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Résumeé

Cette these s’inscrit dans le cadre d’une cotutelle entre Centrale Lille et I’Université de
Regensburg. Les différentes problématiques soulevées dans ce travail portent sur la
compréhension et 1’utilisation de phénoménes de solubilisation en phase aqueuse, €n
particulier relevant de concepts d’hydrotropie, avec le double objectif de rationnaliser a la
fois la recherche de nouveaux agents hydrotropiques et les comportements de solubilisation
de composés polyphénoliques, notamment en vue d’applications en pharmaceutique,
agroalimentaire ou encore en cosmétique. En effet, de nombreux composés naturels restent
encore limités dans leur utilisation, ou bien leur exploitation de par leur faible solubilité
aqueuse. Dans le domaine pharmaceutique, cette problématique conduit a employer un
panel de technologies de vectorisation d’actif (« drug delivery »), non sans contraintes. Il
en va de méme pour ’industrie agro-alimentaire ou cosmétique. L’augmentation de la
faible solubilité aqueuse de molécules naturelles est de plus particulierement pertinente
dans le contexte de la chimie verte et de la réduction de I’emploi de solvants organiques et
de procédés énergivores. Celle-ci peut ainsi trouver des applications trés concréetes
¢galement dans le domaine de I’extraction de composes naturels.

Un systéme spécifique a d’abord été étudié en profondeur, il s’agit de la solubilisation
de la quercétine en phase aqueuse par 1’aminocarbohydrate méglumine en fonction du pH.
En effet la quercétine est un polyphénol célebre pour ses propriétés antioxydantes
puissantes ainsi que de nombreuses activités biologiques avérées, comme son role dans la
réduction de risque de maladies cardiovasculaires (coronary heart diseases, CHD), ou
suspectées, e.g. sa possible action anticancéreuse. On retrouve ce composé ainsi que de
nombreux polyphénols dans le régime alimentaire humain au travers de la consommation
de fruits, Iégumes et autres produits issus de végétaux tels que le thé, le vin ou la biére. La
quercétine en particulier est présente en grande quantité dans 1’oignon rouge. Cependant,
sa métabolisation par I’organisme est grandement limitée par sa tres faible solubilité
aqueuse, due a un fort w-stacking (phénomene de cohésion intermoléculaire des systemes
7 de composés aromatiques) et & la formation de nombreuses liaisons hydrogene (HB)
intermoléculaires qui conférent une grande stabilité a la forme crystalline de la quercétine,
et donc une dissolution limitée. A [D’instar des autres composés polyphénoliques,
I’augmentation du pH provoque la déprotonation successive de ses groupes hydroxyles, ce
qui charge négativement la quercétine et accroit son affinité pour les solvants polaires
comme I’eau, augmentant ainsi sa solubilité. Cependant, la quercétine étant un antioxydant
puissant, elle est particuliérement sensible a 1’oxydation, qui est accentuée par la
déprotonation de ses groupes hydroxyles, ce qui mene a la dégradation de la structure de la
quercétine par ouverture de son cycle central, et in fine a la formation de produits
d’oxydation plus petits. De plus, méme si ces composés présentent aussi pour la plupart des
propriétés antioxydantes, il est intéressant de conserver la quercétine dans son état natif
jusqu’au moment ou son activité biologique est requise, ou pour concevoir des méthodes
d’extraction.
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Figure 0.1. Structures chimiques de la quercétine (gauche) et de la méglumine (droite).

Dans cette optique, le premier chapitre de cette thése s’intéresse au pouvoir solubilisant de
la N-méthyl-D-glucamine, connue sous le nom de méglumine, une osamine dérivée du
sorbitol, traditionnellement utilisée pour le traitement de la Leishmaniose ou sous forme de
complexe d’antimoine servant d’agent de contraste pour l’imagerie médicale. Son
utilisation sous forme d’additif pour augmenter la solubilité aqueuse de composés
pharmaceutiques a nouvellement été reporté pour quelques composés, sans toutefois faire
ressortir un mécanisme de solubilisation clair.

Dans ce chapitre, I’influence de la concentration de méglumine sur la solubilité¢ dans 1’eau
de la quercétine sur une large gamme de pH est mesurée par spectroscopie UV-Visible.
L’effet solubilisant de la méglumine apparait nettement a partir de pH 8 et va croissant avec
I’augmentation du pH. Une étude par RMN 'H est menée pour mieux comprendre le
mécanisme de solubilisation. Le shift des différents signaux de la méglumine en fonction
du ratio méglumine-quercétine est suivi pour identifier quelles fonctions de la molécule
interagissent avec le polyphénol. Il s’aveére que la méglumine interagit électrostatiquement
avec la forme déprotonée de la quercétine pour former un sel, probablement de ratio molaire
(2:1) ou (2:1). Les nombreux groupes hydroxyles de la méglumine aident de plus a la
solvatation du complexe par liaisons hydrogénes avec les molécules d’eau. Cet apport de
méglumine hydratée proche de la quercétine provoque probablement un affaiblissement du
n-stacking de cette derniere. De plus, la géométrie plane de la forme native de la quercétine,
qui est aussi une des raisons expliquant sa grande propension au z-stacking, est modifiée
par sa déprotonation, ce qui amoindrit encore la cohésion du n-stacking. Ce phénomeéne est
vraisemblablement di a 1’équilibre céto-énolique de la quercétine qui est déplacé dans le
sens de la cétone non-plane lors de la déprotonation.

L’objectif de cette solubilisation étant de conserver, au moins pour un temps, la quercétine
dans son état natif, le degré d’oxydation de cette derni¢re en fonction des différents
parameétres a été quantifieé par HPLC, RMN et titration de H2Ox. 1l en ressort qu’autour de
pH 8, la quercétine est déja 6 a 7 fois plus soluble en présence de 250 mM de méglumine
par rapport a I’eau pure au méme pH, et ne se dégrade que d’environ 30 % en 2 heures. Ce
compromis est intéressant car il laisse suffisamment de temps pour concevoir des
protocoles ou la solubilisation de la quercétine est nécessaire sur une courte période,
comme par exemple une extraction en phase aqueuse.

Enfin, comme précédemment énoncé, 1’effet solubilisant da a la présence de la méglumine
ne s’observe réellement qu’a partir de pH 8, ce qui laisse penser que la premiére (ou les
deux premicres) déprotonation de la quercétine ne survient qu’aux alentours de cette valeur
de pH. Toutefolis, il est extrémement compliqué d’obtenir expérimentalement des valeurs
précises pour les cing potentielles constantes de déprotonation (pKas) de la quercétine en
raison de sa propension a se dégrader a cause de 1’oxydation. Il n’existe donc pas de
consensus actuel dans la littérature scientifique, ni sur les valeurs de ces pKas, ni méme sur
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I’ordre dans lequel les groupes hydroxyles de la quercétine se déprotonent avec
I’augmentation du pH. Pour confirmer 1’hypothése de la nécessit¢é d’au moins une
déprotonation pour déclencher I’effet solubilisant de la méglumine, et pour parer a
I’oxydation, une meéthode computationnelle a été développée grace au logiciel de
modélisation COSMO-RS. Ce logiciel est capable de prédire une valeur de pKa pour un
couple acide-base donné. La détermination de 1’ordre de déprotonation des groupes
hydroxyles de la quercétine a donc consisté a modéliser toutes les formes ioniques
théoriques de la quercétine et a calculer les pKas pour chaque paire de formes déprotonée
N et N+1 fois, et a sélectionner pour chaque niveau les pKas les plus faibles, donc les
déprotonations les plus énergétiquement favorisées. L.’ordre de déprotonation ainsi obtenue
est en accord avec plusieurs études de la littérature, et apporte des précisions quant au
mécanisme de solubilisation par la méglumine a pH 8. Ainsi, le calcul des pKas associés a
ces déprotonations par le logiciel COSMO-RS, bien que peu précis, tend a confirmer
I’hypothése de la double déprotonation de la quercétine (donc doublement négativement
chargée) a pH 8. Enfin, les deux premiers groupes hydroxyles a se déprotoner sont situés
de chaque coté de la quercétine, ce qui permet a deux molécules de méglumine d’interagir
avec une molécule de quercetin sans géne stérique. Ces travaux ont fait 1’objet d’une
publication dans Journal of Molecular Liquids en 2022 (voir I’annexe A.8).

Le deuxiéme chapitre rapporte une application concrete de la capacité de la méglumine
a solubiliser raisonnablement la quercétine en milieu modérément basique. En effet, il
présente 1’encapsulation de la quercétine dans des liposomes directement depuis une
solution aqueuse de méglumine a pH environ 9. Les liposomes sont des auto-assemblages
sphériques de composés lipidiques amphiphiles, formant une double couche, hydrophile a
I’extérieur et hydrophobe en son sein. Les liposomes sont donc capables d’encapsuler
autant des composés hydrophiles dans leur cceur, que des composés hydrophobes a
I’intérieur de leur double couche.

Pour encapsuler la quercétine, une méthode classique dite de « film mince » (Thin-Film
Method) est ici adaptée en s’inspirant d’un autre procédé d’encapsulation liposomale dite
de « saut de pH » (pH-jump ou pH-driven Method) qui consiste a augmenter la solubilité
dans I’eau de composés phénoliques en augmentant le pH, puis a les forcer a migrer dans
la double couche hydrophobe des liposomes formés simultanément, en abaissant de
nouveau le pH. Cette méthode présente I’immense avantage de n’utiliser aucun solvant
organique au cours de D’encapsulation des composés hydrophobes, ce qui est
particulierement pertinent au regard des problématiques actuelles de chimie verte.
Toutefois, de nombreuses molécules naturelles, comme la quercétine, ne supportent pas
I’augmentation du pH a des valeurs allant jusqu’a 12, et se dégradent bien trop vite pour
étre effectivement encapsulées dans les liposomes. La méthode de « film mince » est un
procédé standard de synthese de liposomes qui consiste a dissoudre les composés lipidiques
dans un mélange de solvants organiques puis de faire évaporer progressivement celui-ci
par évaporateur rotatif, ce qui a pour conséquence de former un mince film de lipides sur
la paroi du ballon par effet hydrophobe. Enfin, 1’ajout de la solution d’encapsulation
(classiguement aussi en phase organique, ici en solution aqueuse) permet de redissoudre la
double couche lipidique qui forme spontanément des assemblages sphériques. Cette
méthode a été choisie car méme si elle requiert un minimum de solvants organiques pour
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la formation du film initial, elle est peu énergivore et permet 1’utilisation de lipides
classiques pour les synthéses de liposomes, ce qui est pratique pour déterminer I’influence
de nouveaux paramétres. De plus, la méthode de saut de pH permet d’augmenter la
solubilité¢ aqueuse de composés phénoliques a encapsuler, mais I’augmentation de pH n’a
pas d’influence significative sur la solubilité des lipides classiquement employés, d’ou la
nécessité d’utiliser des composés plus hydrophiles, comme des caséinates de sodium ou
des saponines. Quelques précautions expérimentales, notamment I’utilisation de flacons en
verre brun et le dégazage des solutions avec de 1’azote, ont en outre été prises pour
minimiser I’oxydation de la quercétine pendant le procédé.

La couleur jaune pale des liposomes est visible a I’ceil nue a la fin de la synthése, ce qui
donne un premier indice sur la présence de quercétine encapsulée. Pour la détection et la
quantification de celle-ci, plusieurs méthodes sont utilisées. De plus, les échantillons sont
préalablement lysés, c’est-a-dire que les liposomes sont détruits par ultrasons ou bien par
dilution dans un solvant organique, pour permettre de déterminer la présence et la quantité
de quercétine a I’intérieur. La spectroscopie UV-Visible directe s’avére ne pas étre
suffisante pour détecter sans ambiguité la quercétine dans les échantillons de liposomes.
L’encapsulation de la quercétine dans les liposomes est donc confirmée par une méthode
électrochimique (Voltampérométrie Différentielle a Impulsions, DPV) qui repose sur
I’oxydation controlée de la quercétine. Cependant, la structure chimique trés proche de
certains produits d’oxydation de la quercétine, tel que 1’acide protocatéchuique, ne permet
probablement pas a cette méthode de détecter de fagon discriminante la quercétine native.
Pour confirmer la présence de quercétine native, une méthode de mesure quantitative par
Chromatographie Liquide & Haute Performance (HPLC) est utilisée. Une courbe de
calibration de la concentration de quercétine dans le méthanol pur en fonction de
I’absorbance est réalisée par HPLC. Les liposomes sont ensuite lysés par dilution dans le
méthanol et par un bref passage dans un bain a ultrasons et la quantité de quercétine non-
oxydée peut alors étre estimée. En outre, la caractérisation des propriétés des liposomes
obtenues, telles que le diamétre moyen, la distribution en taille, la teneur moyenne en
lipides ou encore la charge de surface (potentiel {) révelent que la présence de méglumine
n’a pas d’influence significative sur la méthode de synthese choisie, ce qui montre que des
procédés classiques peuvent étre facilement adaptés pour exploiter 1’effet solubilisant de la
méglumine.

Ce chapitre montre ainsi, comme preuve de concept, la possibilité de I’utilisation de la
méglumine pour 1’encapsulation de la quercétine dans des liposomes depuis une solution
aqueuse, a pH modérément basique.

Dans le chapitre III, 1’étude de la solubilité¢ des composés polyphénoliques a été élargie
a un set de six composés, comprenant deux flavonols structurellement proches, la
quercétine et le morin, la flavanone naringénine, ainsi que le stilbéne trans-resvératrol et
les chalconoides phlorétine et xanthohumol. L’objectif de ce chapitre est double : d’une
part, mieux cerner les différentes causes de la faible solubilité aqueuse des polyphénols en
relation avec leur structure chimique, et d’autre part rationnaliser I’effet solubilisant
d’agents hydrotropiques sur des polyphénols précis en fonction de leur structure, pour
donner également un nouvel axe de recherche de composés hydrotropiques.



OH O
Quercétine Naringénine
>~ o0
OH
HO OH OH =
T ey (LT
O HO OH OH
OH O
OH |
Phlorétine trans-Resvératrol Xanthohumol
0
i ©\/\/
O Triacétine © Cinnamaldéhyde

Figure 0.2. Structures chimiques des polyphénols et des solvants étudiés.

Pour ce faire, la solubilit¢ des polyphénols sélectionnés est d’abord évaluée dans des
mélanges binaires éthanol/triacétine et éthanol/cinnamaldéhyde, par spectroscopie UV-
Visible. Ensuite, le logiciel de modélisation COSMO-RS est de nouveau utilisé, cette fois
pour calculer les potentiels chimiques de solvatation psoiv des différents polyphénols dans
les mélanges de solvants, afin de prédire les solubilités relatives de ceux-ci, les éventuelles
synergies de solubilisation entre les solvants en fonction des composés, et pour mieux
comprendre les différents phénomenes de solubilisation observés. La répartition de la
densité de charge de surface calculée par COSMO-RS (o-profiles et o-surfaces) est aussi
utilisée pour expliquer les résultats obtenus par spectroscopie UV-Visible en fonction de la
concentration en un solvant donné.

Par la suite, des composés hydrotropiques conventionnels et potentiels tirés de la littérature
pharmaceutique sont comparés en fonction de leur capacité a agir en tant qu’hydrotropes
pour les flavonoides étudiés, en particulier la quercétine, c’est-a-dire a présenter un effet
solubilisant exponentiel en fonction de la concentration jusqu’a une valeur plateau. Les
additifs testés sont soit des hydrotropes reconnus comme le salicylate de sodium, le
nicotinamide, la N,N-diméthylbenzamide (DMBA), la N,N-diéthylInicotinamide (DENA) et
le pyrogallol, ou bien des composés dont des propriétés hydrotropiques ou solubilisantes
ont été reportées dans la littérature, sans qu’ils ne soient reconnus sans ambigiiité comme
hydrotropes au regard des définitions actuelles. Ces composés sont par exemple ’acide
pyroglutamique (PCA), la thymine, le tryptophane ou encore le phloroglucinol.
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Figure 0.3. Structures chimiques des hydrotropes et potentiels agents hydrotropiques étudiés.

En particulier, le cas du phloroglucinol et du pyrogallol, deux trihydroxybenzénes qui
différent par la position de leurs trois groupes hydroxyles est étudié pour la solubilisation
de la quercétine, du morin et de la naringénine. Les groupes hydroxyles du pyrogallol sont
tous adjacents, ce qui le rend trés soluble dans 1’eau, et il est reconnu comme hydrotrope
dans la littérature. Le phloroglucinol au contraire ne possede aucun groupe hydroxyle
adjacent & un autre, ce qui rend sa structure symétrique dans le plan du cycle aromatique et
limite fortement sa solubilité aqueuse. Cependant, méme a faible concentration le
phloroglucinol semble capable d’augmenter la solubilit¢ des flavonoides étudiés, en
particulier le morin. De plus, dans la gamme de concentration ou il est comparable au
pyrogallol, c’est-a-dire quand les deux sont solubles, le phloroglucinol semble méme
légerement plus efficace pour solubiliser la quercétine. L’effet solubilisant des deux
trihydroxybenzenes provient vraisemblablement de leur capacité a affaiblir le n-stacking
des polyphénols, ou plus exactement a promouvoir un n-stacking préférentiel entre les
polyphénols et eux plutdt que simplement entre polyphénols. La nature moins encombrée
de ces complexes par rapport aux empilements de quercétine ou de morin explique leur
plus grande solubilité¢ aqueuse. De plus, la géométrie du morin, qui a ’inverse de la
quercétine n’est pas parfaitement plane en raison d’une possible liaison hydrogene
intramoléculaire, explique vraisemblablement le m-stacking moins intense et donc sa
meilleure solubilité en présence de phloroglucinol. Cependant les meilleurs résultats du
phloroglucinol par rapport au pyrogallol dans le cas de la solubilisation de la quercétine
sont plus difficiles a expliquer. L’hypothése avancee est la meilleure « compatibilité » entre
la quercétine et le phloroglucinol en raison de la structure symétrique de celui-ci, qui
pourrait promouvoir plus efficacement un z-stacking préférentiel que dans le cas du trés
solvaté pyrogallol.

Enfin, pour évaluer I’effet solubilisant potentiel du phloroglucinol a plus grande
concentration, sa solubilit¢ aqueuse a ¢été boostée en s’inspirant de la méthode
d’hydrotropie facilitée, c¢’est-a-dire en ajoutant au systeme soit un cosolvant (dans ce cas
I’éthanol), soit un deuxiéme hydrotrope. En effet, le systéme offrant la plus grande
solubilité de la quercétine est la combinaison du phloroglucinol et du pyrogallol, jusqu’a
une concentration d’environ 20 % en pyrogallol. Le cas du phloroglucinol est de plus
intéressant car c’est un des produits d’oxydation principaux de nombreux polyphénols, en
particulier la quercétine. L’augmentation de la solubilité de cette derni¢re au cours de sa
dégradation oxydative pourrait ainsi en partie étre due a I’interaction de la quercétine native
avec ses propres produits d’oxydation a I’instar de ce qui est observé avec le phloroglucinol.
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Ce chapitre tente ainsi de rationnaliser d’une part la solubilisation des polyphénols en
fonction de leur structure chimique en identifiant dans quelle mesure celle-ci est influencée
par exemple par 1’hydrophobie d’un solvant ou sa capacité a étre donneur de liaisons
hydrogéne, ou si elle nécessite I’emploi d’un agent anti-stacking. D’autre part, cette étude
tente de rationnaliser la recherche de composes présentant des propriétés hydrotropiques
mais n’étant pas considérés comme des hydrotropes a cause de leur trop faible solubilité
aqueuse. Ceux-ci peuvent ainsi s’avérer intéressants si leur solubilité est dopée par des
techniques d’hydrotropie facilitée.

Le dernier chapitre de ce travail de thése s’intéresse a la possibilité d’utiliser la
méglumine ainsi que certains dérivés de la guanidine, dont la metformine (1,1-
diméthylbiguanide) en association avec des acides gras linéaires. Le cation guanidinium,
qui forme la base de la structure des guanides et guanidines, est un cation tres particulier
du fait de sa géométrie et de la répartition de sa charge, et il joue un réle prépondérant dans
la faculté des polypeptides d’arginine (un acide aminé possédant une fonction guanidine) a
pénétrer les membranes cellulaires, malgré une répulsion électrostatique en apparence
forte. Ce phénomeéne est d’ailleurs nommé « arginine magic » et n’a été que récemment
¢lucidé. La metformine est quant a elle 1’agent antidiabétique (pour le diabéte de type 2)
non basé sur la sécrétion d’insuline le plus prescrit dans le monde. Cependant, la
metformine est trés hydrophile, et contrairement a 1’arginine, est peu perméable au niveau
des différentes barrieres biologiques, ce qui la rend faiblement biodisponible et requiert
I’utilisation de fortes doses. D’autres part, les acides gras, en plus de rentrer dans la
composition de la membrane cellulaire, trouvent de nombreuses applications en détergence
et en cosmétique ou leur intérét est récemment renouvelé, malgré une faible solubilité
aqueuse pour les longues chaines carbonées.

NH NH NH NH
L < A < A AL

HoN" “NH, N™ NH; 'T‘ N NH

Guanidine 1-méthylguanidine 1,1-diméthylbiguanide

(metformine)

Figure 0.4. Structures chimiques des dérivés de guanidine utilisés.

