter-ions. All complex geometries were minimized in
two stages. Subsequently, MD simulations of 100 ps at constant volume and
temperature, and considering periodic boundaries conditions were performed. These
were followed by 5 and 50 ns of MD simulation with the NPT ensemble, in which
Langevin dynamics was used (collision frequency of 1.0 ps™) to control the temperature
at 303.15 K (220). All simulations were carried out using the AMBER 12.0 (288)

137



138

:Twct:etﬂzgéo de derivados de flavilios com carboidratos numa perspetiva alimentar
simulations package. Bond lengths involving hydrogen atoms were constrained using
the SHAKE algorithm, and the equations of motion were integrated with a 2 fs time step
using the Verlet leapfrog algorithm (221). The Particle-Mesh Ewald (PME) method
(222) was used to treat long-range interactions, and the nonbonded interactions were
truncated with a 10 A cutoff. The MD trajectories were saved every 2 ps and were
analyzed with the PTRAJ module of AMBER 12.0 (288).

V.3. Results and Discussion

A synergistic combination of NMR techniques such as diffusion ordered
spectroscopy (DOSY), 'H and nuclear Overhauser effects (NOE) can bring valuable
information regarding the structure and the molecular association (intra and inter-
association) of multicomponent systems. DOSY is a well-established technique for
characterizing the structure of intermolecular systems since the self-diffusion
coefficients of these systems depend on their molecular size, weight and shape (232).
Additionally, NOESY experiments can provide valuable information in mapping specific
through-space internuclear distances and can also provide information regarding

anthocyanins intra and inter-molecular association.

V.3.1. NMR spectral characterization

Initially a NMR spectral characterization of malvidin-3-O-coumaroylglucoside
(mv3cum-gic) was performed in order to better understand the molecular structure and
the possibility of intra- and/or inter-molecular association. The assignment of the
corresponding resonances was established using 1D and 2D techniques (COSY,
HSQC, HMBC) in D,O/DMSO (7:3) and by comparison with the data previously
published (289, 290). Malvidin-3-O-glucoside structure was assessed by NMR by
comparison with the data already published (223). *H chemical shifts were assigned
using 2D NMR (COSY) experiments, while *C resonances were assigned using 2D
NMR techniques (HMBC and HSQC) (Table V.1). NOESY experiments were
performed in order to provide specific information regarding the spatial proximity
between protons and allowed the determination of sugar binding sites on anthocyanidin
nucleus. The connecting position on sugars of acyl residue was determined by HMBC

measurements.
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Table V.1. Proton chemical shifts (5'H), coupling constants and carbon chemical shifts (§'°C) for malvidin-3-O-
coumaroylglucoside in D,O/DMSO (7:3) at pH 1.0.

Position 8 'H (ppm); J(Hz) §°C (ppm)

Aglycone moiety

H2 - 161.1
H3 - 142.9
H4 8.65 (s) 135.2
H4a - 111.8
H5 - 156.8
H6 6.36 (s) 100.8
H7 - n.a.
H8 6.63 (s) 100.6
H8a - 155.3
H1' - 118.1
H2', 6' 7.58 (s) 108.6
H4' - 147.9
H3', 5' - 143.6
3", 5'-OMe 3.87 (s) 56.1
Glucose moiety
H1" 5.43 (d, 7.5) 100.8
H2" 3.73(t, ) 73.2
H3" 3.68 (t, 6.8) 75.6
H4" 3.50 (t, 9.0) 70.1
H5" 3.81 (m) 73.9
H6a" 4.35(dd, 7.4; 12.1) 62.9
Héb" 4.46 (dd, 2.6; 12.3) 62.9
Coumaroyl group

CO2 - 125.5

a 5.96 (d, 16.7) 130.3

B 7.09 (d, 16.7) 115.7
H1™ - 158.8
H2", 6" 7.05 (d, 8.5) 113.4
H3™, 5™ 6.68 (d, 8.5) 145.4
H4" - 167.7