L’objectif de ce chapitre est de montrer la possibilité d’associer les acides gras linéaires a
des composés aminés hydrophiles pour augmenter la solubilité aqueuse des premiers ainsi
que le caractére amphiphile des seconds. Pour ce faire, deux protocoles sont utilisés pour
synthétiser ces « savons », I’un in situ directement en phase aqueuse et I’autre ex situ en les
faisant précipiter depuis un mélange de solvants organiques. Les amphiphiles ainsi obtenus
sont caractérisés par des méthodes classiques du domaine des tensioactifs, a savoir la
tension de surface et la concentration micellaire critique (CMC), la température (ou point)
de Krafft, c’est-a-dire la température a laquelle le savon devient soluble en phase aqueuse,
la solubilisation micellaire de composés d’intérét, telle que la curcumine ou encore une fois
la quercétine, ou encore la formation et la stabilisation d’émulsions.

La reduction du point de Krafft en particulier est un aspect majeur de la recherche de
nouveaux contre-ions pour les acides gras. En effet, les savons dits « classiques », c¢’est-a-
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dire de sodium et de potassium, ont des points Krafft trés élevés, déja de 45 et 30°C,
respectivement, pour des chaines de 14 carbones, ce qui ne permet pas leur utilisation a
température ambiante. Les quatre dérivés principaux testés, a savoir la méglumine, la
metformine, la guanidine et la méthylguanidine, présentent tous des points de Krafft entre
0 et 7°C en Cyo, et la méglumine posséde une température de Krafft inférieur a 20°C en
Cia.

De plus, 'utilisation de la méglumine et de la metformine en association avec 1’acide
laurique (Cy12) s’avére prometteuse dans la solubilisation micellaire de quercétine et de
curcumine. Enfin, la caractérisation précise d’émulsions obtenues par deux protocoles avec
des savons de méglumine de différentes longueurs de chaines et différentes phases
apolaires tend a montrer la bonne association entre les acides gras et la méglumine. Une
étude plus approfondie des comportements de phases de ces composés, notamment par
microscopie et calorimétrie différentielle a balayage (DSC), ainsi que I’étude de I’influence
précise du ratio molaire du contre-ion par rapport a 1’acide gras, serait particuliérement
pertinente pour compléter cette étude.
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Abstract

This thesis is part of a joint PhD project between Centrale Lille and the University of
Regensburg. The various issues raised in this work concern the understanding and use of
solubilization phenomena in aqueous phase, in particular those relating to hydrotropy
concepts, with the dual aim of rationalizing both the search for new hydrotropic agents and
the solubilization behavior of polyphenolic compounds, particularly with a view to
applications in pharmaceuticals, agri-food or cosmetics. Indeed, many natural compounds
are still limited in their use or exploitation by their low aqueous solubility. In the
pharmaceutical field, this issue has led to the use of a range of drug delivery technologies,
not without constraints. The same applies to the food and cosmetics industries. Increasing
the low aqueous solubility of natural molecules is particularly relevant in the context of
green chemistry and the reduction in the use of organic solvents and energy-intensive
processes. It also has very practical applications in the extraction of natural compounds.

Firstly, a specific system was studied in depth: the pH-dependent solubilization of
quercetin in the aqueous phase by the aminocarbohydrate meglumine. Indeed, quercetin is
a polyphenol renowned for its powerful antioxidant properties, as well as numerous
biological activities, either recognized, such as its role in reducing the risk of coronary heart
disease (CHD), or suspected, e.qg. its possible anticancer action. This compound, along with
many other polyphenols, is found in the human diet through the consumption of fruit,
vegetables and other plant-based products such as tea, wine and beer. Quercetin in
particular is found in large quantities in red onions. However, its metabolism by the body
is greatly limited by its very low aqueous solubility, due to strong =-stacking (the
phenomenon of intermolecular cohesion of the © systems of aromatic compounds) and the
formation of numerous intermolecular hydrogen bonds (HB), which confer great stability
on the crystalline form of quercetin, and therefore limited dissolution. As with other
polyphenolic compounds, increasing pH causes successive deprotonation of its hydroxyl
groups, negatively charging quercetin and increasing its affinity for polar solvents such as
water, thus increasing its solubility. However, as quercetin is a powerful antioxidant, it is
particularly sensitive to oxidation, which is accentuated by deprotonation of its hydroxyl
groups, leading to degradation of the quercetin structure by cleavage of its central ring, and
ultimately to the formation of smaller oxidation products. Moreover, even though most of
these compounds also have antioxidant properties, it is interesting to preserve quercetin in
its native state until its biological activity is required, or to design extraction methods.

OH O

Figure 0'.1. Chemical structures of quercetin (left) and meglumine (right).

To this end, the first chapter of this thesis focuses on the solubilizing power of N-methyl-
D-glucamine, known as meglumine, an amino sugar derived from sorbitol, traditionally
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used for the treatment of Leishmaniasis or as an antimony complex serving as a contrast
agent for medical imagery. Its use as an additive to increase the aqueous solubility of
pharmaceutical compounds has recently been reported for a few compounds, without
however highlighting a clear solubilization mechanism.

In this chapter, the influence of meglumine concentration on the water solubility of
quercetin over a wide pH range is measured by UV-Visible spectroscopy. The solubilizing
effect of meglumine appears clearly from pH 8 and grows with increasing pH. A *H NMR
study is carried out to better understand the solubilization mechanism. The shift of the
different meglumine signals as a function of the meglumine-quercetin ratio is monitored to
identify which functions of the molecule interact with the polyphenol. It turns out that
meglumine interacts electrostatically with the deprotonated form of quercetin to form a salt,
probably with a molar ratio of (1:1) or (2:1). Meglumine's numerous hydroxyl groups also
help solvating the complex via hydrogen bonds with water molecules. This addition of
hydrated meglumine close to quercetin probably weakens the latter's m-stacking. In
addition, the flat geometry of quercetin's native form, which is also one of the reasons for
its high tendency to m-stacking, is modified by its deprotonation, further weakening =-
stacking cohesion. This phenomenon is probably due to the keto-enolic equilibrium of
quercetin, which is shifted in the direction of the non-planar ketone upon deprotonation.

The aim of this solubilization being to preserve quercetin in its native state, at least for a
time, the degree of oxidation of the latter as a function of the various parameters was
quantified by HPLC, NMR and HO titration. At around pH 8, quercetin is already 6 to 7
times more soluble in the presence of 250 mM meglumine than in pure water at the same
pH, and degrades by only around 30 % in 2 hours. This is an interesting compromise, as it
leaves sufficient time to design protocols where quercetin solubilization is required over a
short period, such as agueous phase extraction.

Finally, as previously stated, the solubilizing effect due to the presence of meglumine is
only really observed from pH 8 onwards, suggesting that the first (or first two)
deprotonation of quercetin only occurs around this pH value. However, it is extremely
complicated to experimentally obtain precise values for the five potential deprotonation
constants (pKas) of quercetin due to its inclination to degrade through oxidation. There is
therefore no current consensus in the scientific literature, either on the values of these pKas,
or even on the order in which quercetin's hydroxyl groups deprotonate with increasing pH.
To confirm the hypothesis of the need for at least one deprotonation to trigger the
solubilizing effect of meglumine, and to overcome oxidation, a computational method was
developed using the COSMO-RS modeling software. This software is capable of predicting
a pKa value for a given acid-base couple. Determining the order of deprotonation of
quercetin hydroxyl groups therefore involved modeling all the theoretical ionic forms of
quercetin and calculating the pKas for each pair of forms deprotonated N and N+1 time,
and selecting for each level the lowest pKas, hence the most energetically favored
deprotonations. The order of deprotonation thus obtained is in agreement with several
studies in the literature, and provides clarification of the mechanism of solubilization by
meglumine at pH 8. Thus, the calculation of the pKas associated with these deprotonations
by the COSMO-RS software, although not very precise, tends to confirm the hypothesis of
the double deprotonation of quercetin (thus twice negatively charged) at pH 8. Finally, the
first two hydroxyl groups to deprotonate are located on each side of quercetin, enabling
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two meglumine molecules to interact with one quercetin molecule without steric hindrance.
This work was published in the Journal of Molecular Liquids in 2022 (see Appendix A.8).

The second chapter reports on a concrete application of meglumine's ability to
reasonably solubilize quercetin in a mildly alkaline environment. Indeed, it presents the
encapsulation of quercetin in liposomes directly from an aqueous meglumine solution at
pH around 9. Liposomes are spherical self-assemblies of amphiphilic lipid compounds,
forming a double layer, hydrophilic on the outside and hydrophobic within. Liposomes are
therefore able to encapsulate both hydrophilic compounds in their core, and hydrophobic
compounds within their double layer.

To encapsulate quercetin, a classic "thin-film method™ is adapted here, taking inspiration
from another liposomal encapsulation process known as the "pH-jump™ or "pH-driven
method", which involves increasing the water-solubility of phenolic compounds by raising
the pH, then forcing them to migrate into the hydrophobic double layer of liposomes
simultaneously formed by lowering the pH again. This method has the major advantage of
using no organic solvents during encapsulation of the hydrophobic compounds, which is
particularly relevant to current green chemistry issues. However, many natural molecules,
such as quercetin, do not tolerate pH increases up to 12, and degrade far too quickly to be
effectively encapsulated in liposomes. The "thin film" method is a standard procedure for
liposome synthesis, in which lipid compounds are dissolved in a mixture of organic
solvents and then progressively evaporated by rotary evaporator, resulting in the formation
of a thin lipid film on the flask wall due to the hydrophobic effect. Finally, the addition of
the encapsulation solution (usually also in organic phase, here in aqueous solution)
dissolves again the lipid double layer, which spontaneously forms spherical assemblies.
This method was chosen because although it requires a minimum of organic solvents for
initial film formation, it is energy-efficient and allows the use of conventional lipids for
liposome synthesis, which is convenient for assessing the influence of new parameters. In
addition, the pH-jump method can be used to increase the aqueous solubility of phenolic
compounds to be encapsulated, but the pH increase has no significant influence on the
solubility of the lipids conventionally used, hence the need to use more hydrophilic
compounds, such as sodium caseinates or saponins. A number of experimental precautions,
including the use of brown glass flasks and flushing of solutions with nitrogen, were also
taken to minimize oxidation of quercetin during the process.

The pale-yellow color of liposomes is visible to the naked eye at the end of synthesis, giving
an initial indication of the presence of encapsulated quercetin. Several methods are then
used to detect and quantify quercetin. In addition, samples are first lysed, i.e. the liposomes
are destroyed by ultrasound or by dilution in an organic solvent, to enable the presence and
quantity of quercetin inside the liposomes to be determined. Direct UV-Visible
spectroscopy has proved insufficient to unambiguously detect quercetin in liposome
samples. The encapsulation of quercetin is therefore confirmed by an electrochemical
method (Differential Pulse Voltammetry, DPV) based on the controlled oxidation of
quercetin. However, the very close chemical structure of certain quercetin oxidation
products, such as protocatechuic acid, means that this method is unlikely to detect native
quercetin in a discriminating manner. To confirm the presence of native quercetin, a
guantitative measurement method using High-Performance Liquid Chromatography
(HPLC) is used. A calibration curve of quercetin concentration in pure methanol versus
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absorbance is performed by HPLC. The liposomes are then lysed by dilution in methanol
and a brief passage through an ultrasonic bath, and the amount of non-oxidized quercetin
can then be estimated. Characterization of liposome properties such as mean diameter, size
distribution, mean lipid content and surface charge ({-potential) reveals that the presence
of meglumine has no significant influence on the chosen synthesis method, showing that
conventional processes can be easily adapted to exploit the solubilizing effect of
meglumine.

As a proof of concept, this chapter shows how meglumine can be used to encapsulate
quercetin in liposomes from an aqueous solution at moderately alkaline pH.

In chapter 111, the study of the solubility of polyphenolic compounds was extended to a
set of six compounds, including two structurally related flavonols, quercetin and morin, the
flavanone naringenin, as well as the stilbene trans-resveratrol and the chalconoids phloretin
and xanthohumol. The aim of this chapter is dual: on the one hand, to better identify the
various causes of the low aqueous solubility of polyphenols in relation to their chemical
structure, and on the other, to rationalize the solubilizing effect of hydrotropic agents on
specific polyphenols in relation to their structure, to also provide a new line of research into
hydrotropic compounds.

OH O OH O
Quercetin Morin Naringenin
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HO OH OH Z
SUUGANLTS (L, ©
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Phloretin trans-Resveratrol Xanthohumol
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\"/O O\n/ Z _0O
O Triacetin © Cinnamaldehyde

Figure 0'.2. Chemical structures of the polyphenols and solvents studied.

To achieve this, the solubility of selected polyphenols is first assessed in binary
ethanol/triacetin and ethanol/cinnamaldehyde mixtures, using UV-Visible spectroscopy.
Next, the COSMO-RS modeling software is again used, this time to calculate the chemical
solvation potentials psolv of the different polyphenols in the solvent mixtures, in order to
predict their relative solubilities, possible solubilization synergies between solvents
depending on the compounds, and to better understand the different solubilization
phenomena observed. The surface charge density distribution calculated by COSMO-RS
(o-profiles and o-surfaces) is also used to explain the results obtained by UV-Visible
spectroscopy as a function of the concentration of a given solvent.
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Subsequently, conventional and potential hydrotropic compounds from the pharmaceutical
literature are compared in terms of their ability to act as hydrotropes for the flavonoids
studied, in particular quercetin, i.e. to exhibit an exponential solubilizing effect as a
function of concentration up to a plateau value. The additives tested are either recognized
hydrotropes such as sodium salicylate, nicotinamide, N,N-dimethylbenzamide (DMBA),
N,N-diethylnicotinamide (DENA) and pyrogallol, or compounds whose hydrotropic or
solubilizing properties have been reported in the literature, without them being
unambiguously recognized as hydrotropes under current definitions. Examples include
pyroglutamic acid (PCA), thymine, tryptophan and phloroglucinol.

OH HO OH H (‘1
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| J U : i

N,N-dimethylbenzamide N,N-diethylnicotinamide

DMBA DENA Thymine Tryptophan

Figure 0'.3. Chemical structures of hydrotropes and potential hydrotropic agents studied.

In particular, the case of phloroglucinol and pyrogallol, two trihydroxybenzenes that differ
in the position of their three hydroxyl groups, is studied for the solubilization of quercetin,
morin and naringenin. Pyrogallol's hydroxyl groups are all adjacent, making it highly
soluble in water, and it is recognized as a hydrotrope in the literature. Phloroglucinol, on
the other hand, has no adjacent hydroxyl groups, making its structure symmetrical in the
plane of the aromatic ring and severely limiting its aqueous solubility. However, even at
low concentrations, phloroglucinol seems capable of increasing the solubility of the
flavonoids studied, particularly morin. Moreover, in the concentration range where it is
comparable to pyrogallol, i.e. when both are soluble, phloroglucinol seems even slightly
more effective at solubilizing quercetin. The solubilizing effect of the two
trihydroxybenzenes probably arises from their ability to weaken the m-stacking of
polyphenols, or more accurately to promote preferential n-stacking between polyphenols
and themselves rather than simply between polyphenols. The less crowded nature of these
complexes compared with quercetin or morin stacks explains their greater aqueous
solubility. Furthermore, the geometry of morin, which unlike quercetin is not perfectly
planar due to possible intramolecular hydrogen bonding, probably explains the less intense
n-stacking and hence its better solubility in the presence of phloroglucinol. However, the
better results of phloroglucinol compared with pyrogallol in the case of quercetin
solubilization are more difficult to explain. The hypothesis put forward is the better
"compatibility” between quercetin and phloroglucinol due to the latter's symmetrical
structure, which could more effectively promote preferential n-stacking than in the case of
the highly solvated pyrogallol.

Finally, to assess the potential solubilizing effect of phloroglucinol at higher
concentrations, its aqueous solubility was boosted following the facilitated hydrotropy
approach, i.e. by adding to the system either a cosolvent (in this case ethanol) or a second
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hydrotrope. Indeed, the system exhibiting the greatest solubility of quercetin is the
combination of phloroglucinol and pyrogallol, up to a concentration of around 20 %
pyrogallol. The case of phloroglucinol is also interesting, as it is one of the main oxidation
products of many polyphenols, in particular quercetin. The increase in quercetin solubility
during oxidative degradation could therefore be partly due to the interaction of native
quercetin with its own oxidation products, as observed with phloroglucinol.

On the one hand, this chapter attempts to rationalize the solubilization of polyphenols
according to their chemical structure, by identifying to what extent this is influenced, for
example, by the hydrophobicity of a solvent or its capacity to be a hydrogen bond donor,
or whether it requires the use of an anti-stacking agent. On the other hand, this study
attempts to rationalize the search for compounds with hydrotropic properties but which are
not considered hydrotropes due to their insufficient aqueous solubility. Such compounds
may prove interesting if their solubility is enhanced by hydrotropic techniques.

The final chapter of this thesis explores the possibility of using meglumine and certain
guanidine derivatives, including metformin (1,1-dimethylbiguanide), in association with
linear fatty acids. The guanidinium cation, which forms the basis of the structure of
guanides and guanidines, is a very special cation in terms of its geometry and charge
distribution, and plays a key role in the ability of arginine (an amino acid with a guanidine
function) polypeptides to penetrate cell membranes, despite an apparently strong
electrostatic repulsion. This phenomenon is known as "arginine magic" and has only
recently been elucidated. Metformin is the most widely prescribed anti-diabetic agent (for
type 2 diabetes) not based on insulin secretion. However, metformin is highly hydrophilic,
and unlike arginine, is not very permeable across the various biological barriers, making it
poorly bioavailable and thus requiring the use of high dosage levels. On the other hand,
fatty acids, in addition to their role in cell membrane composition, have numerous
applications in detergents and cosmetics, where their interest has recently been renewed,
despite the low aqueous solubility of long carbon chains.

NH NH NH NH
BIy NN < AL A
HaN" NH, N" NH; ’T‘ N NH
Guanidine 1-methylguanidine 1,1-dimethylguanide

(metformin)

Figure 0'.4. Chemical structures of the guanidine derivatives used.

The aim of this chapter is to demonstrate the possibility of combining linear fatty acids with
hydrophilic amino compounds to increase the aqueous solubility of the former and the
amphiphilic character of the latter. To this end, two protocols are used to synthesize these
"soaps”, one in situ directly in the aqueous phase and the other ex situ by precipitating them
from a mixture of organic solvents. The amphiphiles thus obtained are characterized by
classic surfactant methods, namely surface tension and critical micellar concentration
(CMCQC), Krafft temperature (or point), i.e. the temperature at which the soap becomes
soluble in aqueous phase, micellar solubilization of compounds of interest, such as
curcumin or once again quercetin, and emulsion formation and stabilization.
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Krafft point reduction in particular is a major aspect of the search for new counterions for
fatty acids. Indeed, the so-called "classic" soaps, i.e. sodium and potassium, have very high
Krafft points, already 45 and 30°C, respectively, for 14-carbon chains, which makes them
unsuitable for use at room temperature. The four main derivatives tested, namely
meglumine, metformin, guanidine and methylguanidine soaps, all have Krafft points
between 0 and 7°C at C12, and the meglumine soap has a Krafft temperature below 20°C
for Cia.

Furthermore, the use of meglumine and metformin in combination with lauric acid (C12)
shows promising results in the micellar solubilization of quercetin and curcumin. Finally,
the precise characterization of emulsions obtained by two protocols with meglumine soaps
of different chain lengths and different apolar phases tends to show the effective association
between fatty acids and meglumine. Further study of the phase behavior of these
compounds, notably by microscopy and Differential Scanning Calorimetry (DSC), as well
as the precise influence of the molar ratio of counterion to fatty acid, would be particularly
relevant to complete this study.
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General introduction

Water is often considered as the universal solvent, not only because of its physical and
chemical properties which enable it to dissolve more compounds than any other solvent,
but also because it is non-toxic, readily available, very inexpensive in industrial processes
and easy to handle. The rise and recognition in recent years of green chemistry as a major
objective of scientific research has also led to a reduction in the use of organic solvents.

Aqueous solubility however, is a major issue for many compounds, particularly in the
food and pharmaceutical industries. Indeed, it is estimated that between 70 and 90 % of
new candidate active pharmaceutical ingredients (APIs) are poorly, if at all, soluble in
water?, which rules out facilitated oral administration, and compels the use of higher drug
doses (with increased side-effect risks) or drug delivery technologies, each with its own
advantages and limitations, but all having in common the addition of extra process steps.

The emergence of dietary supplements as a popular trend, coupled with a drive to reduce
drug doses, is prompting more and more individuals to seek out "nutraceuticals”, products
that straddle the boundary between food and medicine. In this category, polyphenols are
particularly well known by the general public for their antioxidant properties, but in recent
years they have increasingly attracted the attention of researchers for their wide range of
potential biological activities. Indeed, polyphenols represent one of the largest family of
chemical compounds, with several thousand members discovered to date. The major
obstacle to the widespread use of these compounds is their very low aqueous solubility.
However, few studies have focused on the reasons for the low aqueous solubility of
polyphenols in relation to their structure. In fact, unlike for example alkanes, for which the
causes of low aqueous solubility are easily linked to their apolarity, polyphenols have
hydroxyl groups that can form hydrogen bonds with a polar solvent such as water.

In this context, there is a resurgence in the interest in “simple” phenomena such as
hydrotropy to increase the aqueous solubility of compounds of interest. Hydrotropy is a
concept introduced over a century ago by Neuberg to describe the solubilizing potential of
certain aromatic salts that occurs without structuring. It is now better understood and
encompasses a diversity of structurally very different compounds and more or less
independent phenomena. However, the very definition of a hydrotrope remains a matter
debate, as it is not based on a well-defined chemical structure, as is the case for surfactants,
for example. Furthermore, the search for an effective solubilizing agent must be considered
in relation to the structure of the solute. The capacity of a solubilizing agent, such as
conventional hydrotropes (sodium xylene sulfonate, short amphiphiles, etc.), is generally
based on one particular solubilization mechanism, and is therefore unlikely to work
effectively on a multitude of solutes with different structures.

Through the study of a selection of polyphenolic solutes, the work presented in this
thesis aims to identify relations between the hydrotropic action of certain compounds and
the structures of both themselves and the solutes. In addition, the extent to which a
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solubilizing agent can be recognized as a hydrotrope, or hydrotropic agent, was investigated
by examining solubilizers from the pharmaceutical literature which were used without
interest regarding the solubilization mechanism. In this perspective, chapter | will focus on
a specific example of the solubilization enhancement of the polyphenol quercetin by the
hydrophilic solubilizer meglumine. Quercetin is a polyphenol renowned for its antioxidant
activity, its role in limiting cardiovascular disease, and its many alleged beneficial
biological activities such as anticancer. Meglumine is an amino derivative of glucose, and
its presence has been shown to increase the aqueous solubility of a number of drugs,
without however possessing amphiphilic properties due to a lack of hydrophobicity. Its
influence on the water solubility of quercetin over a wide pH range, the extent of their
interactions such as ionic ones, the formation of hydrogen bonds or its impact on the =n-
stacking of quercetin have been studied in depth in chapter I. In addition, its impact on
quercetin oxidation was investigated.

Chapter Il logically follows this effective solubilization by presenting a concrete
example of application; the proof of concept of the feasibility of a modified protocol for
the encapsulation of quercetin in liposomes at mildly basic pH using a minimum of organic
solvent.

Chapter 111 covers a set of polyphenols representative of compounds frequently found
in the human diet. The relation between the structure of these phenolic compounds and
their low aqueous solubility was investigated, as well as their behavior in the presence of
hydrotropes and compounds exhibiting hydrotropic properties, depending on their mode of
action. To this end, the modeling software COSMO-RS was used to gain further insights
into their solubilization behavior in regards to two binary solvents systems,
ethanol/triacetin and ethanol/cinnamaldehyde, as well as to predict potential synergies of
solubilization. Lastly, the combination of two small trihydroxybenzenes, the hydrotrope
pyrogallol and one of quercetin major oxidation product, phloroglucinol, was studied as a
potential solubility enhancement system for quercetin and other flavonoids, similarly to
facilitated hydrotropy. The preferential n-stacking between these small phenols and
quercetin was investigated as the main solubilisation mechanism.

In chapter IV, we examine the possibility of using meglumine, as well as metformin and
other related compounds, as counterions to linear fatty acids. Indeed, another aspect of the
poor bioavailability of certain substances is their low permeability, i.e. their ability to
penetrate certain biological membranes. This capacity is affected by parameters such as the
polarity, hydrophobicity, size or charge of the compounds, and can therefore, as with APIs
solubility, be enhanced to improve drug action. In this perspective, fatty acids could help
highly hydrophilic molecules become more available. These prospects will be briefly
explored in terms of the possibility of associating these fatty acids with amino counterions
to form soaps, and will be evaluated accordingly using conventional surfactant criteria such
as CMC, Krafft temperature, solubilizing capacity and emulsifying capacity. This served
as a proof of concept and could be a starting point for further development in this direction.
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1.1. Introduction

In solution chemistry, solubility is a key parameter. The solvation of organic
compounds opens up a wide range of applications, from catalysis to biology. Water is often
considered the universal solvent, due to its versatile physicochemical properties (high
polarity, which translates into a high dielectric constant, great potential for hydrogen-
bonding, easily adjustable pH value, possibility of using salts for the salting-in or salting-
out effect?, etc.), its ubiquity in biology and therefore its importance in pharmaceuticals,
and its suitability for industrial applications, due to its safety, cost, availability and ease of
use. Although water also has major disadvantages for industrial applications, namely its
temperature-limited range in liquid state and its large heat capacity that makes distillation
process highly energy consuming, solubilization of hydrophobic compounds in water still
represents a great achievement for many fields, such as pharmaceutics. This enables for
example the formulation of orally delivered drugs, or the reduction of drugs concentration
which can in term reduce hazardous side effects.

Among the numerous hydrophobic substances that would benefit from being solubilized in
water, polyphenols often come to mind. This vast family of compounds is still very much
researched, as polyphenols lie on the borderline between potential Active Pharmaceutical
Ingredients (APIs) and dietary supplements. Indeed, many of them are investigated for their
biological activity and potential therapeutic effects.

However, many of these aromatic compounds are very little water-soluble, which restricts
their use. To overcome this issue, numerous techniques have been developed to increase
the aqueous solubility of highly hydrophobic compounds, all of which holding their own
advantages and drawbacks. Meglumine, a very hydrophilic aminocarbohydrate, has been
reported to enhance the water solubility of several drug molecules, with little to no data as
how this solubilization is achieved. This constituted the initial framework for this part of
our study. This chapter focuses mainly on the solubilization of quercetin in aqueous
solution, among others. A number of key concepts will therefore first be presented, as well
as other methods enabling the incorporation of hydrophobic compounds into aqueous
media, in order to highlight the distinctive features of the mechanisms involved in our
study.

1.2. Bibliographic background

1.2.1.  Concepts of solubilization

1.2.1.1. Solvation, solubility and solubilization
Solvation

Solvation is the mechanism involved in the dissolution of a solute into a solvent, and the
dispersion of the solute molecules in the solvent, which become solvated, i.e. they are
surrounded by solvent molecules. It occurs spontaneously (within intrinsic solubility limits)
when the Gibbs energy of the solution is decreased compared to the sum of Gibbs energies
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of the solvent and the solute, separately, i.e. when the formation of solvent-solute
interactions represents a gain in energy compared to the solute-solute and solvent-solvent
ones. Solvation is in this sense a stabilization of the solute in solution. All these interactions
involve electrostatic and van der Waals forces, hydrogen bonding and others. Relevant
parameters for solvation include solvent polarity, temperature, hydrophobic interactions or
hydrogen bonding ability among others®.

Solvation is described by enthalpy and entropy through the Gibbs energy of solvation
AGsolv, as the process of solvation involves the creation of a cavity in the solvent, a
separation of a solute molecule from the bulk, the filling of the solvent cavity by the solute
and the dispersion in the solvent (see Figure 1.1). The creation of solute-solvent interaction
is enthalpically favorable and the dispersion of the solute in the solvent is an entropically
favorable process.

Step 1: cavity formation
Step 3: solute solvation
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oo _©O ) ° 2 0 9 99 o
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Figure 1.1. Schematic representation of the different steps in the solvation process.

It should also be noted that it is possible that a solute may only be partially solvated
depending on its structure. Finally, in the case of water as the solvent, solvation is called
hydration.

Solubility and solubilization

Solubility (also referred to as maximal solubility, or intrinsic solubility mostly to
describe the solubility of a non-ionized species) is a chemical parameter that reflects a
substance's inclination towards a given solvent or solvent system, by describing the
maximum amount of solute able to be dissolved and solvated in this solvent system. It
refers to the analytical composition of a saturated solution, and is as such a quantitative
term, although derivatives of the term soluble are frequently used qualitatively in biology
and pharmaceutics and are based on arbitrary thresholds (see Table I.1). It is generally
expressed as a concentration, often given in g/L (generally ug/mL in biology, biochemistry,
and pharmaceutics), mol/L, or in weight or mole fraction. By definition, however, it is
possible to describe a compound as soluble in a solvent at a given concentration lower than
its maximum solubility.

Table 1.1. Solubility criteria according to the United States Pharmacopeia (USP)*.

Terminology Part of solvent for 1 part of solute
Very soluble <1
Freely soluble 1-10
Soluble 10-30
Sparingly soluble 30 - 100
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Slightly soluble 100 - 1000
Very slightly soluble 1000 — 10,000
Practically insoluble > 10,000

Solubility is a thermodynamic property and is as such fundamentally affected by factors
like temperature, pressure, ionization (thus pH), among others (or partial pressure for
solvated gases for example)®. Solubilization is defined by the IUPAC recommendations as
a “process which an agent increases the solubility or the rate of dissolution of a solid or
liquid solute™® and will be in the rest of this work used accordingly as the effective solvation
of a greater amount of a substance into a solvent compared to the solubility of this substance
in the same experimental conditions (temperature, pH, etc.).

Finally, mention should be made of the supersaturation phenomenon, which refers to a
metastable state in which the concentration of a solvated solute exceeds the intrinsic
solubility of the solute. It is achieved by diverse means such as temperature changes,
solvent evaporation, or mixing of saturated and near-saturated solutions. Supersaturation
can also be seen as a transition state between the solvated state in a saturated solution and
crystallization’. This phenomenon has practical applications in pharmaceutics as it is often
use to formulate oral delivered drugs of low water-solubility active ingredient (SDDS, for
Supersaturation Drug Delivery Systems), and where the precipitation is delayed by
additives (precipitation inhibitors). Supersaturation is then achieved in the body, typically
the stomach or the small intestine®. Furthermore, the fundamental differences between the
thermodynamically stable solubilization phenomenon and the metastable supersaturation
induce differences in biological-relevant parameters, such as free drug concentration,
which in turn influence properties such as permeability and absorption of active ingredient
molecules®.

Hydrophily and hydrophobicity

Hydrophily refers to the attraction of a compound or part of a compound towards water.
On the contrary, hydrophobicity of a substance refers to being repelled from water
molecules through intermolecular forces. The hydrophily (or hydrophoby) is generally
quantified by the octane-water partition coefficient P (sometimes noted Kow) or distribution
coefficient D (see eg. .1 and I.2), which represent the ratio of concentrations of a
substance in a mixture of two immiscible solvents at equilibrium, octanol and water, i.e.
comparing the solubilities of the compound in both solvents. Distribution coefficient
accounts for both nonionized and ionized compounds, while the partition coefficient is
generally defined as the ratio of the nonionized concentrations only.

[SOlute] octanol

[solute] g

(1.1)

nonionized
log Po = log ( )
w
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[SOlute] octanol + [SOlute] octanol

(I1.2)

ionized nonionized)

logDo =1lo —— —
ST <[sozute];33;§$d + [solute] i

These parameters are often simulated and can be useful to assess comparatively the water-
solubility of compounds in absence of experimental solubility data for example.

Another particularly important and interesting concept in the field of solubilization are the
phenomena associated with the general term hydrotropy. These concepts will not be
presented here, as they will be extensively described in the third chapter of this thesis.

1.2.1.2.  pH influence on solubility

Many organic compounds are weak acids or bases as they bear ionizable groups. Upon
pH change, the polarization of these groups is responsible for a modification of the overall
solubility of these substances. Charged molecules are more soluble than neutral ones,
therefore is pH a key parameter in the study of the solubility of polarizable compounds, as
the ratio between their neutral and ionized form(s) is governed by the pH of the solution
relative to their pKa(s). The pH dependence of the solubility of ionizable compounds is
described by the Henderson—Hasselbalch (HH) equations (see eq. 1. 3 and 1. 4):

for acidic compounds: log S,,; = logS, + log(1 + 10PH-PKa) (1.3)

for basic compounds:log S, = logSy + log(1 + 10PKa-PH) (1.4)

with Stot the total solubility, and So the intrinsic solubility, i.e. the solubility of nonionized
species. The pH dependence of a specie can be predicted using the HH equations as long
as the intrinsic solubility and the pKa of that specie are known'. In pharmaceutics, the
knowledge of pH dependence of drugs solubility is essential, as medium pH in the different
parts of the body is a fixed parameter which influences greatly the drug absorption®.

1.2.1.3. a-stacking

Among the many intermolecular interactions influencing solubility, n-stacking (or n-n-
stacking), is of the utmost importance when studying aromatic compounds such as
polyphenols. It has long been recognized that aromatic compounds interact specifically
with each other, and that this attractive interaction is particularly important in solution
chemistry and biology, as it is partly responsible for crystal and protein stability!!. To
explain this counter-intuitive attractive interaction between m systems, two main models
have emerged since the 90s; the Hunter-Sanders model and the Wheeler-Houk model.
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Hunter-Sanders

The Hunter-Sanders picture make two major assessments. Firstly, the geometries of the
n-m-interaction are governed by electrostatic interactions, i.e. rather than a repulsive direct
n-m-interaction in a face-to-face geometry (m-stack), it is the n-c-attraction resulting from
other types of geometries (offset n-stack or edge-on) which leads to a favorable interaction.
Secondly, this model also states that the major energetic contribution, rather than coming
from this electrostatic attraction, arises from van der Waals interactions, which are
proportional to the area of m-overlap and vary with the solvent2,

Furthermore, Hunter and Sanders investigated the influence of the presence of a polarizable
group such as a heteroatom on the aromatic ring, as it affects the density of the n-system.!?
According to this model, in a n-stack geometry, as the n-m-interaction is predominant, a 7t-
deficient atom will stabilize the stacking by decreasing the =m-electron repulsion.
Reciprocally, a n-rich group will destabilize the stacking interaction.

Wheeler-Houk

On the other hand, Wheeler and Houk stated that in the case of an interaction between a
substituted and a non-substituted benzene in n-Stack (also called sandwich configuration),
the substituents directly interact with the n-System of the other aromatic compound through
electrostatic interactions rather than indirectly by affecting the density of their own
compound m-system*®, These considerations also arise from the work of Ranger et al. who
found that binding energies linearly increase with the number of substituents (no matter on
which compound) in a n-stack conformation, in contradiction with the polarization-oriented
model of Hunter and Sanders in this geometry®*,

Beyond

It is now generally accepted that the substituents of an aromatic system interact with the
n-system of others mainly through direct electrostatic interactions as stated by Wheeler and
Houk. However, other major contributions to these interactions come from induction,
dispersion (predominant in the case of methyl for example®®), and exchange-repulsion
interactions®*°. In conclusion, both Hunter-Sanders and Wheeler-Houk models contribute
together to understanding the n-n-stacking phenomenon, but the Wheeler-Houk picture is
generally dominant?®.

Moreover, studies exploring this topic are relatively recent, and further research is needed
to allow for a complete generalization of these concepts to be practically used for exemple
in solubility prediction. The main limitation to this generalization is that substituents effects
calculations are generally performed based on the interaction between a substituted and a
non-substituted benzene, for simplicity reasons of prediction models. As a result, there is a
lack of theoretical data on the aggregation of multi-stacked systems (apart for from some
well-studied systems like carbon nanotubes) and between several substituted aromatic
systems.
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Finally, the influence of n-stacking itself on solubility of aromatic systems is not trivial.
Indeed, even though it appears to inhibit solubilization by acting as a cohesive force for
crystalline structures, it also can be used to as a driving force for solubilization by creating
a preferential interaction with another component with better solvation properties (see
section 111.6).

1.2.2.  Drug delivery

Solubilization finds a major application field in pharmaceutics for drug delivery
purposes, as the vast majority of new Active Pharmaceutical Ingredients (APIs) are poorly
water-soluble (90 % of drug molecules in the discovery process and 40 % of marketed drug
compounds?®), thereby hindering their bioavailability and hence their therapeutic value.
The distinction and comparison between the methods studied in this work and other
solubilization systems currently used in drug delivery is therefore very relevant. Also, the
use of surfactants for micellar solubilization and emulsions will be discussed in the last part
of this work.

Inclusion complex

One of the most widespread drug delivery methods is based on inclusion complexes and
other cage-like molecules like the famous - and y-cyclodextrins. The structure of these
excipient is composed of a hydrophobic cavity and a hydrophilic exterior. In the case of
cyclodextrins, this is due to the cyclic arrangement of the pyranose units which compose
it, forming a cone-shape structure?’. Hydrophobic APIs are entrapped inside the cavity and
the complex retains the aqueous solubility of cyclodextrins thanks to its hydrophilic
exterior surface. This technique is praised for its simplicity and also allows for a degree of
controlled release, but can be tricky in presence of different APIs in terms of
competitivity?L,

Solid dispersions: Liposomes and other lipid nanocarriers

Another set of well-established techniques for carrying hydrophobic compounds in the
body are solid dispersions. These mainly include Solid Lipid Nanoparticles (SLNSs),
Nanostructure Lipid Carriers (NLCs), and other vesicles. The most prominent example of
NLCs are liposomes. They are self-assembled spherical structures composed of a bilayer
(or multiple layers) of lipidic amphiphilic compounds such as phospholipids. This allows
for the entrapment of hydrophobic APIs inside the lipidic bilayer of liposomes as well as
the encapsulation of hydrophilic drugs in the interior cavity. Liposomes offer many
advantages over other drug delivery technologies, such as greater bioavailability (skin or
membrane penetration), possible targeted delivery with surface functionalization, time- or
stimulus-dependent release of drugs, reduction of drug concentration, and better
stability.2%2

Cocrystals

Cocrystals are the result of crystallization of an APl with another, therapeutically
inactive molecule (called coformer) with specific stoichiometric compositions, where
cohesion of the crystal is mainly due to hydrogen bonding. The influence of cocrystal
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formation on a drug solubility arises from its impact on lattice energy, i.e. the energy
required to break the solid structure, and on solvent affinity?2. This makes the potential
increase of solubility dependent on the activities or concentrations of the cocrystal
components in the solution. The major risk arises then from recrystallization and
subsequent loss of solubility which can occur with a slight excess of coformer??. Finally, it
is worth mentioning that there is an increasing debate on the classification of cocrystals, as
many of them are difficult to distinguish from salts®,

1.2.3.  Polyphenols

Polyphenols are phenolic compounds with multiple phenol rings*. The terms phenols
and polyphenols cover around 8000 known natural compounds?. In plants, their roles are
very diverse and often part of complex mechanisms. Generally, polyphenols are involved
in ultraviolet (UV) radiation protection, attraction of pollinators, or protection against
microbial invasion to mention but the most common?®. The diversity of their structures
explains the wide variety of functions they assume.

1.2.3.1. Classification

Phenolic compounds are categorized in multiple classes and subclasses according to
their structure. Figure 1.2 shows a simplified representation of this classification and
provides a few examples for each of the subclasses”.

| Polyphenol I
| |
i i | FI id | Non-fl id
I Phenolllc acid I avonoi I on-flavonoi |

L |

Hydroxybenzoic acid Hydroxycinnamic acid Stilbene Lignan Other
Gallic acid Caffeic acid Resveratrol Secoisolariciresinol Curcuminoids
Protocatechuic acid Ferulic acid
\ I I I |

Flavonol Flavone Flavanol Flavanone Isoflavone Anthocyanidin
Quercetin Apigenin (or Flavan-3-ol) Naringenin Daidzein Cyanidin

Morin Luteolin Catechin Hesperetin Genistein Malvidin
Myricetin Gallocatechin

Figure 1.2. Polyphenols classification.

Flavonoids represent more than 4000 different polyphenols. Their structure is based on a
flavane (2-phenyl-benzo-c-pyrane) skeleton with the 3 rings being labelled A, B, and C
(see Figure 1.3). The substitution of the pyranyl C ring (double bond, carbonyl or hydroxyl
group) determines the subclass the polyphenols belong to and the substitution of groups A
and B differentiates compounds within these subclasses (Figure 1.3). Chalcones (phloretin,
xanthohumol,...) are sometimes also considered as flavonoids, because their structure
represents an “open” version of the flavonoid skeleton.

“ It is commonly accepted for phenolic compounds with several hydroxyl groups but only one
ring to be considered as polyphenols. This will also be the case in this work.
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Figure 1.3. General chemical structure of flavonoids subclasses. Inspired from reference [].

Among flavonoids, flavonols and flavanones will receive in this work particular attention,
namely with quercetin and morin belonging to the former and naringenin to the latter.
Flavonols are characterized by the presence of a double bond between the C2 and C3
carbons and an oxygen atom in position C3. They can exist as aglycone if the latter is a
hydroxyl group, or as heteroside with one or more sugar units linked to it, the principals
being D-glucose and L-rhamnose. One of the most famous representatives of this sub-class
is quercetin (Figure 1.4).

Figure 1.4. Chemical structure of quercetin.
1.2.3.2.  Natural sources and dietary polyphenols

Phenolic compounds are secondary metabolites mostly found in plants. Many of them
are responsible for the coloration of the flowers, leaves, vegetables, and fruits?’, but they
are also present in other parts of plants (roots, stems, etc.). Flavonols for example are
present in at least 80 % of higher plants, mostly in flowers and leaves?®. As these
compounds are present in high concentrations in fruit and vegetables, they are an intrinsic
part of both animal and human diets. Flavonoids and phenolic acids make up 60 % and
30 % of dietary polyphenols, respectively.?® Beverages like coffee, tea, fruit juices, cacao
products, wine, beer, and even vinegar are important flavonoid sources accounting for at
least 25-30 % of the total flavonoid intake, where fruits and vegetables represent around
50 %. Average intake of all flavonoids is estimated to be 1 g/day?® with quercetin being
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one of the most abundant dietary flavonoids®. Figure 1.5 shows the average quantities of
quercetin found in food sources according the database Phenol-Explorer.
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Figure 1.5. Examples of abundant sources of dietary quercetin (data from Phenol-Explorer
(http://phenol-explorer.eu/).

All in all, most food sources contain complex and often poorly characterized mixtures of
polyphenols, with for example different monomer and oligomer distribution or several
glycosides derivatives for a single polyphenol®! .