V.3.2. NOE effects

The changes of NOE for the species in the solution can provide reliable information
regarding the molecular proximity of protons and allows the discrimination of the NOE

resulting from the self-association of anthocyanins (inter-molecular NOE) and NOE
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resulting from intra-molecular interactions between the anthocyanin protons. Data from
the NOESY spectra performed on mv3cumglc and acquired at 300 K in D,O/DMSO
(7:3) pointed to a structure where the coumaroyl group was oriented towards the
anthocyanin chromophore (Figure V.3). In fact, cross peaks between protons H6 and
H8 of the anthocyanidin moiety and proton Ha. of the aromatic acyl function (*H8 5.96
ppm) could be detected. Besides this, other weak correlations could be observed in the
NOESY spectra, corresponding to the pairs OMe/H2™”, 6"’ or OMe/H3™”, 5" and to the
pair H2',6'/Ha. As sugar acylation occurs at position C-6, the free rotation and the
subsequent folding of the coumaroyl group over the flavylium nucleous is possible.
These cross peaks detected clearly prove the existence of intra-molecular
copigmentation for this monoacylated anthocyanin. The formation of these intra-
molecular complexes seems to involve both the double bond and aromatic ring of
coumaroyl residue and they may occur on the top or on the bottom of the flavylium

nucleus.

Furthermore, detailed analysis of the NOESY spectrum also reveals the possibility
of inter-molecular association. This association could be explained by the existence
through-space interactions between protons belonging to distant parts of the molecule:
cross peaks between H4 and protons from the methoxy group (B-ring) and between H4

and H2’,6’ protons, presumably indicating inter-molecular association.
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Figure V.3. Portion of the 2D NOESY spectra of mv3cumglc (1.4 mM) acquired in D,O/DMSO (7:3) with a mixing time of
400 ms, showing some of the characteristic inter-molecular (in boxes) and intra-molecular (in circles) NOE interactions.

The assignment of resonances of mv3cumgic are also included.

The self-association constant, K,ss, of anthocyanins was obtained through an
adaptation of the methodology reported in the literature (225). This association
constant was determined by following the evolution of either the chemical shift (5) or
the diffusion coefficient (D) with respect to anthocyanin concentration (between 0.4 to
2.0 mM). The observed chemical shift (or diffusion coefficient) changes were least-
squares fitted to equation (V.1) (291):

Aobs = Afree - [(|Aaggregate - AfreeDKassCO{Z/[1 + (KassCO + 1)1/2]}]2 (V-l)

where Agps is the observed proton chemical shift (or diffusion coefficient), Aqee is the
proton chemical shift (or diffusion coefficient) of the non-associated (free) anthocyanin,
Agggregate 1S the proton chemical shift (or diffusion coefficient) of the aggregated
anthocyanin and C, is the total anthocyanin concentration. This equation can be used

to determine K,ss from D value assuming that the T2 relaxation is negligible (225).
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V.3.3. 'H NMR chemical shifts variation

'H chemical shifts are very sensitive to the magnetic anisotropy of aromatic systems
and thus can serve as a probe for the spatial proximity of aromatic rings to specific
protons, therefore revealing an intra-molecular interaction. Moreover, concentration
dependence of 'H chemical shifts helps to differentiate between inter- and intra-
molecular since such dependencies can be observed only in the case of inter-
molecular interactions (289). In the *H NMR spectra, malvidin-3-O-coumaroylglucoside
bearing an acyl group displayed an upfield shift of the flavylium nucleus relative to the
nonacylated anthocyanins (malvidin-3-O-glucoside). This chemical shift alteration was
proposed to be an indicator of the shielding of the anthocyanidin caused by intra-
molecular association between the anthocyanidin and the acyl moiety (292). This
upfield shift was more striking for A and C-ring protons (A5 ~0.15 and 0.20 ppm,
respectively) than for B-ring protons (~0.06 ppm). Concurrently, evaluation of the 8'H
with anthocyanin concentration also indicated a concentration dependence on chemical
shift which mean that inter-molecular associations (self-association) should also be
considered as possible stabilization mechanisms. This *H8 upfield and concentration
dependence was in agreement to the results obtained in the NOESY experiments
which revealed the occurrence of both intra and inter-molecular associations in

mv3cumglc.