1.2.3.3.  Properties

Polyphenols have gained extreme popularity in the past four decades and have been
since then widely studied for their chemical and biological properties. Numerous studies
reported potential health benefits with the intake of a polyphenols-rich diet and have been
focused on understanding the individual effects of these compounds, as well as possible
synergies and antagonisms®223, Nevertheless, this attention came somewhat late for such a
large group of phytochemicals. This can be explained by the shear diversity and the
complexity of the chemical structures and therefore properties of these compounds.

1.2.3.3.1. Alleged biological activities

The most notable recognized biological properties of polyphenols are their antioxidant,
anti-inflammatory and anti-cancer activities. Some phenolic compounds exhibit rarer
activities such as antiarthritic or antiplasmodic properties for example in the case of
morin3*3% while naringenin is known to exhibit antiulcer and anti-bacterial activities in
addition to its anti-inflammatory property®$3’. It is also recognized that polyphenols help
reduce the risk of cardiovascular diseases?. Indeed, it has been shown that a polyphenols-
rich diet could be efficient in reducing cancer risk and coronary heart diseases (CHD)
occurrence, a phenomenon known as the “French paradox”, describing the seemingly
unintuitive relation between the fat-rich diet and tobacco consumption and the relatively
low occurrence of these pathologies among the French population (then extended to other
Mediterranean populations®®) in comparison with other European countries. Research had
since been focusing on discriminating the polyphenols responsible for this pattern. For
instance, the stilbene trans-resveratrol, mostly found in red wine in the human diet, has
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been identified as one possible candidate. The dihydrochalcone phloretin is another
example, widely found in apples®*!. Finally, xanthohumol, a compound primarily found
in hop (Humulus lupulus L.), and therefore included in the human diet through beer
consumption, has gained popularity in the past decade in the scientific community for its
alleged neuroprotective properties*?. The principal alleged beneficial biological activities
of known polyphenols are summarized in Figure 1.6.

Brain
«+ Cerebral blood flow
«» Inhibition of neuroinflammation

®,

Cardiovascular function
+ Reduction of hypertension
« Inhibition of neurodegeneration

< Inhibition of platelet activation

Cancer
«+ Inhibition of tumor development
< Inhibition of DNA oxidation

«+ Cancer cell apoptosis Inflammation

+ Inhibition of cytokine/ chemokine
production mediators

Figure 1.6. Overview of the potential beneficial effects of polyphenols on human health. Inspired
from reference [%].

Quercetin meanwhile, is well known for its therapeutic properties, in particular
antioxidative and anti-inflammatory, but could also exhibit very promising anticancer
activities? and is one of the most researched flavonoids for the explanation of the “French
paradox™*3. More specifically, quercetin has been shown to inhibit platelet aggregation and
secretion in vitro**, This effect has been shown to be specific to quercetin's structure, indeed
saturation of the C2-C3 double bond, and/or a lack of carbonyl on C4 or glycosylation (in
C3) reduces the inhibitory effect by a factor of 10. Interestingly enough, uptake of
supplementary quercetin in the form of capsule of anhydrous quercetin in healthy
individuals led to higher quercetin concentrations in plasma but did not alter cardiovascular
or thrombogenic risk factors compared to dietary intakes associated with lower CHD
mortality®. Finally, quercetin has been investigated for its neuroprotective activity. It has
indeed been demonstrated that quercetin significantly attenuated manganese-induced
neurotoxicity in rat*®.
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Figure 1.7. Mechanisms of inhibition of oil oxidation by primary and secondary antioxidants.
Reproduced with permission from reference [*].

It should also be emphasized that quercetin metabolites formed after absorption by the body
may express distinct biological activities or at a different level than native quercetin®. The
ability of certain quercetin metabolites to retain antioxidant potency for instance has been
established (in rat*®), when some studies argue that some metabolites have lower
antioxidant effect (for reduction of ferric ion Fe** in FRAP assay“®). Another study showed
the ability of certain quercetin glucuronides metabolites to inhibit xanthine oxidase and
lipoxygenase as well as the unconjugated quercetin, and therefore to act as potent anti-
inflammatory agents, where other were less efficient®. Conservation of anti-inflammatory
effectiveness in the metabolites was found to depend on the conjugation position. In any
case, discrepancies observed between in vitro and in vivo results call for the utmost caution
when claiming any therapeutic activity for polyphenols®.

1.2.3.3.2. Autoxidation and antioxidant activity

In nature, free radicals’ production, responsible for oxidation, may be the result of stress
or other external factors. Oxidation damage caused by free radicals to biomolecules like
lipids, proteins or nucleic acids can be harmful to cells and lead to hepatic and infectious
diseases or neurological, gastrointestinal, immunological disorders among many others®..
Moreover, the presence of metals can lead to conversion into even more toxic species®. An
antioxidant is a compound that undergoes oxidation instead of the compound of interest it
is intended to protect.

Many phenolic compounds are potent antioxidants able to scavenge free radicals and
reacting oxygen species (ROS) through three main mechanisms: single electron transfer
(SET), proton exchange (hydrogen atom transfer, HAT) and transition metal chelation
(TMC), described in Figure 1.8°253,
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Figure 1.8. Mechanisms of phenolic antioxidative activity (example of quercetin for TMC).
Inspired from reference [*3].

In apolar solvents, polyphenols express their antioxidant activity through lipid radical
inhibition following the HAT mechanism. In polar solvents however, polyphenols have
been found to react according to another mechanism, the Sequential Proton Loss Electron
Transfer (SPLET), which involves the equilibrium between phenol and phenolate
forms®>+>°, Rapidly, this corresponds to the transfer of an electron from the phenolate form
to the radical, which then receives a labile proton*’ (see Figure 1.9).

ArO—H + R*+S - ArO” +R°+ SH™

ArO~ + R+ SHY - ArO*+ R~ +SH* - ArO°+R—H+ S

Figure 1.9. Reactions of phenolic oxidation in polar solvent (S) according to the SPLET
mechanism.

As the SPLET mechanism is mostly dependent on the polarity of the solvents and the
acidity of the phenols, pKa is thus a key parameter for polyphenols oxidation. Furthermore,
as the oxidation mechanism relies on hydrogen and/or electron transfer, polyphenols with
a greater stoichiometry will generally have a greater capacity to scavenge radicals. The
Bond Dissociation Enthalpy (BDE), which is the energy required to perform a homolytic
break on a phenolic bond (Ar0—H)%®, as well as the kinetic constants k for proton transfer
from phenols to alkoxyl RO" and peroxyl ROO" radicals (see Figure 1.8, 1.) are also relevant
means to quantify the reactivity of phenolic compounds towards oxidation. These
parameters are however mostly relevant in the case of HAT mechanism, and will therefore
not be extensively considered in the experimental part of this study in contrast to pKa, as
most of it is carried out in aqueous solution, i.e. in polar solvent.

Other experimental methods for the determination of antioxidant activity include ABTS
assay, diphenylpicrylhydrazyl (DPPH) test and the Trolox Equivalent Antioxidant Capacity
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(TEAC) assay, which measure the antioxidant capacity in comparison to a standard,
Trolox®’.

Specificity of C3-OH on flavonoid oxidation

Not all polyphenols or even flavonoids have the same behavior towards oxidation
phenomena. Several predominant criteria have been identified®®>°:

— the presence of a C2-C3 conjugated double bond

— the presence of a hydroxyl group carried by carbon C3

— to a lesser extent the orthodiphenolic structure of the B ring (3’,4’dihydroxy
substituted)

There also seems to be a synergy between the presences of the C2-C3 double bond and the
C3-OH group®®, i.e. there seems to be a clear distinction in oxidation resistance between
flavonols (quercetin, myricetin, fisetin, kaempferol, etc.) on the one hand, and flavones and
flavanones on the other. The importance of the C3-OH in the oxidation reactivity has also
been highlighted by Wang and coworkers who identified similarities between quercetin and
fisetin behaviors regarding oxidative degradation and factors affecting it (alkaline pH and
high temperature enhances degradation rates)®® but discrepancies with luteolin (same
structure as quercetin without the C3-OH).

Quercetin autoxidation mechanism

Quercetin in particular, which combines all three criteria mentioned above, is believed
to be even more reactive towards oxidation than the other flavonols. The Trolox Equivalent
Antioxidant Capacity (TEAC) value reported for quercetin is 4.72 £ 0.10, compared to
1.34+0.08, 255+0.02, and 3.12+0.28 for kaempferol, morin, and myricetin,
respectively.

It has been reported that in the presence of air, quercetin undergoes quick degradation,
which is catalyzed by temperature and pH.5! However, the precise mechanisms of quercetin
oxidation pathways are still debated. These pathways firstly depend strongly on the medium
and can therefore vary®?. It is widely accepted that the process includes the cleavage of the
y-pyrone fragment (ring C) with formation of a depside under the form of 4,6-dihydroxy-
2-(3,4-dihydroxybenzoyloxy)benzoic acid®®. The most frequently invoked mechanism
involves then a nucleophile attack on the C4 carbonyl group of the depside, i.e. a
decarbonylation, releasing carbon monoxide CO®. Zenkevich et al. showed however
through direct head-space analysis that the concentration of released CO in moderately-
basic medium (pH ~ 8-10) in aqueous solution was not in total agreement with this
mechanism, and proposed instead a pathway involving a decarboxylation with formation
of carbon dioxide CO; 3. Furthermore, their hypothesis would give a preponderant role to
the keto-enol tautomerization of quercetin in the oxidation mechanism (see section
1.2.3.4.2).
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Finally, the behavior of quercetin in the presence of metallic cations has been extensively
studied in the literature®, but will not be investigated in this study. In any case, one of the
most important aspects of quercetin oxidation for this study is not the mechanism(s) at work
but the various oxidation by-products that may result from this cleavage.

Oxidation sub-products of quercetin

In this section, the first intermediaries formed directly upon cleavage of the y-pyrone
fragment are not considered as oxidation products, because their lifespan under oxidation
favorable conditions is significantly short compared to the so-called “final” oxidation sub-
products of quercetin. There are three main oxidation products of quercetin, namely
protocatechuic (3,4-dihydroxy-benzoic acid) and phloroglucinic (2,4,6-trinydroxybenzoic
acid) acids and phloroglucinol (1,3,5-trinydroxybenzene)®®® (see Figure 1.10).
Phloroglucinol itself would result from the oxidative decarboxylation of the phloroglucinic
acid. The structure of these products makes them more soluble in water than native
quercetin, but has also repercussion on other phenomena, such as m-stacking (see section

111.6.2).
(0] OH O HO OH
HO HO OH OH

Protocatechuic acid Phloroglucinic acid Phloroglucinol

Figure 1.10. Chemical structure of the main oxidation products of quercetin: protocatechuic acid,
phloroglucinic acid, and phloroglucinol.
1.2.3.3.3. Solubility, bioavailability, and pharmacokinetics of
quercetin
Due to their wide range of biological activities and relative abundance in natural sources,
polyphenols have been recognized as very promising therapeutic agents. However, the
efficacy of these compounds as active ingredients is closely linked to their bioavailability.
Bioavailability is a pharmacological concept that describes the ability of an active
ingredient absorbed by the body to reach the blood circulatory system. For orally delivered
compounds such as dietary supplement, bioavailability often simply refers to the absorbed
fraction of the ingested drug. Bioavailability involves a number of parameters, such as the
aqueous solubility of compounds, intestinal absorption, distribution at tissues level,
excretion among the most important®!. These parameters obviously depend on the chemical
structure of the active ingredients. For instance, numerous polyphenols are not highly
hydrophilic or hydrophobic, and therefore are expected to be active at water-lipid
interfaces®. It is also essential to note that due to the great diversity of polyphenols, their
bioavailability differ significantly from one another, and the most abundant polyphenols in
human diet are not necessarily the most bioavailable®!.

Furthermore, the enzymatic reactions (e.g. hydrolysis of glycosides derivatives by the gut
microflora) and the conjugation of polyphenols after absorption have a strong influence on
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bioavailability. Indeed, through methylation, sulfation and glucuronidation, the 3 main
types of conjugation mechanisms®, metabolites can exhibit a strongly different
bioavailability relative to native polyphenols. For example, pharmacokinetic analysis of
quercetin metabolites in plasma after intake of 270 g fried onions revealed significant
concentrations of quercetin-3’-O-sulfate and quercetin-3-O-glucuronide and to a lesser
extent presence of isorhamnetin-3-O-glucuronide, quercetin-3-O-diglucuronide and
quercetin-3-O-glucuronide-O-sulfate?, and the diversity of these structure naturally affects
the various solubility and permeability factors. In addition, the many interactions that can
occur between polyphenols and other dietary compounds, such as binding with proteins or
polysaccharides, can impact absorption®!. Finally, the human diet can also affect
physiological parameters such as gut pH, intestinal fermentation, transit time, excretion,
etc., and indirectly influence polyphenols absorption®!,

Despite the difficulty of grasping all these factors, it is nevertheless possible to better
characterize a given drug according to its bioavailability. In order to do so, a classification
has been introduced by Amidon and coworkers in 1995%. This Biopharmaceutic Drug
Classification, later renamed Biopharmaceutics Classification System (BCS), sorts
substances into four groups or classes according to two parameters considered as central
for bioavailability: aqueous solubility and intestinal permeability (see Figure 1.11).

4 Class | Ideal for oral delivery )
35% of marketed drugs
Hiah solubili 5-10% of candidates
igh solubility
L High permeability ) Ex: Paracetamol, Metoprolol, Propanclol
Ve - " —
Class Il Need for solubility enhancers. Bioavailability
controlled by dosage and release rate.
. 30% of marketed drugs
Low solubility 60-70% of candidates
High permeabilit : i
\ gh p ) VAN Ex: Quercetin, Naproxen, Ketoprofen J
Need for permeability enhancers
25% of marketed drugs
High solubility 5-10% of candidates
igh solubili
Low permeability Ex: Cimetidine, Metformin, Atenolol
Class IV Need for solubility and permeability enhancers.
10% of marketed drugs
L lubilit 10-20% of candidates
ow solubility
Low permeability Ex: Paclitaxel, Clorthiazole, Ellagic acid

Figure 1.11. Schematic representation of the Biopharmaceutics Classification System as first
conceptualized by Amidon et al. Adapted with permission from reference [*].
Although simplistic, this approach allows to quickly understand on which parameters one
can play to optimize the bioavailability of a product whose characteristics are sufficiently
well known to be classified in a category. In order to do so, several protocols for solubility
and permeability measurements in vitro and in vivo have been standardized®’. It should be
noted that sub-categories have since been added to refine this concept, for example with
the division of BCS class 11 and 1V in 3 sub-classes for acid, base and neutral specifications,
based on pKaof the drugs®, and that dissolution kinetics of the drug are also considered. In
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addition, this methodology has been recommended by the FDA (Food and Drug
Administration) in the USA as a powerful tool to be used as guideline for the industry®®.

Given these considerations, it appears that the compounds over which one has the most
leverage to optimize bioavailability are those of BCS Class 1. Quercetin belongs to this
category. As such, it is well-known that the major hindrance to the development of
quercetin as an orally delivered active ingredient is its virtual insolubility at physiological
pH (< 0.05 mM™). It is thought that around 1 % of ingested quercetin is actually absorbed
by the body?, even if it could not be fully representative of the absorption and metabolism
mechanisms of dietary flavonoids because of their wide diversity and distribution and
therefore their potential interactions®. Indeed, pharmacokinetics of quercetin and its
metabolites are complex have been the subject of dedicated studies®™-">"3, The very poor
aqueous solubility of quercetin probably directly results from the stability of its crystalline
form, which can be explained by a dense network of hydrogen bonds and n-stacking’.
Furthermore, quercetin is known to aggregate with other compounds, like proteins™ and
pigments such as anthocyanidins, where the interaction with quercetin induce a color
change through modification of the overall m-system’®,

1.2.3.4.  Specific structural properties of quercetin

1.2.3.4.1. Dissociation constants and deprotonation order
pKa values

As phenolic compounds bear hydroxyl groups, there are prone to become negatively
charged through deprotonation. The state of charge as well as the distribution and equilibria
between the different forms of polyphenols, described by the acidic constant pK,, are
particularly important for several reasons. Firstly, the aqueous solubility of polyphenols is
closely linked to their charge state, as charged compounds are significantly more soluble
than neutral ones (in polar solvents). Moreover, as described in the section 1.2.3.3.2, in
polar matrixes, therefore in aqueous solutions, polyphenols undergo an oxidative
mechanism involving an equilibrium between phenols and phenolates. Thus, the
antioxidant activity is closely linked to the pH of the medium and therefore also to the pKa
of the polyphenols.

For most polyphenols, pKa values have been experimentally determined (generally by
spectrophotometry or potentiometry) and are available from numerous studies. However, a
number of oxidation-sensitive polyphenols, notably flavonols, degrade too rapidly in
alkaline media (see section 1.2.3.3.2) to precisely quantify all pKa values, despite these
being expected to be lower than those of flavanols, for example, due to the conjugation of
the A and C rings, which facilitates deprotonation by charge delocalization’”. One of the
most striking examples of this is once again quercetin. It is well known that in even mildly
alkaline medium (pH > 8), quercetin oxidizes very rapidly to form numerous by-products
(see section 1.2.3.3.2). The consequence is that no values for pKa 3, 4 and 5 of quercetin
can be easily obtained by standard experimental methods. Another difficulty is the very
low aqueous solubility of quercetin at physiological pH, resulting in disparities even for the
values of the first two pKas, which should yet be experimentally more easily obtainable.
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Other protocols have been used to overcome these obstacles with more or less success,
while many authors rely on simulation values. Enhancing the solubility of quercetin in
aqueous solvent by mixing water with a fraction of organic solvent such as ethanol or
methanol is for example a common practice but introduces a slight deviation in pH
measurement, and ultimately in pKa values. Temperature or ionic strength are other two
other factors influencing deprotonation, thereby making comparison of literature data even
more hazardous. Table 1.2 summarizes a few examples of quercetin pKas values found in
the literature.
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Table 1.2. Some pKa values of quercetin reported in the literature. Number in brackets represent
the hydroxyl group being deprotonated.

Methods Conditions pKal pKa2 pKa3 pKa4 pKi5  Reference
7.03 9.15
il 78
Spec H,O/ EtOH (3'or 4" ) / / /
H.O, 1 =0.10 79
Spec (NaNOs) 5.7 7.1 8.0 9.9 11.0
Spec H,0 /MeOH (1:1) 8.45 9.31 11.12 / / &
SPARC 1=0 7.04(7) 855(4) 11.26(5) 13.06 (3) / 7
cef 1 =0.05 719(7) 9.36(4°) 11.56(5) / / 77
Pot’ H.0,1=0 7.59 9.33 11.56 / / 8
H.0, 1 =0, 82
Pot T = 28°C 3.52 9.36 / / /
H,0, | = 0.0024
Pot (NaNO3), 3.47 9.24 / / / 82
T=28°C
H.0, 1=0.034
Pot (NaNO3), 3.36 8.99 / / / 82
T=28°C
H.0, I = 0.062
Pot (NaNO3), 3.29 8.78 / / / 8
T=28°C

It is clear that the precision of the determined values seems paradoxical given the wide
disparities between values that are associated with the same deprotonation.

Hydroxyl groups deprotonation order

Another major challenge, particularly important for understanding quercetin
solubilization and oxidation mechanisms, is assigning an acidity constant value to a specific
hydroxyl group. A number of studies have attempted to determine the order of
deprotonation of quercetin's 5 hydroxyl groups (albeit theoretically to some extent, as it has
been established that the last 2 or even 3 deprotonations are not commonly experimentally
observed). The most common experimental methods for that determination are
spectrophotometric titration, capillary electrophoresis, as well as *H NMR and 3C NMR
chemical shifts monitoring of the hydroxyl groups.

Although there is no strong agreement in the literature, the deprotonation order 4’-OH < 7-
OH (alternatively 7-OH < 4’-OH) < 3’-OH < 3-OH < 5-OH®® seems to be generally
recognized as the most probable one. Most studies agree that the 5-OH group is always
associated to the highest pKa value, as its deprotonation should be hindered by

 Spec = spectrophotometry, Pot = potentiometry, CE = capillary electrophoresis, | =
ionic strength. Note that the pKa number is not assigned to a particular hydroxyl group but
just reflects the number of pKj effectively determined by each method.
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intramolecular hydrogen bonding with the adjacent carbonyl group. Group 3-OH is also
generally seen as less readily deprotonable than the groups present on rings A and B.
Alvarez-Diduk and coworkers agree for instance with this deprotonation order, which they
obtained using a computational method in order to compare the Gibbs Free Energies upon
deprotonation on each site, where the site of minimum energy for each deprotonation being
the most likely to be deprotonated®. One exception is the work of Milane et al. who
reported the first deprotonation to concern the 3-OH, by comparing the *H NMR chemical
shifts assigned to the 5 hydroxyl groups upon deprotonation®.

1.2.3.4.2. Influence of geometry on intermolecular interactions of
guercetin
Keto-enol tautomerization

Quercetin can undergo a keto-enolic equilibrium (Figure 1.12). This equilibrium appears
to play an important role in its solubilization and stability. Indeed, in its enol form,
quercetin is an almost completely planar molecule in its preferential conformations®®, but
its geometry is strongly modified in its ketone form, and this process is accompanied by a
modification of its dipole moment and by breakage or formation of intramolecular specific
interactions like hydrogen-bonds and attractive van der Waals interactions®’.

Figure 1.12. Keto-enol tautomerization of quercetin.

Computational study from Brovarets’ et al. showed that the tautomerization of quercetin
through intramolecular proton transfer can occur according to different pathways, the most
probable one being a single proton transfer from the 3-OH group to the C2’ carbon atom
of the B ring (see Figure 1.12) assisted by the strong (~28.5 kcal.mol™) intramolecular 3-
HO--- HC2’ hydrogen-bond®’.