In order to understand the role of inter-molecular associations in the shielding of
mv3cumglc protons, 'H8 concentration dependence of acylated anthocyanin was
compared to the behavior observed for mv3glc (non-acylated), in which self-association
is known to occur. When comparing the ranges of proton chemical shifts for both
anthocyanins significant differences could be detected (Figure V.4). Even at the lowest
concentration tested, mv3cumglc’s H4 remains shielded compared to the non-acylated
anthocyanin (dH4 at 8.77 ppm in mv3cumglc compared with 8.91 in mv3glc). These
results seem to indicate a higher shielding of anthocyanin rings and that the intra-
molecular complexes formed by acylated anthocyanins were held together, existing
even in diluted solutions. Regarding H2',6’ chemical shifts ranges, the differences
between acylated and non-acylated anthocyanins are smaller (6H2’,6’ at 7.72 ppm in
mv3cumglc compared with 7.81 in mv3glc). Furthermore, when only inter-molecular
association is present (e.g. mv3glc), anthocyanins shielding due to the magnetic
anisotropy of the n-electron system of another flavylium nucleus disappears rapidly

upon dilution of the solution (ASH4 ~0.12 ppm in mv3cumglc compared with AGH4 ~0.15
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ppm in mv3glc in the same concentration range). This could be an indication that inter-
molecular interactions in the form of self-association are not held together strongly
enough to withstand the effects of dilution.

B.
H2, B’ H2™,6™ H2’,6

H3m 5 e J‘M oo
} N H8 H6 A H8 H6
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Figure V.4. '"H NMR spectra of mv3cumglc (A) and mv3glc (B) in D,O/DMSO (7:3) as a function of anthocyanin

concentration.

For mv3cumglc and mv3glc, proton chemical shifts from both C (H4) and B (H2',6)
rings and H3”,5” (for mv3cumglc) were used to evaluate the concentration
dependence. This dependence and the fitting of the experimental data using equation
(V.1) (where Ags = dobs) are shown in Figure V.5. The fitting of the experimental
chemical shift variation are consistent with the isodesmic model used in which the self-
association of anthocyanins occurs at low concentration in an indefinite non-
cooperative way to form stacks (with 2, 3, 4, or more molecules) where the equilibrium
constant K, is always the same for each step (291). An isodesmic model had already
been used to study the self-aggregation in anthocyanidin-3-glucoside (6).
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Figure V.5.Proton chemical shift variation (5'H) of the protons H4 and H2',6’ versus mv3cumglc () and mv3glc (=)
concentration (M) in D,O/DMSO (7:3). Solid lines represent the best fit obtained using equation (V.1).
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From the chemical shifts variation and data analysis, the association constant (Kss)
together with the free (3xe.) and aggregated (Saggregate) Chemical shifts could be obtained
for acylated and non-acylated anthocyanins. K, for non-acylated anthocyanins
(mv3glc) was found to be approximately 800 M™ while for acylated anthocyanins the
Kass Value obtained increased approximately by 2-fold by comparison with mv3glc,
evidencing that the presence of an acyl substituent could result in a superior affinity
towards aggregation (Table V.2). This higher association constant could be an
indication of a multi-aggregation phenomenon in which self-association (inter-
molecular) is combined with intra-molecular stacking with molecules being locked into
each other and resulting in much higher affinity towards self-association. Compared to
the data published by Leydet et al (2012), mv3glc K,ss value determined in this study
was smaller (800 M* compared to 1738 M™) (6). However, due to anthocyanins
solubility our experiments where performed in D,O/DMSO and the use of organic
solvents could be responsible for the disruption of copigmentation stacks resulting in

the weakening of hydrophobic interactions (111).

Table V.2. Association constants (K,ss) determined by chemical shift variation and chemical shifts of anthocyanins
characteristic protons (H4, H2',6’ and H3"”,5’”) in aggregated (aggregate) @and free (3ree) States at 300 K in D,O/DMSO
(7:3).

Mv3glc Mv3cumglc
H4 H2'.6’ H4 H2',6' H3™,5™
Kass (M™) 819 + 40 1402 + 164
Stree (PPM) 8.98 7.87 8.84 7.81 6.81
Sagreggate (PPM) 8.74 7.60 8.65 7.61 8.769
X 50x10* 4.6x10" 6.9 x10™ 2.4x10" 8.9x10°

V.3.4. Diffusion Ordered spectroscopy (DOSY)