Furthermore, it was reported that tautomerization occurs preferentially between the
monoanionic forms of quercetin®. Thus, the tautomerization which very probably induces
a solubility enhancement of quercetin by breaking the m-stacking could be triggered by a
pH increase, which also increases quercetin water-solubilization through the formation of
(poly)phenates.
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Hydrogen bonds network and r-stacking

Quercetin possesses 5 hydroxyl groups, and in total 5 potential hydrogen bond (HB)
donors (the hydrogen atom of the hydroxyl groups) and 14 potential hydrogen bond
acceptors (lone pairs of electrons of the oxygen atoms of the keto and the carbonyl groups,
and the one of the hydroxyl groups), enabling the potential formation of a significant
number of both intra- and intermolecular hydrogen bonds. The 5-OH group is very likely
to form an intramolecular hydrogen bond with the adjacent carbonyl group (see Figure 1.4
and Figure 1.17. Graphical representation of surface polarization as calculated by COSMO-
RS software, here with the example of quercetin in its native form. The dotted line in the
quercetin structure represents hydrogen bond predicted by COSMO-RS.), thus greatly
hampering its deprotonation. This is however not the only effect that hydrogen bonds can
have on quercetin's properties. The great amount of potential intermolecular hydrogen
bonds of quercetin from all sides is also responsible for its extreme stability in crystal form,
alongside m-stacking, and plays an important role in quercetin interaction with water
molecules, whether in solution or in solid form™,

Moreover, the planarity of the enol form could explain its stability in water compared to
the ketone through the attractive interactions resulting from van der Waals, hydrogen-
bonding and preferential n-stacking. This could also explain why quercetin is stable in non-
protic solvents such as DMSO, where the tautomerization is unfavored.

1.2.4.  Meglumine

1.2.4.1. History and uses

N-Methyl-D-glucamine, commonly known as meglumine (see structure in Figure 1.13),
is an aminocarbohydrate derived from glucose used mainly in pharmacy and cosmetics. It
has been historically first used as contrast agent for medical imagery®, and as treatment for
Leishmaniosis disease (as antimonial complex)®.

OH OH

OH OH

Figure 1.13. Chemical structure of meglumine.

H
_N

It has also been discovered in the last century that it could act as a solubilizer for the poorly
water-soluble rutin® and it was later confirmed that meglumine could interact with the
weakly acidic carboxylic or carbamic groups of nonsteroidal anti-inflammatory and
analgesic drugs (NSAID) by salt formation®2. Surprisingly, it’s only much more recently
that meglumine has been widely employed as a solubilizer for poorly water-soluble active
ingredients such as triclosan®®, celecoxib®, sulfamerazine®*®, indomethacin®’, or
honokiol®®. However, meglumine is nowadays mostly known as a complex of flunixin, a
NSAID widely used for cattle and horses. Meglumine is also used as part as larger
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solubilization systems, often in association with s-cyclodextrin®91%° Meglumine has also
been recently designated as a hydrotrope by Li et al. to describe its role in the solubilization
of glimepiride!®?. Degot et al. identified it as a solubilizer of curcumin®?, The main goal
of all these studies is to enhance the bioavailability of an active ingredient by tuning its
water-solubility or to help encapsulate it in a given delivery system. Another recent field
of application worth mentioning is catalysis. Meglumine has been marketed as green
catalyst for a wide range of reactions!®-10,

1.2.4.2. Properties

Meglumine has many advantageous features. It is highly water-soluble, very
inexpensive and edible!®, which allows it to be easily processed in a wide range of
formulations. With a pKa of 9.61%2, meglumine is a potent base and an aqueous solution of
a few percent commonly exhibit a pH between 10.7 and 11.3. Its solubilization properties
come most likely through proton exchange of its amino group to form a salt with the weakly
acidic drugs®®. The interaction between meglumine and carboxylic acids will be
discussed in more details in Chapter 1V.

1.3. Experimental part

1.3.1. Materials

Meglumine (> 99 %) was purchased from TCI Chemicals and quercetin (HPLC grade)
from Merck, as for xylenol orange tetrasodium salt. Curcumin (> 97 %), Naringenin
(> 93 %), and trans-resveratrol (> 98 %) were also purchased from TCI Chemicals, gallic
acid (> 95 %) from Acros, and phloretin (> 90 %) from Symrise. NaOH, HCI, MeOH, and
acetone, were used for pH adjustments and UV-vis measurements. Deionized water from
Milli-Q Millipore equipment was used to prepare all solutions (18.20 MQ resistivity).

1.3.2.  Methods

1.3.2.1. Solubilization measurements

Solubilization experiments of quercetin and other polyphenols were carried out by UV-
vis spectroscopy. Aqueous stock solutions of 50 and 250 mM meglumine (roughly
corresponding to 1 and 5 wt%, respectively) were prepared by dissolving meglumine in
ultrapure water. 3 mL samples were prepared at 20 °C and pH was adjusted by addition of
an appropriate amount of aqueous HCI or NaOH. Quercetin was added stepwise until
visible precipitation occurred, indicating complete saturation. The samples were shaken
manually for about 30 s for homogenization. Unsolubilized quercetin was removed either
by centrifugation (5000 rpm, 5 min, 20 °C) and the supernatant recovered, or by filtration
(PTFE, 0.45 um). No difference on quercetin solubilization was observed between these
two variations of the protocol. Dilutions with methanol (1:100 to 1:500) were carried out
prior to UV-vis spectroscopy measurements. A Beer-Lambert calibration curve of native
quercetin in methanol was constructed to calculate the amount of solubilized quercetin. All
the measurements were carried out within 10 min after the addition of quercetin to
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minimize the oxidation process. Every sample was prepared in triplicate to ensure
reproducibility and statistical reliability. The same protocol was applied with the other
phenols tested, namely curcumin, gallic acid, naringenin, phloretin, and trans-resveratrol.

1.3.2.2. UV-Visible spectroscopy

UV-vis spectra were recorded on an Agilent Technologies Cary 60 UV-vis
spectrometer in 1 cm path length quartz cells. Native quercetin was measured at A =370 nm.

1.3.2.3.  'H NMR spectroscopy

NMR spectra were recorded on an Avance 111 3 (Bruker, US) at 300 MHz for H. Spectra
of meglumine and solubilized quercetin in aqueous phase were recorded in DO, and
DMSO-des was used for pure quercetin analysis. TMSP-ds was added for calibration.

1.3.2.4. Quercetin oxidation stability assessment

1.3.2.4.1. Oxidation precaution measures

Since quercetin has been shown to be particularly sensitive to oxidation, a number of
experimental preventive measures were taken. Presence of oxygen, direct light and
temperature are indeed factors to be controlled in order to slow down quercetin degradation,
which is inevitable at working pH values (pH > 8). Samples were protected from light with
aluminum foil and the solubilization experiments were carried out over a short period of
time (about 20 min). Temperature was set at 20 °C. After filtration or centrifugation,
samples were diluted in methanol and immediately measured by UV-vis spectroscopy.
HPLC was used to quantify the degradation rate of native quercetin at different pH values
in order to estimate the incidence of oxidation on the precision of the solubilization
measurements (see section 1.5.2).

1.3.2.4.2. Oxidation products detection with *H NMR

The presence of quercetin degradation products upon degradation was characterized by
H NMR. Temporal monitoring of quercetin degradation was carried out to identify the
appearance of peaks corresponding to the various oxidation products and simultaneously
highlight the decrease until complete disappearance of the parent quercetin peaks.
Quercetin reference spectrum was performed in DMSO-ds as quercetin is too little soluble
to produce signals in D20. A first monitoring was realized without meglumine, with a ratio
of NaOH to quercetin of 5:1 in D-O over 1 h, and others were conducted in aqueous solution
and in the presence of meglumine (ratio meglumine to quercetin 1:1 and 5:1 with pH 9,0
and 10,0, respectively). Shortly, approximately 15 mg of quercetin was precisely weighed
in a 5 mL volumetric flask with the appropriate mass of meglumine to obtain (1:1) and
(5:1) meglumine to quercetin molar ratio and dissolved in ultrapure water. The samples
were then diluted in D20 (1:2). After 5 min of stirring in a water bath at 25 °C, the solutions
were filtrated (PTFE, 0.2 um) and analyzed several times at regular intervals by NMR. For
interactions analysis with meglumine, the evolution of the chemical shifts of meglumine
signals was monitored as a function of meglumine-to-quercetin ratio, varying from 1:1 to
10:1.
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1.3.2.4.3. Quercetin oxidation state quantification with HPLC

Monitoring of the oxidation process was carried out by High-Performance Liquid
Chromatography on a Shimadzu instrument equipped with a Uptisphere RP C18 (250 x
4.6 mm, 2.5 um) protected by a guard column (LCig). The column temperature was
maintained at 30 °C. The mobile phase consisted of methanol-water (50:50, v/v), and the
elution was carried out isocratically at a flow rate of 1 mL/min and monitored with a UV-
vis detector simultaneously at 210 and 370 nm. A calibration curve of peak area versus
concentration of non-oxidized quercetin was built in methanol in order to determine the
concentration of native quercetin over time (see Figure A.1 and Figure A.2 in Appendix
A.3). Furthermore, the retention time (Rt) of quercetin solubilized in aqueous solution with
meglumine does not significantly differ from that of quercetin in methanol (13.5 and
13.1 min, respectively), where the Rt of small oxidation products range from 3 to 5 min, so
the presence of meglumine does not interfere with signal identification. Finally, the area
under the curve produced by the signal from quercetin in aqueous solution solubilized by
meglumine is very similar to that for the same concentration of quercetin in methanol
(2.38 mmol/L calculated for quercetin in meglumine aqueous solution for 2.5 mmol/L
prepared), thereby confirming the validity of the calibration curve for quercetin in
methanol.

1.3.2.4.4. Ferrous Oxidation-Xylenol Orange (FOX) method

It has been seen in section 1.2.3.3.2 that one hypothesis regarding the autoxidation
mechanism of quercetin in the presence of oxygen involves the production of hydrogen
peroxide (H202) in stoichiometric quantities upon its degradation. Thus, titration of
released hydrogen peroxide can be used to monitor quercetin oxidation kinetics. H2O>
formation rate was determined with the Ferrous Oxidation-Xylenol Orange (FOX) assay*®’.
This method is based on the reaction of ferrous ion with peroxide (Figure 1.14) which here
applies to hydrogen peroxide.

Fe?* + ROOH — Fe3* + R+ OH™
Figure 1.14. Reaction of ferrous ion with peroxide to form ferric ion.

The amount of ferric ion Fe3* formed is then determined by adding the compound xylenol
orange (added as tetrasodium salt, noted XO, see structure in Figure 1.15) which forms
stoichiometrically a complex (see Figure 1.16). This orange-brown complex absorbs
sharply at A = 560 nm, which makes it easy to quantify precisely.

OH o o

O o
o Da
OO N Na
0

Figure 1.15. Chemical structure of xylenol orange tetrasodium salt.
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Fe3t + X0 - [Fe3*-X0]
Figure 1.16. Complexation of ferric ion with xylenol orange.

Ferrous ion Fe?* and XO are introduced stoichiometrically by preparing the “FOX reagent™:
2.5 mM XO and 2.5 mM Mohr salt (ferrous ammonium sulfate, (NH4)2Fe(SO4)2¢6H20) are
dissolved in 1.1 M perchloric acid HCIO4. A calibration curve of [Fe3*-XO] complex
concentration against absorbance at A =560 nm was constructed by adding the FOX reagent
to aqueous solution of known H20, concentrations and letting the complexation occur for
30 min (RT, dark). The same protocol was then applied to samples containing quercetin
and meglumine to determine the influence of meglumine on the oxidation rate of quercetin
at a given pH value. Meglumine aqueous solutions were prepared at chosen concentrations
by precisely weighting meglumine and dissolving it in ultrapure water. pH was set using
5M and 1 M HCI solutions at chosen values, and then these meglumine stock solutions
were used to dilute a quercetin DSMO solution to reach selected ratios.

1.3.3.  Deprotonation modeling with COSMO-RS software

1.3.3.1. Theoretical background and working principle of COSMO-RS
calculations: polarization surfaces

COSMO-RS (Conductor-like Screening Model, Realistic Solvation) is a software based
on quantum chemistry and statistical thermodynamics used for molecular modeling®. It
calculates the chemical potential p of a solute in a pure liquid phase at infinite dilution,
which can then be converted into physicochemical parameters. Quercetin was drawn in all
possible states of charge and the COSMOconf script.19 was used for conformational
analysis. COSMOtherm (C30_1301 version, COSMOlogic, Leverkusen, Germany) was
then used to calculate the pKa values of quercetin. Figure 1.17 shows the o-profile and the
o-surface of quercetin, i.e. a two-dimensional representation of the polarizability of

quercetin.
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Figure 1.17. Graphical representation of surface polarization as calculated by COSMO-RS
software, here with the example of quercetin in its native form. The dotted line in the quercetin
structure represents hydrogen bond predicted by COSMO-RS.
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1.3.3.2. Deprotonation order prediction via minimum dissociation
constants calculations

As seen in section 1.2.3.4.1., there is no real common agreement in the literature on the
deprotonation order of the five hydroxyl groups of quercetin upon pH increase, although
the order established by Lemanska et al. (4’-OH < 7-OH < 3’-OH < 3-OH < 5-OH?®) can
be fairly trusted. The importance of knowing the first deprotonation sites (particularly the
first two) of quercetin being paramount in elucidating solubilization and autoxidation
mechanisms, it was decided to attempt to establish it by simulation and compare our finding
with the available literature data. This was achieved using COSMO-RS software.

COSMOtherm, a COSMO-RS software package, is already recognized to be able to predict
accurately pKa values of acids and phenols'®! in aqueous solution, at infinite dilution.
The calculation of pKj values by COSMOtherm is based on the equation (1. 5) and therefore
also partially on experimental data (94 acids and 75 bases) used for constants A and B
calculation.

AG)yyrar — AG)
K. =A neutral ion B L
PBa < RTInio )" (1:5)
With AG/, ... the free Gibbs energy of the neutral form (or n-ionic form) and AGL.{m the

free Gibbs energy of the deprotonated form (n+1-ionic form) and A and B experimental
constants®,

For the pKa calculations, each hydroxyl group was considered a potential site for each
deprotonation. Thus, every possible anionic form of quercetin was manually drawn in the
software for surface polarization optimization and then each combination of an anionic
form (or neutral for the first deprotonation) and all the possible anionic forms of the next
deprotonation was calculated (see Figure 1.18). For each deprotonation level, the
deprotonated form yielding the lowest pKa value is considered the most likely to occur,
because requiring the lowest energy. The results are presented in section 1.4.3.
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Figure 1.18. Graphical representation of the number of possible deprotonation combination of
quercetin.

1.4. Quercetin solubilization in aqueous solution with meglumine

1.4.1.  Solubility of quercetin in water as a function of pH

Quercetin in its neutral form is virtually insoluble in water with reported solubility
values not exceeding a few tens of micromoles per liter (between 0.17-7.7 pg/mL
corresponding to 5.62 x10%-2.55 x102 mM*! or <0.05 mM™). By raising the pH,
quercetin  becomes increasingly negatively charged upon deprotonation, which
consequently enhances its water-solubility. The solubility of quercetin in pure water at
different pH values was tested by tuning the pH with NaOH and HCI additions. Table 1.3
showed photographs of ultrapure water samples on a pH range varying from 5 to 11
saturated with quercetin and then filtrated (PTFE, 0.2 um). Up until pH 9, the maximum
solubility of quercetin does not exceed 0.1 mM, and ranges from 0.6 to roughly 1.6 mM for
pH values 10 and 11.

Table 1.3. Photographs of water samples at different pH saturated with quercetun and filtered.

pH 5 6 7 8 9 10 11
AD B0 Do E0 'FO

Sample

It should be noted that, as seen in section 1.2.3.3.2, quercetin undergoes an autoxidation
phenomenon alongside its deprotonation, i.e. with the increase of pH. As a result, at alkaline
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pH values, native quercetin is partially degraded and rapidly there is a coexistence between
quercetin with several oxidation products of lower molar mass and greater water solubility.
Some of these oxidation products have a structure close to that of native quercetin, and
therefore absorb at the same wavelength, 370 nm. As a consequence, the two phenomena,
i.e. the solubilization of quercetin by deprotonation and the overall increase in solubility
due to the growing concentration of more soluble oxidation by-products overlap and are
challenging to measure distinctly. To differentiate between these two sources and to
confirm the solubilization results obtained with UV-vis spectroscopy, the same tests were
carried out and analyzed with HPLC, where different retention time allow to distinguish
between native quercetin and oxidation by-products (see section 1.5.2).

1.4.2.  Meglumine concentration influence on quercetin water-solubility

In order to discriminate between the increase of solubility due to deprotonation itself
and due to the presence of meglumine, the solubilization of quercetin was conducted with
two different meglumine concentration and compared to control samples without
meglumine at the same pH values on a wide pH range. Figure 1.19 presents the
solubilization results of quercetin in presence of meglumine as a function of pH. It should
be noted that the pH of meglumine dissolved in water is naturally around 11.
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Figure 1.19. Maximum solubility of quercetin in water as a function of pH and meglumine
concentration. Blue: Ultrapure water (no meglumine). Green: 50 mM meglumine in ultrapure
water. Orange: 250 mM in ultrapure water. Displayed data are the average values of two
measurements. The results are shown in two different graphs to adapt the scale of the quercetin
concentration axis.

It can be seen from Figure 1.19 that the solubility of quercetin is closely correlated to
meglumine concentration from pH 8 and above. At lower pH values, there is no noticeable
effect compared with control samples. At pH 8, the maximum solubility of quercetin in
water is increased by a factor 5 with 250 mM of meglumine. This increase is even more
pronounced at pH 9 and higher, however as autoxidation phenomenon can happen, the
solubility values achieved at high pH offer less interest for practical applications.
Furthermore, the effective aqueous solubilization of quercetin by meglumine is confirmed
by the presence of characteristic quercetin peaks alongside the signals of meglumine in

D20 (see Figure 1.23).
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1.4.3.  Deprotonation order simulation with COSMO-RS

Every possible state of charge of quercetin was drawn and optimized by COSMOconf
to determine the most energetically stable conformers. Then for each state of charge, the
deprotonation of one additional hydroxyl group was calculated. Figure 1.20 presents the
exemple of the first deprotonation, i.e. between the neutral and monoanionic forms of
quercetin. For this deprotonation, the hydroxyl groups 4’ and 7 gave the lowest pKa values,
however the hydroxyl groups 3’ and 3 do not yield much higher pKas. As a result, it can be
hypothesized that their deprotonation is slightly less favorable than that of groups 4' and 7,
but can still be considered. This means that at pH values around these pKas, all four
monoanionic forms (An 4°, 7, 3’ and 3) can coexist. On the other hand, deprotonation of
group 5 first seems highly unlikely. This is consistent with this group being able to form an
intramolecular hydrogen bond with the adjacent carbonyl group (see Figure 1.17).

pK,1=7.4 HO O ‘
: An7

PK,1=7.6 © O 0‘
OH

HO. 0} :
HO (o)
O | Ho [ pK,a1=80 O ‘
oH :
E An 3
pK,1=8.0 HO O o | OH
i O@

pK,1=10.2 HO O O‘

Figure 1.20. pKa calculations of the first deprotonation of quercetin using COSMO-RS software.

NB: “An” stands for “Anion”.
The pKa calculations for almost every possible calculation (a few very improbable
deprotonations have been left out) have been listed in Table A.1 toTable A.5 in appendix
A.2 for each deprotonation. Thus, according to this approach, i.e. considering for each
deprotonation that the one(s) with the lowest pK, value is the most likely to occur, the
following order of deprotonation is obtained: 4’-OH < 7-OH < 3-OH < 3’-OH < 5-OH,
represented in Figure 1.21.
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Figure 1.21. pK, calculations for the most probable deprotonation order of quercetin according to
the COSMO-RS method. NB: “An” stands for “Anion”.

This finding is in good agreement with the work of Alvarez-Diduk et al.®*, and only differs
from the one establisher by Lemanska et al. 8 with respect to the third (and thus the fourth)
deprotonation, i.e. between groups 3-OH and 3’-OH. Indeed, assuming that the 4’-OH
group is already deprotonated, the deprotonation of group 3°-OH should be electronically
disadvantaged compared to 3-OH, which is consistent with the results obtained with
COSMO-RS, as the pKa of deprotonation of anion 4’7 to 4’73’ is more than one pKa unit
above that of deprotonation of anion 4’7 to 4’73 (see Table A.2 in Appendix A.2).

1.4.4.  Mechanism of quercetin solubilization with meglumine

The interactions between meglumine and quercetin were more deeply studied.
Meglumine itself can exhibit a range of different interactions with solutes, depending
highly on the solvent. Like for quercetin, the hydroxyl groups of meglumine can act
simultaneously as hydrogen bonds acceptors and donors. For example, meglumine can
form stable crystals with flunixin through complexation in organic solvent, where the
cohesion arises fromO — H --- Oand N — H --- O hydrogen bonds!'?. Meglumine has been
shown to associate with carboxylic acids via its amino group, and to form hydrogen bonds
via its hydroxyl groups only with water molecules from the solvent!13-115,

Acid-base interaction and salt formation

The structure of meglumine suggests that it could interact with quercetin in different
ways, for instance through proton exchange between the amine group of meglumine and
the hydroxyl groups of quercetin. The aromatic rings of quercetin could also act as
hydrogen bond acceptors toward hydrogen bonds donors such as the amine group or the
oxygen atoms of the hydroxyl groups of meglumine.

For identification purpose of the signals of native quercetin which is virtually insoluble
in water, a reference spectrum was carried out in DMSO-ds (see Figure 1.22). As mentioned
before, 1H NMR carried out immediately after solubilization with meglumine confirmed
the presence of quercetin in its native form in aqueous solution (see Figure 1.23).
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Figure 1.22. *H NMR spectrum of pure quercetin in DMSO-ds.
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Figure 1.23. *H NMR spectrum of quercetin in D,O in the presence of meglumine (pH = 11).

In order to gain more insights on the mechanism of solubilization, the interactions between
quercetin and meglumine were investigated using *H NMR spectroscopy. Figure 1.24
shows the evolution of the meglumine signals at different meglumine to quercetin ratios in

D,0.
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Figure 1.24. *H NMR spectra of meglumine (Meg) in the presence of quercetin (Quer) in DO at
increasing meglumine to quercetin molar ratios from bottom (1:1) to top (10:1). Dotted lines serve
as visual guides for the evolution of the chemical shifts.

The most striking feature of this test is the strong de-shielding of the protons 1, 7 and 2 to
a lesser extent, even with a slight change in the ratio between meglumine and quercetin.
This de-shielding of the protons adjacent to the amine function of meglumine suggests a
salt formation with quercetin. In comparison, the signals of protons 3 to 6 stay practically
identical no matter the ratio in the range of the study, indicating that the hydroxyl groups

of meglumine do not strongly interact with quercetin.

Lastly, the hypothesis of salt formation between meglumine and quercetin is consistent
with the almost instantaneous solubilization of quercetin in aqueous meglumine solutions.
The hydroxyl groups of meglumine would in this case further help hydration by bringing
water molecules through hydrogen bonds with the sugar moiety of meglumine.
Furthermore, meglumine is positively charged at pH below 9.6. The ionic interactions
should also be enhanced with deprotonation of the hydroxyl functions of quercetin above
pH 7. In fact, although the often cited ApKa rule, that states that the pKa difference between
the opposite charged molecules must be at least one unit for salt formation to occur!®, is
respected for the first, second and probably third deprotonation of quercetin, it has already
been established that meglumine could form salts with solutes even if the pKa difference
between the two is less than 1%. This is consistent with the further significant increase in
quercetin solubility in the presence of meglumine at high pH (see Figure 1.19).

I.5. Impact of meglumine on quercetin oxidation stability

As it has been seen in section 1.2.3.3.2, quercetin is very sensitive to oxidation and is
quickly and completely transformed in presence of oxygen, a phenomenon intensified by
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light and temperature. Furthermore, as mentioned above (section 1.4.1), quercetin oxidation
products are more water-soluble, so accurate quantification of the oxidative state of
quercetin during solubilization processes is crucial. To this end, oxidation was monitored
by an *H NMR and an HPLC follow-up.

I.5.1. Determination of the presence of native quercetin and/or oxidation
products in solution

NMR monitoring consisted in tracking the disappearance of peaks characteristic of
native quercetin, while at the same time detecting the appearance of peaks due to oxidation
products. Figure 1.25 represents *H NMR spectra of aqueous solutions (D,0) at different
ratios of meglumine to quercetin were temporally monitored and compared to the effect of
NaOH equivalent in the same ratio.

” \ I

Figure 1.25. 1H NMR spectra of quercetin in aqueous solutions in D20 over time. A. Meglumine
to quercetin molar ratio of (1:1) (pH = 9.0). B. Meglumine to quercetin molar ratio of (5:1)
(pH =10.0). C. NaOH to quercetin molar ratio of (1:1). D. NaOH to quercetin moar ratio of (5:1).
Red: to. Green: to + 30 min. Blue: to + 1 h. The structure of protocatechuic acid is also given in D.
The main obstacle in characterizing quercetin oxidation by NMR lies in the fact that its
oxidation products yield signals that may overlap with those of native quercetin.
Furthermore, as it is not experimentally feasible to obtain a spectrum of pure quercetin in
water, the study of the shifts of quercetin signals upon oxidation is limited. One of the
main oxidation derivatives of quercetin is protocatechuic acid. With a molar ratio of (5:1)
of NaOH to quercetin, the peaks corresponding to its protons appear unequivocally (see

Figure 1.25, D).
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On the other hand, phloroglucinic acid and phloroglucinol, two other major oxidation
products of quercetin®®, generate one single peak in the form of a singlet around 6 ppm in
water. This peak is probably responsible for the asymmetric decrease of signals
corresponding to protons noted 6 and 8 on Figure 1.22, located in D2O at around 6 and
6.2 ppm, respectively (Figure 1.25, A. and D.), as it overlaps with the first one. Thus, the
decrease of the peak at 6.2 ppm, namely the signal of proton 8, should alone clearly indicate
the chemical modification of quercetin structure upon oxidation. This decrease is fairly
evident with NaOH as well as with meglumine in equimolar ratio (Figure 1.25, A. and D.),
but surprisingly is far less obvious with a (5:1) meglumine to quercetin ratio (Figure 1.25,
B.), as both signals 6 and 8 appear to decrease rather simultaneously. The reason for that is
not clear but it appears that meglumine has an influence on quercetin oxidation mechanism,
for it differs from the one induced only by deprotonation upon pH increase.

1.5.2.  Oxidation quantification with HPLC

In order to achieve a precise quantification of the temporal degradation of quercetin and
the formation of its oxidation sub-products, HPLC analyses were carried out. Figure 1.26
shows the chromatograms of the follow-up of quercetin degradation over a period of 2 or
4 h.
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Figure 1.26. Chromatograms for the temporal monitoring of quercetin oxidative degradation. A. In
the presence of meglumine. B. With NaOH. 1. At pH 7.35. 2. At pH 8.4. 3. At pH 11. All spectra
were recorded at A = 370 nm. Percentages expressed represent the amount of unaltered quercetin.
Whether in the presence of meglumine or not, at physiological pH (around pH 7.4),
quercetin solubility is particularly low. In both cases, nevertheless, quercetin degradation
over a two-hour period remains limited. Around pH 8 with just NaOH equivalents (see
Figure 1.26, B, 2), although the low solubility of quercetin decreases the precision of
quantification, around 70 % of unaltered quercetin remains after 4 h. At the same pH value,
in the presence of meglumine, 25-29 % degradation is observed after 2 h, and 65 % after
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4 h, which means that even with a probable predominance of mono- and dianionic forms
of quercetin, a non-negligible percentage of native quercetin remains after a few hours.
From an application point of view, this result remains interesting as it may enable the
development of quick solubilization or extraction techniques which do not require long-
term stability. In any case, it would seem that quercetin is slower oxidized without
meglumine. However, it is delicate to compare the samples, as the concentration of
quercetin solubilized with meglumine at that pH is significantly higher than without it,
probably resulting in a facilitated oxidation. Furthermore, at pH 11, it is clear that the
degradation of quercetin in the presence of sodium hydroxide is particularly swift (see
Figure 1.26, B, 3), yielding only about 24 to 25 % of intact quercetin after 2 h, although the
chromatogram with meglumine is somewhat partially unclear.

Another important point to note is the validation by HPLC of solubilization results obtained
by UV-vis spectroscopy. Indeed, at pH 8 in meglumine aqueous solution (to), the
concentration of quercetin obtained from the peak area method is 0.454 mM, versus
0.462 mM obtained with UV-vis spectroscopy.

1.5.3.  Oxidation quantification with the Ferrous Oxidation Xylenol orange
(FOX) method

An additional method was also investigated to try to better understand the oxidative
degradation kinetics of quercetin more specifically, the so-called Ferrous Oxidation-
Xylenol orange (FOX) method. The reactions on which this method is based are detailed
in section 1.3.2.4.4. The principle of the experiment is to measure the UV-vis absorbance
of the [Fe®**-XO] complex formed in the presence of H2O released by quercetin upon
oxidation to determine the rate of peroxide formation and therefore the rate of oxidation.
Furthermore, this method could potentially overcome the solubility challenges encountered
for quercetin at moderate alkaline pH without meglumine, as it not based on a direct
measurement of quercetin. The formation of hydrogen peroxide being equimolar upon
oxidative breaking of quercetin, the rate of H.O> directly represents the number of quercetin
molecules breaking each minute. Figure 1.27 shows the comparison of quercetin samples
in aqueous solution on the presence or not of meglumine at physiological and slight alkaline
pH.
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Figure 1.27. H,0, formation rate of quercetin samples in agueous solution with (orange) and
without (blue) meglumine at different pH values.
Several observations can be made. Firstly, at pH 7.5, the oxidation rate of quercetin with
meglumine is 2 times higher than the one with meglumine, but is almost 3 times higher at
pH 8.4, which seems in contradiction with previous results (see Figure 1.26). However, it
is also important to bear in mind that because of experimental requirements, these H20:
rates are measured 30 min after the beginning of the oxidation process, to ensure the steady
formation of the complex, and represent a rate calculated from the total amount of H20>
formed after 30 min. The temporal evolutions of these rates are compared in Figure 1.28.
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Figure 1.28. Temporal evolution of H,O, formation rate of 0.1 mM quercetin samples in aqueous
solution at pH 8. Blue: quercetin alone. Green: (100:1) meglumine-to-quercetin. Yellow: (1000:1)
meglumine-to-quercetin.

It seems clear from Figure 1.28 that the oxidation rate of quercetin is dependent on the
meglumine-to-quercetin ratio. In the absence of meglumine, the slight reduction of the
oxidation rate with time seems logical with the reduction of quercetin concentration upon
oxidation degradation. This behavior is also found with a large excess of meglumine (ratio
1000:1) but way stronger, with a reduction of the H.O> formation rate of more than 50 %
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between 30 min and 3 h, although the absolute values of these rates are significantly higher
than in the absence of quercetin. Surprisingly, at a 100:1 ratio between meglumine and
quercetin, not only is the H.O> formation rate after 30 min more than two times smaller
than for the control sample, but it also increases between 30 min and 3 h contrary to the
other ratios, suggesting that meglumine could have a slight protective effect on quercetin
oxidation, but this effect reverses with time, maybe as the quercetin concentration
diminishes and the meglumine-to-quercetin ratio increases. As this ratio becomes too great,
the excess meglumine molecules supposedly act primarily as base, increasing the oxidation
of quercetin.

1.6. Extension of the scope to other polyphenols

The enhanced solubility of quercetin obtained with meglumine prompts the question of
the generalization of this mechanism to other polyphenols. To this end, selected compounds
were tested at pH 8, where solubilization with meglumine was found to be the most
interesting for quercetin, as a compromise between satisfactory solubility enhancement and
reasonable oxidation. The idea was to confirm the criteria on pKa and on the accessibility
of the hydroxyl groups to ensure the solubilization, i.e. that the target compound should be
at least one or two times deprotonated and easily approachable at working pH to interact
efficiently with meglumine. One particular compound, xanthohumol, meets these criteria
well, and is strongly resistant to oxidation, so it was investigated on a larger pH range.

1.6.1. Xanthohumol solubilization with meglumine

Xanthohumol (see structure in Figure 1.29) is a major component of hop. Although the
biological properties of xanthohumol have recently been extensively investigated!’, very
few studies have focused on the determination of its dissociation constants. Arczewska et
al. reported the following values: pKal = 7.4 + 0.3, pKa2 = 8.6 £ 0.3, and pKa3 =8.9 £ 0.3,
attributed to hydroxyl groups 2, 4, and 4, respectively (see Figure 1.29)8,

Figure 1.29. Chemical structure of xanthohumol.

Figure 1.30 shows the maximum solubility of xanthohumol between pH 6 and 11 at
different meglumine concentrations.
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Figure 1.30. Maximum solubility of xanthohumol as a function of pH and meglumine
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water. Orange: 200 mM meglumine in ultrapure water. The results are shown in two different

graphs to adapt the scale of the xanthohumol concentration axis.

As seen with quercetin (see section 1.4.2) it can be already observed at pH 8 that the highest
concentration of meglumine (200mM) has a significant effect on the aqueous solubilization
of xanthohumol (almost 10-fold). Then, at pH 9 and above, the solubility enhancement
effect of meglumine at fixed pH is indisputable. Indeed, at pH 10, xanthohumol’s solubility
increases by more than 27 times with 50 mM meglumine, and around 70 times with
200 mM. Xanthohumol appears then as a suitable candidate to be solubilize with
meglumine, as its resistance towards oxidation is much higher.

1.6.2.  Comparison of the polyphenol solubilization efficacy of meglumine

Phenolic compounds were chosen as representative of different families of polyphenols,
such as flavanones (naringenin), dinydrochalcones (phloretin), stilbenoids (resveratrol), or
simple phenolic acids (gallic acid). The effect of meglumine on their water-solubility was
investigated around pH 8 with roughly 50 and 200 MM meglumine in ultrapure water.
Table 1.4 presents the results of these tests, together with the values of the different
dissociation constants available in the literature, or from this work in the case of quercetin.
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Table 1.4. Water-solubility of tested polyphenols with different meglumine concentrations at pH
8.1 + 0.1 (same protocol as for quercetin solubility tests).

Meglumine concentration
(mmol/L)

Phenols

tested Structure pKa 0 48 201

Solubilized polyphenol
concentration (mmol/L)

pKal = 7.4%
— 74t
o o pKa2 = 7.3
Quercetin H°°“ pK.3 =8.9¢ 0.07 0.16 0.46
OH O o "
pKq4 = 9.8%
pKa5 =12.5¢
pKal (acid) = 4.0%1°
(o]
HO o pKa2 = 8,714
Gallic acid 207 283 319
HO pKa3 =11.411°
OH
pKad > 13119
pKal = 8.4120, 7.7-8 5121
~o o~ pKaZ - 9-9120, 8.5-
A HO. OH
Curcumin 10.4%21 <0005 <0005 <0.005
=
© © pKa3 = 10512, 9.5-
10.712
O oH pKal = 7.5%, 7,13
HO (0]
Naringenin pKa2 = 8.480, 8.8% 15 1.7 2.0
OH © pKa3 = 9.8%
(0] OH
Phloretin /‘/\)i pPKal =7.3122 7,613 1.1 4.8 9.1
HO O HO O OH
O oH pKal = 8.814 9,112
Resveratrol Ho PK,2 = 9.812¢, 97125 21 21 2.6
OH

pKa3 = 11.4124 10,5125

i Calculated with COSMO-RS (see section 1.4.3).
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Apart from gallic acid, which interacts strongly whit meglumine very probably because of
its carboxylic acid group, a few polyphenols seem able to interact with meglumine in the
same fashion as quercetin and xanthohumol. Indeed, meglumine seems to be able to interact
efficiently with phloretin and to a lesser extent with naringenin and resveratrol, and seems
to have minimal to none effect on curcumin at this pH. Degot et al. showed that meglumine
was able to facilitate the extraction of curcumin by enhancing its solubility in a
triacetin/ethanol/water system, and also in pure aqueous solution'?. However, without
either buffer or medium acidification, an aqueous meglumine solution exhibits a pH well
above 8, and this basicity is probably responsible for the increased extraction yield. The
first pKa of curcumin is too high to yield lot of charged molecules at pH 8. This is
presumably the same case with resveratrol. Phloretin on the other hand is thought to have
its first pKa around 7.3-7.6, which makes it an ideal compound for interaction with
meglumine. Finally, and more surprisingly, naringenin is also believed to be one time
deprotonated around pH 8, as its first pKa is between 7.1 and 7.5. One hypothesis is that
naringenin and phloretin are not poorly water-soluble for the same reasons. This will be
explored in greater detail in Chapter IlI.

1.7. Conclusions

In this chapter, it was demonstrated that meglumine can effectively increase the
solubility of quercetin as well as other phenolic compounds in aqueous media, notably
xanthohumol and phloretin, even at an only very slightly alkaline pH. In order to understand
the solubilization mechanism of quercetin, its state of charge as a function of the pH has to
be assessed. However, neither the pKa values nor the deprotonation order of its 5 hydroxyl
groups could be obtained with confidence from literature data, So no predominance diagram
could be formulated. Therefore, pKa values of quercetin were calculated using COSMO-
RS software, and the deprotonation order was assessed with a new method developed for
this purpose using the calculation from this software, resulting in the order of facility of
deprotonation as follow: 4’-OH < 7-OH < 3-OH < 3°-OH < 5-OH.

Together with the charge state of quercetin and shifts in meglumine *H NMR signals, it has
been shown that the solubilization mechanism is based on proton exchange between the
amine function of meglumine and the first hydroxyl groups of quercetin susceptible to
being deprotonated. Cohesive forces like van der Waals interactions, hydrogen bonding
between quercetin molecules and nt-stacking are thought to be decreased by the presence of
meglumine, possibly also due to a geometry modification of quercetin structure from planar
to non-planar through keto-enol tautomerization. The high solubility of the complex could
then be the result of the many possible hydrogen bonds between the hydroxyl groups of
meglumine and water molecules, enabling good solvation.

Based on these results, it is possible to form general prediction rules for solubilization with
meglumine. The first relates to the pKa(s) of the phenolic compound to be solubilized in
relation with the medium pH. As the solute must be at minima one time deprotonated, the
pH should be set at least one unit higher than its (first) pKa, or if the pH is not an adjustable
parameter, the solubilization will be effective only with compound having a low enough
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pKa. Secondly, the hydroxyl group(s) to be deprotonated has to be accessible enough to
interact efficiently with meglumine. Parameters such as hydrogen-bonding or zm-stacking
should be considered.

When working at medium or strong alkaline pH, oxidation of polyphenols must be
accounted for. *H NMR and HPLC are both relevant methods to quantify oxidation
degradation. In the case of quercetin, a reasonable compromise was found between
acceptable degradation (25-30 % degradation after 2 h) and fairly increased water-
solubility (around 0.45 mmol/L) around pH 8 with meglumine.

Moreover, it should be noted that the behavior of meglumine is remarkable in that it
resembles that of a hydrotrope (meaning solubilizing). This is particularly surprising when
considering the absence of a real hydrophobic part in its structure. The means that
hydrotropy in its global sense of a water-solubility enhancement should therefore be
enlarged beyond “simple” amphiphilicity (cf. the work of Mehringer?/128),

Finally, in view of the structure of quercetin or the other phenolic compounds tested for the
generalization of solubilization with meglumine (section 1.6.2), it appears that it is not
necessarily trivial to establish a direct relationship between the structure of polyphenols
and their aqueous solubility. The their chapter of this thesis will focus on other
solubilization techniques for polyphenolic structures, among which binary solvent systems
and m-stacking, in order to better understand the structural factors behind low aqueous
solubility.
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Chapter 11
Application of quercetin solubilization
with meglumine: liposome encapsulation
at moderate pH using modified pH-driven
method
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11.1. Introduction

As mentioned in the first part of this work, drug delivery of quercetin is an area of great
interest. One solution to overcome the poor water-solubility of quercetin is the use of lipid
carriers, including nanostructured lipid carriers (NLCs) and liposomes?. However, in order
to form the liposomes and to load the lipophilic polyphenols into the liposome’s bilayers,
they are often solubilized in organic solvents or solvents mixtures (methanol, acetone,
chloroform, etc.) during the process. One solvent-free method has been developed recently
and is based on the increase of solubility of numerous biological compounds (such as
polyphenols) with increasing pH. Pan and coworkers showed the possibility of entrapping
curcumin into caseinate structure directly in aqueous phase!?® and Peng et al. adapted this
concept to develop a protocol for curcumin encapsulation into liposomes®*°, now known as
the “pH-driven” or “pH-jump” method. One major obstacle to the transposition of this
method to quercetin is the fragility of the latter towards oxidation, even in mildly alkaline
media. Indeed, although these oxidation products also exhibit interesting biological
properties, mainly antioxidant activity (see section 1.2.3.3), it is interesting to preserve
quercetin in its native state until successful delivery of the drug, to maximize these
properties and avoid early oxidation chain reactions.

Using this idea as a starting point, we propose to use meglumine in order to solubilize
quercetin in water at moderate pH before loading it into standard liposomes. It must be
noted that, since here the pH is set to only slightly alkaline values, the liposomes that would
spontaneously form with the pH-driven would not have optimal properties (size, size
distribution, etc.) due to the lack of phospholipid solubility at these pH values. The protocol
used here is, therefore, an adaptation of the thin-film method (TFM) where the amount of
organic solvents is minimized to solubilize the phospholipids and allow the formation of a
film upon evaporation. In this study, liposomes were loaded with quercetin using a
meglumine-rich aqueous solution at pH 9 with minimum use of organic solvents. The
properties of the synthetized liposomes were assessed, and the amount of native and
oxidized quercetin was determined.

11.2. Bibliographic background

11.2.1. Liposomes technology

Liposomes are self-assembling vesicles structured with a lipid bilayer (see Figure 11.1),
commonly composed of phospholipids, which are amphiphilic compounds and can be
neutral, or positively or negatively charged. This allows liposomes to entrap hydrophobic
compounds (in the bilayer) as well as hydrophilic ones (in the aqueous core). Liposomes
structure is also very similar to cellular membrane, which makes them efficient drug
carriers. In addition, the sensitivity of the liposomes structure to stimuli such as pH,
temperature, or others enables a targeted and controlled drug release. Finally, liposomes
often allow for a reduction of drug concentration, and a better stability (for example for
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storage purposes). For these reasons, they have become one of the most successful drug
delivery system to date!®!.
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Figure 11.1. Representation of the structure of a liposome. Reproduced with permission from
reference [%2].