The self-association of anthocyanins was also characterized by following the
evolution of the diffusion coefficient (D) with respect to anthocyanin concentration. The
diffusion coefficients (D) determined for different concentration were obtained by
measuring the signal intensity at more than one place in the spectra. The diffusion
measurements using DOSY were performed under identical experimental conditions
taking special attention on the pH and temperature of the samples. A progressive
decrease of D was observed as the anthocyanin concentration increase, in agreement

with the increase of the overall complex size and higher hydrodynamic diameter
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(Figure V.6). The fact that the diffusion coefficient values decrease with increasing
anthocyanin concentration clearly demonstrates that anthocyanins can be organized in
larger molecular structures. Similarly to the chemical shifts, diffusion coefficients were
fitted using equation (V.1) (where Ags = Doss) Which allowed the determination of Kass,
the diffusion coefficient of the anthocyanin in its free form (Dsee) as well as the D value
in its aggregated form (Daggregare)- Values of 3.1 and 2.4x10™ m®.s™ for mv3glc and
mv3cumglc were found at the lower concentration tested and they corresponded to
anthocyanins values in their free form (Dyee). The equilibrium constant for the acylated
malvidin was found to be higher than for the non-acylated anthocyanin (approximately
2-fold) in agreement with the chemical shift variation and once again suggesting a
higher affinity of acylated anthocyanins to self-associate (Figure V.6). It is noteworthy
that similar K,ss value was obtained whatever the variation monitored (chemical shift or

diffusion coefficient).
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Figure V.6. Diffusion coefficient variation (D) versus mv3glc () and mv3cumglc () concentration (M) in D,O/DMSO
(7:3). Solid lines represent the best fit obtained using equation (V.1) with Kass = 1002 and 2203 M™, Dyee = 3.1 and
2.4x10™ m’s™ and Daggegae = 2.5 and 2.0x10™° mZs™ for mv3glc and mv3cumglc, respectively. Accuracy was

estimated to approximately 15%.

For other polyphenols like procyanidins, micellarization is a phenomenon well-
known to occur (225, 226) and by plotting D value against the inverse concentration an
approximated cac (critical aggregation concentrations) could be obtained. For mv3glc
and mv3cumglc similar data analysis was performed and Figure V.7 illustrates the
evolution of D as a function of inverse anthocyanin concentration for mv3glc and
mv3cumglc. Similarly to the behavior observed for procyanidins (225), when plotting D
versus inverse anthocyanin concentration two linear variations could be observed
corresponding to the behavior at low and high concentration. The intercept of the two
straight lines allowed the determination of the cac probably suggesting that a
micellization process takes place at that particular concentration (arrows in Figure V.7).
In D,O/DMSO the approximated cac value determined for both anthocyanins were very

similar (0.40 g.L™" and 0.39 g.L™* for mv3cumglc and mv3glc, respectively). This could
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probably indicate that the aggregation phenomenon occur at low concentration in these
anthocyanins in accordance to the high tendency for these anthocyanins to self-
associate. However special care should be taken when assuming the existence of a
colloidal behavior since the present study only considered the case of anthocyanins
self-association in D,O/DMSO and in the 0.4 — 2.0 mM range and a higher range of

concentrations should be tested.
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Figure V.7. Diffusion coefficient variation (D) versus mv3cumglc (+) and mv3gic (=) inverse concentration (L.g™") for the

determination of cac’s values (shown as arrows).

V.3.5. Self-association of malvidin-3-O-glucoside in aqueous solution

In order to understand the impact of organic solvents, particularly DMSO, on
anthocyanins self-association process, similar experiments were performed in D,O
solution. However, due to solubility issues this study could only be performed with
mv3glc since it was not possible to obtain a clear and stable solution of mv3cumglc in
D,0. Malvidin-3-O-glucoside self-association constant (K,ss) was determined through
diffusion coefficient (D) variation in D,O. In aqueous solution this value increased, in
comparison to the values obtained in D,O/DMSO to 1245 M™. This increase could be
due to the strengthening of the hydrophobic n—r interactions between anthocyanins
molecules in aqueous solution and resulting in a higher affinity to self-associate.

Simultaneously mv3gic’s cac value in water was determined.