Liposomes are classified according to their size and lamellarity: small unilamellar vesicles
(SUV), large unilamellar vesicles (LUV), multilamellar vesicle (MLV), and multivesicular
vesicles (MVV)!3, or based on their preparation method, of which the two main categories
are reverse-phase evaporation or vesicle extrusion techniques*®!. The thin-film hydration
method is one of the most common process for liposomes synthesis and belongs to the
category of reverse-phase evaporation (see Figure 11.2). In short, it consists in dissolving
the phospholipids in organic solvent, then the evaporation of the solvent phase to create a
thin film of lipids, and finally the dispersion of this film in aqueous phase where it self-
assembles into liposomes due to the non-affinity of its apolar lipidic chain towards water.
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Figure I1.2. Thin-film extrusion method. Reproduced with permission from reference [**].

The structure of the phospholipids used influences greatly liposomes characteristics such
as size, stability, electric charge, etc'®. Moreover, liposome surface functionalization is a
common approach to improve or to confer additional properties to liposomes. PEG, as well
as peptide, protein, carbohydrate or antibody can thus be fixed at the membrane surface of
the liposome, generally for specific targeting. Cholesterol is also often added to decrease
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the permeability of the lipid bilayer in order to prevent or decrease the release of
hydrophilic encapsulated drug in the core through diffusion across the bilayer.

Quercetin-loaded liposomes

As many polyphenols, and quercetin in particular, are biologically promising, but poorly
water-soluble compounds, their delivery with liposomes and other NLCs has been
extensively studied. Indeed, liposomes have be proven to be well-suited not only for drug
delivery®341* put also for polyphenols**®13” and quercetin encapsulation**¥14°, Liposomal
encapsulation of quercetin has been proven to be efficient for reduction of oxidative liver
damage in vivo (in rats)!®® and liposomal quercetin seems to be able to exhibit its anti-
inflammatory properties successfully®®°.

11.2.2.  pH-driven methods

As green chemistry challenges are becoming increasingly relevant, reducing the use of
organic solvents in favor of water has become a major issue for formulators. To avoid using
these solvents and to simplify the process of liposomes formation, Pan et al. introduced in
2014 a pH-driven method (PDM) for loading curcumin into casein micelles'?® (see Figure
11.3), and Peng and coworkers tested it on resveratrol and quercetin®3. They exploited the
fact that (poly)phenates formed upon deprotonation in alkaline conditions are more water-
soluble than polyphenols. The drugs can be therefore loaded from an aqueous phase
(alkaline medium) into the lipophilic part of liposomes through pH reduction (drop in
solubility with re-protonation). In short, lipids and hydrophobic compound are put in
solution together at neutral pH, and large multilamellar vesicle (MLVs) are formed by
mechanical agitation. A great increase in pH then induces simultaneously the breaking of
the MLVs into small unilamellar vesicles (SUVs) or smaller multilamellar vesicles and
solubilization of the hydrophobic compound into the aqueous phase. A final drop in the pH
causes the hydrophobic compound to migrate into the bilayer of the liposomes and the
subsequent non-encapsulated fraction to precipitate.

The major drawback of this technique is the rapid degradation of numerous polyphenols in
alkaline conditions through autoxidation. It is particularly true with quercetin, which
undergoes a quick oxidation mechanism at even slightly alkaline pH, resulting in the
breaking of the molecule into a multitude of sub-products (see section 1.2.3.3.2). Peng and
coworkers thus reported that after 1 h at pH 9, only 40 % of quercetin remained, and this
amount dropped to 20 % at pH 10 and virtually 0 % at pH 11 after 1 h'®, This method is
therefore highly dependent on the compound to be encapsulated, and is not easily
applicable to oxidation-sensitive products.
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Figure 11.3. Top: principle of the first pH-driven method for encapsulating curcumin into
caseinate structures. Reproduced with permission from reference [*2°]. Bottom: application of the
pH-driven method for encapsulation of curcumin into liposomes. Reproduced with persmission
from reference [*#].

11.3. Experimental part

11.3.1. Materials

Meglumine (>99 %) was purchased from TCI Chemicals, quercetin monohydrate
(HPLC grade) from Merck, and methanol (HPLC grade) from VWR international. HSS
buffer (10 mM HEPES, 200 mM NaCl, 200 mM Sucrose, 0.01 % NaNs, pH 7.5), and HMS
buffer (10 mM HEPES, 250 mM Meglumine, 70 mM NacCl, 0.01 % NaNs, pH 7.0) were
home-made.

11.3.2. Liposomes preparation

Anionic liposomes were prepared following a modified version of established
protocol#2143 py the thin-film method and inspired by the pH-driven method'?*41:144 Two
different buffers were used for dialysis, a classical sucrose buffer (HSS), and a meglumine
one (HMS). Liposomes samples were named after these buffer solutions.

Encapsulant preparation

Encapsulant was prepared by dissolving DPPC (33.12 mg, 44.12 umol), DPPG
(9.04 mg, 12.14 pmol), DMPE-PEG2000-biotin (3.40 mg, 1.17 umol), and cholesterol
(1.22 mg, 3.16 pumol) in 3 mL chloroform and 0.5 mL methanol in a round glass flask. The
solvents were then removed slowly with a rotary evaporator until a thin film formed on the
glass. Concurrently, 7.50 mg of quercetin (5 mM), 219.6 mg of meglumine (250 mM), and
13.15 mg NaCl (50 mM) were precisely weighted in 450 uL HEPES buffer (200 mM, pH
7.5) and 3.15 mL double distilled H20. 900 pL HCI (1.0 M) was added to adjust the pH to
9. Then 2 mL of the quercetin solution was added to the glass flask via syringe and septum,
and the flask was vortexed and sonicated until complete dissolution of the film. This
operation was repeated with another 2 mL of the quercetin solution.
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Extrusion

Liposomes were extruded 21 times successively through 1.0 pm and 0.4 um polycarbonate
membrane (Whatman, Florham Park, NJ, USA) using a mini extruder (Avanti Polar Lipids,
Inc.). The extrusion temperature was set to 35°C.

Size Exclusion Chromatography

Size Exclusion Chromatography was carried out with a Sephadex G-50 (Sigma-Aldrich)
column (20 x 1.7 cm) with HMS or HSS buffer as eluent.

Dialysis

Liposomes were dialyzed over two days (buffer exchanged twice) at room temperature with
a dialysis membrane from Spectra/Por® (exclusion size 12-14 kDa) in HMS (pH 7.0) and
HSS buffer (pH 7.5), respectively.

Precaution for quercetin oxidation

In order to minimize quercetin autoxidation as much as possible, the first steps of the
liposome’s synthesis were carried out under nitrogen gas atmosphere and in brown glass
containers until the pH was dropped to physiological value and quercetin concurrently
encapsulated. The temperature on the method was also reduced from typical 60°C to 35°C
as a high temperature is a catalyst to the autoxidation reaction of quercetin. It was found
out that this reduction of the temperature had no effect on the properties of the obtained
liposomes.

11.3.3. Liposomes characterization and quercetin concentration assessment

Total Lipid concentration

Liposomes’ total lipid concentration was assessed using Inductively Coupled Plasma-
Optical Emission Spectrometry (ICP-OES) using a SPECTROBLUE TI/EOP (SPECTRO
Analytical Instruments GmbH, Kleve, Germany). Size, polydispersity and {-potential were
determined with Dynamic Light Scattering (DLS) measurements using a Malvern Zetasizer
Nano-ZS (Malvern Panalytical, Germany).

Detection of quercetin

The successful encapsulation of quercetin was assessed using a Differential Pulse
Voltammetry (DPV) method adapted from Arvand et al.}*. This method is based on the
controlled redox reaction of quercetin by imposing precise voltage steps. In short, a home-
made laser-induced graphene (L1G) electrode was used to conduct DPV measurements with
minor adjustments from Arvand et al.: range 0.2-0.5V, Esep 0.01 V, Epuise 0.025 V, and
tpuise 0.05 s. Liposomes samples were each diluted 1:2 or 1:4 in HMS buffer with 0.1 M
glycine. DPV measurements were conducted once before and once after lysis of the
liposomes via treatment by sonication for 5 min. Each liposome concentration was prepared
in triplicates. It should be noted that this method was not able to discriminate between
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native quercetin and several oxidation products of quercetin bearing adjacent hydroxyl
groups (see section 1.2.3.3.2) and was therefore only used as a detection method rather than
for quantification.

Quantification of quercetin and oxidation

To complete and validate the results obtained with the electrochemical method, High-
Performance Liquid Chromatography quantification was carried out. HPLC was performed
on a Waters system equipped with a RP-18 ACE Equivalent column (250 x 4.6 mm,
2.5 um) with a Waters 2487 Dual A Absorbance Detector set at 210 and 370 nm. The mobile
phase consisted in two solvents, Millipore water with 0.1 % TFA (A) and methanol (B).
An isocratic 50:50 mixture was applied for the total duration of the sample analysis
(25 min). The mobile phase flow rate was 1.0 mL/min and the injection volume was 10 pL.
Liposomes samples were each diluted 1:10 or 1:5 in pure methanol and treated by
sonication for 3 min to ensure lysis before the injection. Each sample was analyzed 3 times.
A calibration curve of quercetin in methanol was previously prepared based on peaks area.
A sample of quercetin in highly basic aqueous solution (pH > 11 obtained with 0.1 M
NaOH) was also prepared and analyzed repeatedly to identify the retention times of
quercetin oxidation products. In addition, certain known oxidation products of quercetin
(phloroglucinol and phloroglucinic acid) were analyzed in their pure state in aqueous
solution using the same method, to further validate the ability of the established method to
effectively separate native quercetin from degraded derivatives, and thus to obtain a
quantification accounting for the oxidative state of quercetin.

11.4. Quercetin-loaded liposomes formulation

I1.4.1. Liposomes characterization

Liposomes samples were analyzed by DLS and ICP-OES to ensure that the adapted
protocol and the presence of meglumine did not significantly influence the properties of
the liposomes (size, surface charge, and total lipid concentration). In the following,
liposomes samples are referred to as HSS (prepared in sucrose buffer) or HMS (prepared
in meglumine buffer) (see section 11.3.2). Furthermore, two fractions of each sample were
collected after Size Exclusion Chromatography (SEC), a medium-concentrated fraction
(M) and a high-concentrated one (H). If not otherwise mentioned, results are shown for the
high-concentrated liposome fraction. Both HMS and HSS samples yielded total lipid (tL)
concentrations around 5 mM (4.54 £ 0.06 mM for HMS and 5.53 £ 0.02 mM for HSS).
Average diameters were measured 206.4 £ 1.5 nm for HMS sample and 173.4 £ 1.3 nm for
HSS and a polydispersity index (PI) of 0.27 £ 0.01 and 0.23 £ 0.01 was determined for
HMS and HSS, respectively. Liposomes size is generally comprised between 30 nm and a
few micrometers depending on the synthesis process, mostly the extrusion step. Here they
were extruded through a 0.2 pum membrane (i.e. 200 nm), so their size and distribution are
fairly suitable. Finally, as negatively charged liposomes should be formed with this
particular synthesis, {-potential was measured. Both HMS and HSS were indeed negatively
charged as expected, with -10.6 £ 1.3 mV for HMS and -9.0 £ 0.9 mV for HSS. Overall, it
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can be stated that the adapted Thin-film protocol modified with pH adjustment and presence
of meglumine successfully yielded liposomes in line with what might be expected given
the proportions of lipids used.

11.4.2.  Liposomal quercetin detection

After the SEC step in the synthesis, it could already be visually assessed that some
quercetin had been entrapped inside the liposomes, as both samples were yellow colored
(see Figure 11.4). However, HSS liposomes were excluded after a few tens of minutes to
allow the column to be cleaned of the quercetin left by the HMS passage, and HSS sample
color turned slightly darker, suggesting the probable oxidation of part of the quercetin.

AT,
b

CEL D

Non-
encapsulated
guercetin

Quercetin-loaded
liposomes

Figure 11.4. SEC and dialysis steps from the HMS liposomes synthesis. A. SEC at to. B. SEC after
a few minutes, the separation between non-encapsulated quercetin and liposomes is clearly visible
in the middle of the column. C. Dialysis at to after the SEC.

However, conventional quercetin detection techniques such as UV-vis spectroscopy
proved unsuitable, probably due to the low concentration of quercetin inside the liposomes.
An electrochemical process based on Differential Pulse Voltammetry (DPV) measurement
adapted from Arvand et al. was then carried out*® with a home-made electrode (see section
11.3.3 for experimental details). The detection method was first tested on oxidized and fresh
quercetin solutions between 0.01 and 50 uM in HMS buffer. The oxidized solutions were
made by direct addition of NaOH before neutralizing again with HCI. The results of the
DPV measurements on both HSS and HMS liposomes solutions are displayed in Figure
I1.5.
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Figure 11.5. DPV measurements signals of lysed (green) and unlysed (orange) HMS liposomes

(left) and HSS liposomes (right) as a function of the total lipid concentration.
It is clear from Figure I1.5 that for both liposomes samples, quercetin is detected with a
higher intensity after the destruction of the liposomes (lysed), thereby demonstrating that
quercetin was indeed encapsulated inside. However, as mentioned in section 11.3.3, this
method is not able to differentiate between native quercetin or oxidation products such as
phloroglucinic acid, phloroglucinol, or protocatechuic acid which could also undergo the
same redox reaction and be mistakenly detected as quercetin. Furthermore, it is not known
if these oxidation products yield the same intensity, so that the total concentration of native
and oxidized quercetin is hardly quantifiable using this method. Interestingly, HSS unlysed
sample also exhibited a signal, although much weaker that lysed liposomes. This could
mean that a portion of quercetin or more probably one or several oxidation products of
quercetin leaked through the bilayer of the liposomes. From this method, it can be assumed
that concentrations or quercetin and its oxidation products are within the range of 0.25-
2.5 UM per mM tL of the respective liposomes, however a more precise quantification is
needed. Moreover, even though HMS liposomes exhibited a visibly stronger yellow color,
HSS liposomes yielded higher signals in the electrochemical measurements. It could thus
be hypothesized that HMS liposomes contain more unoxidized quercetin compared to HSS
ones, as oxidized quercetin could yield larger signals.

11.4.3. Liposomal quercetin quantification and oxidation state assessment

The detection and the precise quantification of native quercetin encapsulated in
liposomes is a significant challenge for two main reasons: the very low solubility of
quercetin in solution at neutral pH, and the superposition of signals of native and oxidized
quercetin in the most common measurement methods. Indeed, classical protocols for
Entrapment Efficacy (EE) measurement in liposomes consists in measuring the
concentration of non-encapsulated product at the end of the process and thus determining
the amount of encapsulated product by subtraction with the initial concentration. However,
after the pH drop to physiological value during the entrapment step, the solubility of free
quercetin in the solution drops as well, and it partially precipitates, making it very difficult
to measure with classical spectroscopic measurement methods. Furthermore, the tested
electrochemical method proved to be to be only semi-quantitative with respect to native

56



Application of quercetin -solubilization with meglumine: liposomes encapsulation at moderate pH using modified pH- :
driven method

quercetin. The samples were thus analyzed via HPLC after the liposomes had been lysed
by dilution in MeOH and brief sonication. Figure 11.6 shows one chromatogram for the
high fraction of HMS and one for HSS.
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Figure 11.6. Chromatograms of lysed HMS liposomes (left) diluted 1:5 in MeOH, and lysed HSS

liposomes (right) diluted 1:10 in MeOH.
With the selected HPLC eluents and parameters, it was assessed that the retention time Ry
of quercetin was around 20 min, where phloroglucinol, phloroglucinic acid, and
protocatechuic acid exhibited signals around 2-5 min. As it is evident in Figure 11.6, both
HMS and HSS liposomes samples exhibited oxidation of quercetin, but while it accounts
for approximately 20 % of the peaks area for HMS, it is the only signal visible with HSS,
confirming the assumption that quercetin was oxidized in this sample. Finally, the
concentration of native (non-oxidized) quercetin in HMS liposomes was determined around
17.9 uM, corresponding to 4.0 uM/mM tL, higher than expected with DPV measurements
alone.

11.5. Conclusions

In this section, the feasibility of encapsulating the water-insoluble flavonoid quercetin
in liposomal formulations was investigated following the good solubilization results
obtained with meglumine. An alternative protocol was experimented in the framework of
green chemistry, using meglumine ability to solubilize quercetin in aqueous solution at
reasonable pH. It was confirmed that a swift synthesis with simple precautions against
oxidation was enough to form standard liposomes with a fair amount of quercetin
entrapped. Indeed around 17.9 uM of native quercetin could be encapsulated inside HMS
liposomes. This protocol could be optimized by screening different pH values and the initial
amount of quercetin in solution. For the synthesis of functionalized liposomes, it would
also be necessary to test the feasibility of this method and the influence of meglumine on
their properties. This study serves as a proof of concept of the potential use of meglumine
in practical formulations, particularly in the field of drug delivery or dietary supplement. It
should be noted that no claims regarding the drug delivery properties or the biological
activities both in vivo or in vitro of these formulations are made in this work.
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I11.1. Introduction

One of the challenges in addressing the issue of low water-solubility of polyphenolic
compounds is that many of them are not poorly soluble for the same reasons. In this chapter,
six polyphenols were selected as a representative set of test compounds to try to unfold
their “main hydrophobicity factor”. The structural differences between these compounds
seem to exclude the possibility to find or design a versatile solubilizing agent that could be
used under similar conditions with all of them. Furthermore, an understanding of the
solubilization mechanisms for these polyphenols could help extraction processes or even
support the design of simpler drugs for oral absorption or nutraceutics. And since one goal
could be to improve pharmaceutical and possibly edible formulations, the use of
biocompatible solvents or even direct solubilization in water is preferred. Binary mixtures
of solvents and co-solvents that independently should be effective on a specific part of the
target molecule, as well as hydrotropes, have been tested to provide information on the poor
solubility of these compounds. In this perspective, the solubilization of studied polyphenols
was investigated in mixtures of triacetin or cinnamaldehyde and ethanol. All these solvents
are approved for food applications and cinnamaldehyde, an aromatic derivative mainly
found in cinnamon bark!*® is reported to have moderate antioxidant properties but also to
reduce cholesterol**®4’, Furthermore, the use of a therapeutic agent in combination with a
solvent exhibiting a biological activity may be additive, but also synergistic®148, Besides,
Degot et al. successfully used binary mixtures of triacetin and ethanol to solubilize the
notorious polyphenol curcumin.'?® The influence of structure geometry, hydrogen bonding,
and polarization was assessed to complete this view on this enlarged set of polyphenols.
Additionally, theoretical calculations could help predict solubility test and potential
synergetic effects, and to that end COSMO-RS software was used to gain further insights
in the solubilization mechanisms at play.

It is well known that the solubility of polyphenols increases not only with pH, i.e. through
deprotonation but also with oxidation. The main reason provided is the greater aqueous
solubility of oxidation products compared to native molecules. Another hypothesis that
might be complementary is the hydrotropic action of certain oxidation products on the
initial structures. For example, simpler phenols could penetrate the flavonoid layers and
thus weaken the overall -stacking. Indeed, n-stacking is a phenomenon that plays a major
role in many biological activities because of its implication in protein aggregation and
polyphenol solubilization. However, the stacking of several phenolic compounds with one
another as an obstacle to solubilization is far less investigated. It is therefore vital to
understand at least qualitatively the influence of the compound structure on n-stacking
intensity. Furthermore, the major importance of this phenomenon in the solubilization
mechanisms of natural molecules drives the search for efficient anti-stacking agents.
Phloroglucinol (benzene-1,3,5-triol) is one of the oxidation by-products of many flavonoids
(they are sometimes referred to as “phloroglucinol compounds”, see section 1.2.3.3.2). It
results from the degradation of phloroglucinic acid. In this perspective, phloroglucinol was
investigated as a potential hydrotrope for native flavonoids, particularly those that exhibit
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a strong stacking, i.e. quercetin and morin. It was compared to pyrogallol, another benzene-
triol, which is already recognized as a hydrotrope in the literature.

111.2. Bibliographic background

111.2.1. Definitions and concepts of hydrotropy
What is a hydrotrope?

The concept of hydrotropy was introduced by Neuberg in 1916 as a new terminology to
describe the striking and powerful solubilizing effect of several water-soluble aromatic salt
(anionic) compounds on a variety of hydrophobic molecules.}**° Hydrotropes were
defined as short amphiphiles for which the hydrophobic part is too small to induce the
formation of highly aggregated structures, like micelles with surfactants. Hydrotropes were
initially mostly aromatic compounds substituted with a hydrophile group such as sulfonate,
for instance with sodium xylene sulfonate (NaXS or SXS), sulfate, or carboxylate. Since
Neuberg's visionary first publication, the definition of hydrotropy has evolved to
encompass a multitude of other compounds and attempt to account for the various effects
responsible for this effect. In addition, a deeper understanding of distinct solubilization
phenomena is now available, notably through the work of Hofmeister, Winsor, Bancroft,
or McBain (this will be discussed in detail in section 1V.2). However, Neuberg already
pointed out the differences between hydrotropy and salting-in effect of ions such as
thiocyanate in solubilizing aliphatic/ hydrophobic compounds, although the difference was
more unclear regarding protein solubilization.4

Furthermore, and setting aside the well-studied surfactants, there are now a multitude of
different names given to molecules capable of increasing the solubility of hydrophobic
compounds in water, like solubilizers, solubilizing agents, or co-solvents. Ethanol for
example is often referred to as a hydrotrope, but the denomination co-solvent is also well-
suited as its structuring in water is not really enhanced by the presence of a hydrophobic
compound (except close to the phase separation boundary, as in the case with the water-
ethanol-n-octanol system®* and so does not fulfill the property A mentioned below!®2,
Short hydrotropic amphiphiles like CiEj, CiPj, CiGly; (see section 111.2.2) are also
sometimes named “solvo-surfactant”'®3 to highlight their volatility as opposed to ionic
hydrotropes such as sodium xylene sulfonate (NaSX or SXS). It should be pointed out that
although hydrotropes are not easily defined, they are clearly different from surfactants in
that they do not exhibit a well-structured self-assembly such as micellization, and the
amount of hydrotrope to reach in order for the solubilization effect to effectively occur is
in general much higher (= 1 M) than for surfactants (CMC = 10— 10 M). Finally, some
studies now prefer the term “hydrotropic agent” rather than hydrotrope to establish the fact
that the solubilizing agent exhibits similarities in its properties with hydrotropes without
necessarily entering the debate of the mechanism-linked definition for example with
aggregation.