V.3.6. Molecular Dynamics simulations

To better characterize the conformational behavior of mv3cumglc molecules in an
agueous environment, computational studies were additionally carried out. To this

regard, two MD simulations were performed. A structural analysis was done, in
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particular the study of the inter-molecular and intra-molecular interactions within
mv3cumlc molecules. Figure V.8 shows a representative structure of mv3cumgic
molecules that were extracted during the two simulations. In regards to the first MD
simulation (A), the mv3cumglc tends to adopt a folded geometry, in which the aromatic
catechol group interacts by = stacking with the B ring or with A ring (see Figure V.8-A)
and these interactions are in agreement with the NMR results presented in this work.

In the simulation with two anthocyanins (B), the formation of stable assembly
involving both mv3cumglc molecules that are perfectly aligned between themselves by
their large planar surfaces was observed after 16.8 ns (see Figure V.8-B). The later
structural arrangement was maintained throughout the remaining 33.2 ns of simulation,

revealing its higher stability.

This interaction occurs mainly by dispersive contacts (direct n— = stacking and van
der Waals interactions) because the AC and B nucleus provides a huge roughly planar
polarizable surface that is strategically available to interact with the hydrophobic AC
and B planes of the other polyphenol. Further, the binding driving force could also be
strengthened by H-bonds involving the numerous hydroxyl groups from these
polyphenols. The small proximity between these planes allows the establishment of
optimized n stacking interactions that contribute to the higher stability of the global
complex. With this interaction there is a concomitant high-energy release of water
molecules from the solvation shells (hydrophobic effect). Similarly, to the simulation
with only one mv3cumglc molecule, it was also observed that each anthocyanin
molecule adopt a folded structure, in which the catechol group establishes hydrophobic
and hydrophilic interactions with the other AC and B planes of the respective molecule.

Furthermore, Figure V.8 depicts some distances established between the non-polar
hydrogen atoms of the same or different anthocyanin molecules as it was observed by
NOESY experiments. Small distances (approximately 2 A) was established between
protons of the anthocyanidin moiety and protons from the aromatic acyl residue like
OMe proton and proton H3™5™ and between Hao and H2’,6’. Similarly, distances of 2.2
and 2.8 A could be observed between protons belonging to different anthocyanin
moieties like H4/H2’,6’ and H4/OMe, respectively.

The exemplified distances confirm the existence of intra-molecular and inter-
molecular interactions (evidenced in the NMR experiments) between these molecules
in solution. In particular, their short distance reinforces the strong binding between the

two different mv3cumglc molecules within the stable complex.
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Figure V.8. lllustration of representative geometries of one and two molecules of mv3cumglc in an aqueous solution
along each MD simulation. Some intra-molecular (A) and inter-molecular (B) interactions were also identified. The
mv3cumglc molecules are depicted with sticks and are colored by atom type or gray.

V.4. Conclusions

In summary NMR spectroscopy (*H, NOESY and DOSY) has been applied in this
work to study the intra- and inter-molecular association processes in malvidin-3-O-
cumaroylglucoside and malvidin-3-O-glucoside. Two processes of interaction seem to
occur in acylated anthocyanins: formation of intra-molecular complexes that involves
both the double bond and the coumaric acid aromatic ring and inter-molecular
interaction resulting in the formation of larger aggregates. Acyl substituents seem to
favor the flavylium cation aggregation with this compound showing a higher affinity to
self-associate. This higher tendency to aggregate could also be reflected in the cac
value, which occurred at lower concentration. The computational data support and
clarify the structure of the intra and inter-molecular complexes formed.

The results obtained in this work provide important information regarding
anthocyanin color stabilization a major issue for the development of natural

components for food industry.
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Interest in anthocyanins has increased substantially over the past decades, and it is
expected to continue to increase. From the standpoint of consumers, there is an
increased awareness and interest about the potential impact of anthocyanins on food
and health, and with this, an increasing demand for natural ingredients in contrast to
the use of synthetic and/ or artificial ingredients in foods. This, in turn is stimulating the
food industry toward the incorporation of more natural ingredients into foods, including
the use of anthocyanin-based colorants as an alternative to the use of synthetic dyes.
However, the use of anthocyanin-based colorants presents a number of challenges,
including stability to processing and storage, compatibility with the matrix, their ability to
produce the desired color as well as the fact that they may interact with other food
components (12). In the last years, a lot of effort has been made towards the
development of anthocyanins stabilization mechanisms. However, owing to the
diversity complexity and variability of anthocyanins chemical structure, this is an area

that is in continuous development.

Bearing this, the main goals of this project was to gain knowledge regarding the
interaction between anthocyanins and some food carbohydrates namely cyclodextrins
and pectin. The results obtained in this work provide important information regarding
anthocyanin color stabilization a major issue for the development of natural
components for food industry. This study also allowed to verify that the selected
carbohydrates can influence the chemistry of anthocyanin, affecting not only the
network of chemical reaction but also anthocyanins stability. Larger polymers, like

pectin, seem also to play an important role on anthocyanins extraction.

Although anthocyanins thermal stability increased due to the interaction with B-
cyclodextrins, molecular inclusion also induced a clear change in the color of the
anthocyanin solution causing a strong decrease in the anthocyanin visible absorption
band (anti-copigmentation effect). The presence of this macrocycle produced an
alteration on anthocyanins equilibrium and kinetic constants namely on the hydration
constant. In fact, in the presence of B-CD the pigment hydration equilibrium was shifted
towards the formation of more colorless forms through the flavylium cation which result

in the loss of color.

Based on these results and also through NMR studies (DOSY and ROESY) and
theoretical studies it was possible to establish the equilibrium form interacting

preferentially with B-CD. The observed chemical shift displacements of protons
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belonging to the hemiketal, together with the diffusion coeficients measurements and
the NOE studies have anticipated the formation of an inclusion complex between the
hemiketal equilibrium form and B-CD. The anthocyanin hemiketal equilibrium specie
formed a 1:1 inclusion complex with B-cyclodextrin in which the pyranic C ring was
deeply included inside the 3-CD cavity while B ring lies on the plan of the wider rim of

B-CD. The sugar unit was left outside the cavity.

One of the main conclusions to be highlighted is the possible occurrence of
interactions between anthocyanins and carbohydrates present plant cell walls. With the
disruption of plant tissues an interaction between the constituents of cell walls and of
the vacuoles may occur. In this work, for the first time we report a methodology of STD-
NMR to the study of the binding between anthocyanins and polymeric carbohydrates
(low methoxylated pectins). This methodology allowed the measurement of weak
interactions occurring between anthocyanins and this polysaccharide and the
determination of the affinity between different anthocyanin equilibrium forms and
pectin. This interaction was probably driven by hydrogen bonding and hydrophobic
interactions and a variation in the extent of the interaction between the flavylium cation
and the hemiketal equilibrium form was noticed with the charged specie revealing a
stronger interaction with pectin. Structural aspects of anthocyanin molecule seem also
to affect the binding between these two components with anthocyanins bearing a
pyrogallol group revealing to be a stronger binder to pectin (compared to anthocyanins

with a catechol group).

The occurrence of two stabilizing mechanisms, namely intra-molecular and inter-
molecular co-pigmentation was found to occur on anthocyanins. Acyl substituents
seem to favor the flavylium cation aggregation and acylated anthocyanin was found to
self-associate with a higher affinity constant compared to the non-acylated anthocyanin
resulting in the formation of larger aggregates. This higher tendency to aggregate could

also be reflected in the cac value, which occurred at lower concentration.

The results present herein contribute to a better knowledge regarding the chemistry
of anthocyanins, particularly important for the interaction between these natural
pigments and carbohydrates usually used in the food, cosmetic and pharmaceutical
industries. This project addresses a current thematic and although the relevance of the

results obtained in this work and the progress made in recent years, this reflects only
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the starting point for the study of anthocyanin-carbohydrate interaction from a

fundamental and structural point of view.

Future work should address the understanding of the impact of these associations in
anthocyanin’s color and chemical stability. Besides this, anthocyanin-carbohydrate
interaction is a very important issue regarding anthocyanin’s extraction from plant
material during plant processing to obtain colorants and drinks (wine, fruit juices). Also,
depending on the tendency to interact with selected polysaccharides, changes in
anthocyanin’s bioavailability and hence on their biological properties should be
expected.

Experimental approach should be related with some anthocyanin and carbohydrate
structural features and how these features affect this interaction. Future work should
also be related with the presence of different substrates (e.g. procyanidins, proteins,
metal ions) and medium conditions (e.g. pH, temperature, ionic strength) and how
these aspects may affect the specificity of the binding between different
polysaccharides and anthocyanins.
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