Nowadays, the definition commonly found describes a hydrotrope as a compound that does
not self-aggregate in aqueous solution, but increases the solubility of hydrophobic

62



Solubilization of polyphenols with biocompatible hydrotropes: on the role of n-stacking in hydrotropy phenomena :

compounds in water by clustering around them and thus compensating for the hydrophobic
effect.’® However, the diversity of chemical and physical effects involved in hydrotropy,
and the diversity of structures recognized as hydrotropes (see section 111.2.2), greatly
complicate the establishment of a unified and coherent concept to describe hydrotropy.4°
In an attempt to clear the ambiguity of the hydrotrope definition, and inspired from other
works on hydrotropic solubilization'> %, and to account for the specificity of hydrotropic
effect in water compared to organic solvent, Kunz et al. proposed in 2016 a two-point
definition®?;

—  “A hydrotrope is a substance whose structuring in water is enforced by the presence
of a third, water-immiscible compound (property A)”

—  “Hydrotrope is then a substance, whose structuring in the organic solvent is
enforced by the presence of water (property B)”

This definition is deliberately vague about the nature of hydrotrope-hydrotrope and
hydrotrope-solute structuring so as not to favor one hypothesis regarding the driving force
of hydrotropy, and to account for the lack of clear structuring, as with surfactants. The
different mechanisms thought to be responsible for the hydrotropy effect are explained in
greater detail the next subsection.

Mechanism of hydrotropic solubilization

There is still much debate in the scientific community on the main driving forces of the
hydrotropic solubilization effect. Over time, several non-mutually exclusive hypotheses
have been put forward in an attempt to explain this phenomenon. These hypotheses are
commonly classified as self-aggregation of hydrotropes (i.e. a non-cooperative
aggregation), preferential hydrotrope-solute interaction (i.e. a cooperative association),
and water structure alteration (see Figure 111.1).

Self Aggregation Hypothesis : Water Structure Hypothesis :
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Hydrotrope @ Drug @ Water

Figure 111.1. Schematic representation of the mechanisms of hydrotropic drug solubilization
according to the three main hypotheses. Reproduced with permission from reference [**7].

The hypothesis of non-cooperative aggregation of hydrotropic molecules as a driving force
for solubilization has been put forward by part of the scientific community based on
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molecular dynamics simulations'®® and osmometry studies.*® This view considers self-

aggregation of hydrotropes as a prerequisite for hydrotropic solubilization. Indeed, the
Critical Aggregation Concentration (CAC), defined as the CMC counterpart for
hydrotropes, i.e. the concentration where structuring occurs spontaneously, has been
reported to be slightly lower than another concentration, the Minimum Hydrotropic
Concentration (MHC) already suspected by Saleh et al.'®®, which is defined as the
concentration above which the hydrotropic solubilization takes place, suggesting that
aggregation of hydrotropes drives the solubilization effect!l. The MHC is also considered
to be only dependent on the hydrotrope, and therefore not influenced by the hydrophobic
compound.®

On the other hand, this was shown mainly for conventional anionic aromatic hydrotropes
such as sodium salicylate (NaSal), nicotinamide, or sodium Xxylene sulfonate. Other
compounds which are not prone to self-aggregation, such as ethanol, urea, or short aliphatic
amphiphiles, have been shown to exhibit hydrotropic activity, so the self-aggregation
hypothesis needs to be completed.'® In fact, it is now well-known that the presence of the
hydrophobic solute itself can have a strong influence and even be the main driving force
for hydrotropic aggregation, and that hydrotropy can thus be seen as a cooperative
phenomenon.'®2 Shimizu et al. also stated that this cooperative aggregation is enough to
explain the typical sigmoidal shape of the hydrotropic solubilization curve (great increase
above the MHC then a plateau is reached at high concentration), based on statistical
thermodynamics®®?, in agreement with Balasubramanian et al.'®. The solute-hydrotrope
preferential association as major force for the solubilization is also believed to apply to a
multitude of drug molecules, similar to a complexation phenomenon.*®" Even if there is
still no consensus on the main driving force of hydrotropy, it is fairly accepted that
hydrotropes form weak aggregates. Figure I11.2 depicts the idea of a solute-induced
cooperative aggregation of hydrotropes molecules.
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Figure 111.2. Schematic representation of the clustering of hydrotrope molecules (green shapes)
around a hydrophobic solute (orange). The blue “v” represents water molecules. Adapted with
permission from reference [**?].

Finally, through the use of the Fluctuation Theory of Solution (FTS), it has been suggested
that self-aggregation of hydrotropes hinders solubilization, rather than increasing it.> The
last hypothesis, stating that hydrotropes induce a water activity depression promoting
solubilization, is now viewed as a secondary contribution compared to the accumulation of
the hydrotrope around the solute.?>*1%6157 One way of combining these views is to see the
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hydrotrope-solute association as a water-mediated interaction between the hydrophobic
parts of both hydrotrope and solute!®® as depicted in Figure 111.3.
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Figure 111.3. Schematic representation of the hydrotropy mechanism with varying degrees of
hydrophobicities. Reproduced with permission from reference [*7].
Beyond the debate about the main driving force of hydrotropy, it is clear that several distinct
and sometimes complementary phenomena can occur simultaneously, and that specific
mechanisms arising from the particular structure of a hydrotropic agent, such as the =n-
stacking of aromatic compounds, can influence these contributions, making comparison
between different hydrotropes families difficult and sometimes irrelevant.

Facilitated hydrotropy

Finally, one last concept to address is that of “facilitated hydrotropy”. It consists in
increasing the water-solubility of the chosen hydrotropic agent by addition of another
hydrotrope or a co-solvent.’® Indeed, solubilizing agents often exhibit a preferential
interaction towards the solute, but some of them are too poorly soluble in water to be
described as hydrotropes, i.e. to exhibit a classical hydrotropic solubilization profile. The
addition of a co-solvent or a hydrotrope to increase the solubility of the first hydrotrope
may lead under optimum conditions to the formation of aggregates resulting in a great
solubility enhancement of the solute.*%® Durand et al. for instance reported that the dimethyl
isosorbide/ benzyl alcohol/ water system behaves according to the principle of facilitated
hydrotropy for the solubilization of the hydrophobic dye Sudan red I11, with benzyl alcohol
as the facilitated hydrotrope and dimethyl isosorbide acting as the co-solvent.!®® They
observed self-associating nanostructures, however they also reported a decrease in the
overall hydrotropic solubilization efficacy at high co-solvent concentration, interpreted as
a hinderance of the self-association process.
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In the literature, a phenomenon similar to facilitated hydrotropy is also found and referred
to as “mixed hydrotropy”'®. However, this term rather applies to the use of several
hydrotropes to increase the solute solubility or even to create a solubilization synergy, but
not necessarily with the goal of enhancing the solubility of the first hydrotrope. Mixed
hydrotropy is particularly used to solubilize poorly water-soluble drugs'®®-1%8 but often just
results from the combination of conventional hydrotropes as part of a screening process. It
should also be noted that there is still a gap between theoretical studies focusing on water/
organic solvent/hydrotrope ternary systems, or on the solubilization of a well-known
hydrophobic test compound such as Disperse Red 13 on the one hand, and on the other
hand highly empirical studies reporting the practical use of hydrotropic agents to increase
the solubility of hydrophobic compounds of interest, mainly in the pharmaceutical field as
an alternative to classical drug delivery systems.

111.2.2. Classical hydrotropes

Since Neuberg's first mention of hydrotropy over a century ago, a growing number of
compounds have been qualified as hydrotropes. This is the case of short aliphatic
amphiphiles (mainly CiE;j and CiP;), which have been widely recognized as hydrotropes.1®°
More recently, with the rise of green chemistry and the challenges associated with the bio-
sourcing of chemical compounds, several structures derived from glycerol, notably glycerol
mono- and dialkyl ethers (CiGly and [x.y.z], respectively)>*17%171 "or from sugars such as
alkyl glucosides (CiGlu) or even sometimes short alkyl polyglucosides'’? (APGs), or mono
alkyl ethers of isosorbide!”®™* (Ci-Iso), have emerged as bio-sourced hydrotropic
compounds. Indeed, they can be synthesized partly from compounds recovered or derived
from biomass, mostly acting as precursors.*’0173175176 However, large-scale industrial use
of these compounds remains limited to a handful of alkyl polypentosides (i-CsXyl) and
alkyl polyglucosides (C4Glu, C7Glu).*® The chemical structures of the main classes of
hydrotropes and are presented in Figure I11.4. This categorization does not necessarily
reflect particular hydrotropic properties like aggregation behavior, but rather a
classification according to their structure and/or origin.
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Figure 111.4. Chemical structures of main hydrotropes classes.

111.2.3. Pharmaceutical and biochemical literature research strategy

To find compounds with potential hydrotropic action, the strategy adopted was to
browse the biological and pharmaceutical literature in search for “solubilizing agents” with
little or no known mechanism of action. In fact, a large number of studies focuses on the
biological activities of active ingredients, and water-solubilization remains a secondary
issue. Others, notably in drug delivery, focus primarily on the solubilization of hydrophobic
active ingredients, but are mainly empirical in their search for the most suitable solubilizing
agent(s) (surfactants, cage molecules, hydrotropes, etc.).® There is often little to no care
about the relation between the structures of the drug molecule and solubilizing agent on
one side, and the effectiveness of the solubility increase on the other, notably in the case
of hydrotropic agent, when micellization or encapsulation can be easily rooted out, or the
hydrophobic effect appears less obvious. Meglumine for example has been reported as
hydrotropic agent for a small number of drug molecules (see section 1.2.4.1), however it
was seen that this description does not really reflect its solubilization mechanism. This
literature research approach also applied to food chemistry and aroma research, where
familiar phenomena of hydrotropy such as n-stacking play an important role for instance in
the altering or preserving of flavor and color upon solubilization process.

Keywords such as “solubilizer”, “solubilization agent”, ‘“solubility enhancer”, or
“hydrotropic agent” were used to scan mostly the drug and food literature from databases
such as the Chemical Abstracts database (CAPLUS) and MEDLINE from SciFinder, or
PubMed from the National Institutes of Health (NIH), which uses MEDLINE alongside
with life science journals, and online books.
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111.3. Experimental part

111.3.1. Materials

Naringenin (>93 %), trans-resveratrol (>98 %), phloroglucinol (>99 %), and
meglumine (>99 %) were purchased from TCI Chemicals, phloretin (> 90 %) from
Symrise, morin monohydrate (> 85 %), pyrogallol (> 98 %), cinnamaldehyde (> 98 %),
triacetin (99 %), quercetin monohydrate (HPLC grade), L-pyroglutamic acid (> 99 %), and
Disperse Red 13 (DR-13, > 95 %) from Merck. Deionized water from Milli-Q Millipore
equipment was used to prepare all solutions (18.20 MQ resistivity).

111.3.2. Methods

111.3.2.1. Solubilization measurements

Solubilization experiments of DR-13 and polyphenols were carried out by UV-vis
spectroscopy. UV-vis spectra were recorded on an Agilent Technologies Cary 60 UV-vis
spectrometer in 1 cm path-length quartz cells. For binary solvents mixtures, solvents were
weighted to reach each selected ratio. For hydrotropy experiments, a stock solution of tested
hydrotrope was prepared and diluted to chosen concentrations. Then samples were
saturated by adding stepwise hydrophobic test compounds (polyphenol or DR-13) under
constant stirring until visible precipitation occurred. The samples were then magnetically
stirred for about 30 min to ensure proper saturation. Unsolubilized compound was removed
by filtration (PTFE, 0.45 um). Dilutions with organic solvents (methanol, ethanol, or
acetone) were carried out prior to UV-vis spectroscopy measurements. Beer-Lambert
calibration curves of each compound were used to calculate the amount of solubilized
solute. When the signals of the hydrotrope and test compound were too close to one another
and overlapped (with cinnamaldehyde for instance), a mathematical deconvolution was
performed using the “multiple peaks fit” function of Origin software and fixing the peak
value with the Amax Of the given polyphenol. The solubilization tests were carried out in
triplicate for each solvents mixture and for each ratio to ensure reproducibility and
statistical reliability, and the mean value was calculated.

For every solubilization experiment with oxidation sensitive polyphenol, protective
measures were taken to prevent or slow down oxidation phenomena. Aluminium foil was
used to protect samples from light, and UV-vis measurements were carried out directly
after the dilution step to minimize experimentation time. Furthermore, for cinnamaldehyde,
no noticeable oxidation was observed during experimentation, notably on the UV spectra.
The concentration of cinnamaldehyde could moreover be confirmed by calculation from
the peaks intensity and matched the initial concentrations, reinsuring that no consequent
amount of cinnamaldehyde had deteriorated. In addition, cinnamaldehyde is not considered
a particularly efficient antioxidant!’’, which could mean that it does not easily oxidize.
Finally, it should be stressed out that no reaction was observed between cinnamaldehyde
and the studied polyphenols, as the UV-vis spectra were not modified (i.e. no new signal
appeared, differences were only noticeable on the intensity of the characteristic peaks of
each compound).
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111.3.2.2. Solubilization behavior modeling with COSMO-RS

COSMO-RS software (see section 1.3.3) was used to predict solubility profiles and
potential synergies of solubilization of binary solvents mixtures. For each compound, its
chemical potential of solvation psov Was calculated for each ratio of ethanol-triacetin and
ethanol-cinnamaldehyde mixtures. A minimum of psow IS interpreted as a maximum of
solubility. For solubilities prediction, equation (I11. 1) is commonly used.!"®

®» (o0)
§0L(0)) _ [ufp —H T maX(O'AGqu)] (1. 1)

loglo(xf RTIn 10

with xS0L(©)
]

chemical potential of pure solute j, u

the molar concentration of the solute j at infinite dilution in solvent i, ,ugp)the
()
J
AGyysthe Gibbs free energy of fusion. As the solute is a solid, the Gibbs free energy of
crystallization or fusion, respectively, has to be considered. However, the solubilities of the
polyphenols were quite high in the binary solvents mixture that the approximation of
infinite dilution could not be applied anymore. Therefore, equation (II1. 2) was preferred to
calculate solubilities.!"®

the chemical potential of solute j in solvent i, and
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The solubility of the solute j is then calculated in the solvent (or solvents mixture) i in a
mole fraction concentration of ijOL(O) (which was obtained via eq. III. 1) to consider the
non-negligible concentration of the solute in the mixture. This equation is solved iteratively
until the difference [x7**() — 7O~
calculation of solubilities in this work.

| is below a given threshold and was used for the

All calculations were performed on the TZVPD-FINE level with compounds from the
COSMObase TZVPD-FINE 19.0 database. If the molecule was not part of the database,
the charge distribution (COSMO-surface), was calculated via COSMOconf, also on
TZVPD-FINE level (i.e. full geometry optimization and extended basis set).

I11.4. Solubilization in binary solvents mixtures: study of polyphenols
structure-low solubility relation

I11.4.1. Solubilization trials of polyphenols in triacetin/ethanol and
cinnamaldehyde/ethanol systems

All the studied polyphenols were solubilized in triacetin/ethanol binary mixtures, but
only quercetin, xanthohumol, and morin exhibit a Amax sufficiently distant from the one of
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cinnamaldehyde (Amax =275nm) to be quantified precisely enough with UV-visible
spectroscopy without the need for time-consuming separation techniques, and were
consequently the only ones solubilized in cinnamaldehyde/ethanol mixtures. Figure 111.5
presents the chemical structures of the tested polyphenols. Morin and naringenin were
chosen for their structural similarity with quercetin, as morin has one hydroxyl group in
position 6’ instead of 3°, while naringenin has two hydroxyl groups less and is not
completely conjugated (see Figure 111.5), which makes it non-planar. Xanthohumol,
phloretin, and trans-resveratrol (referred to as resveratrol in the following) were also
selected because of their different structures (geometry, hydrophobicity, potential 7-
stacking), and the relevance of the comprehension of their solubilization mechanism, as
they all exhibit potential beneficial biological activities (see section 1.2.3.3.1).

OH O OH O
Quercetin Morin Naringenin
e JNe)
OH
HO OH OH Z
I T royses LT C
O HO OH OH
OH O
OH |
Phloretin trans-Resveratrol Xanthohumol
0
0
\n/o\)\/o\n/ = 0
O Triacetin © Cinnamaldehyde

Figure 111.5. Chemical structures of studied polyphenols and solvents.

Triacetin/ethanol mixtures

Solubilization profiles of investigated polyphenols in triacetin/ethanol binary mixtures
are presented in Figure I11.6. Quercetin, morin, and naringenin were drawn on a separate
graph to highlight the potential different solubilization mechanisms of these structurally
very similar compounds.
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Figure 111.6. Solubility profiles of studied polyphenols in triacetin/ethanol mixtures in wt%. A)
Blue (squares): xanthohumol. Dark yellow (diamonds): trans-resveratrol. Red (inverted triangles):
phloretin. B) Purple (stars): naringenin. Orange (circles): quercetin.

Some interesting observations can already be made by looking at the solubilization profiles.
Indeed, resveratrol, quercetin, morin, and naringenin exhibit significant solubilization
synergies behaviors, i.e. a significant solubility enhancement (more than 30-40 %) in the
mixture compared to each pure solvent, where for xanthohumol and phloretin this is less
pronounced (see Figure 111.6). Furthermore, all polyphenols seem to be more soluble in
pure ethanol than in pure triacetin, except for quercetin, which is rather poorly solubilized
by ethanol (about 0.06 mol/L), and it also the least soluble polyphenol for almost every
solvent mixture composition. Naringenin is not a planar molecule, and with two aromatic
rings not situated in the same plane, it exhibits much less stacking than quercetin and morin,
which could explain its overall greater solubility than quercetin and morin (see Figure 111.18

and Figure A.5 in Appendix A.4).

Finally, the synergy seemingly exerted by quercetin is also much more significant than
morin (the difference between the maximum solubility and the solubility in each pure
solvent is far greater than for morin), which can come as a surprise when considering that
their structures are highly similar. The only structural difference with quercetin is the ortho-
and para-substituted B ring of morin, which could lead to the formation of an intramolecular
hydrogen bond with the hydroxyl group in position 3 or the oxygen atom in the pyranyl
ring, or the one from the ether group (see Figure I11.5 and Figure 111.18).

Triacetin/cinnamaldehyde mixtures

As previously mentioned, solubilization behavior of polyphenols for the
cinnamaldehyde/ethanol mixtures could only be easily investigated with quercetin, morin,
and xanthohumol. In addition, the mixtures could be analyzed only up to a cinnamaldehyde
concentration of around 20 %, after which the absorbance of cinnamaldehyde is such that
even at very high dilution it is experimentally difficult to obtain accurate results. Figure
I11.7 shows the solubilization profiles of the three tested compounds.
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Figure 111.7. Solubility profiles of studied polyphenols in cinnamaldehyde/ethanol mixtures. Blue:

xanthohumol. Orange: quercetin. Green: morin.
Except in the case of morin, where it is difficult to identify a trend, the increase in the
content of xanthohumol appears to be clearly correlated to the solubility enhancement of
both quercetin and xanthohumol compared to pure ethanol, at least over a concentration
range up to 20 wt% (see Figure 111.7). However, this enhancement is significantly more
pronounced for the latter. One major factor that can be emphasized is the hydrophobicity
of solvents. Indeed, cinnamaldehyde is much more hydrophobic than triacetin, as shown
by its octanol-water partition coefficient (log Kow or log P), around 1.80-1.90 (estimated),
against 0.20-0.25 for triacetin (estimated). This greater hydrophobicity of cinnamaldehyde
may partially explain why it is able to better solubilize xanthohumol compared to triacetin
(around 0.7 mol/L at 20 % cinnamaldehyde and around 0.3 mol/L with 20 % triacetin, see
Figure 111.6 andFigure 111.7) which is very hydrophobic (log P around 5, estimated).
However, hydrophobicity alone cannot account for all the observed solubilization
behaviors, since quercetin and morin, which are also quite hydrophobic (log P about 1.5-
1.6 for both, estimated), are not really better solubilized with cinnamaldehyde than with
triacetin as secondary solvent (at least over the investigated concentration range). It seems
therefore that hydrophobicity is the main factor hindering the solubilization of
xanthohumol, but is only a secondary factor, or at least not unique regarding quercetin and
morin.

Another phenomenon to consider is the formation of hydrogen bonds (HBSs). Intuitively,
molecules with numerous groups capable of forming such bonds with the solvent should
exhibit better solubility, due to the stability of the solvated form. This should be the case
for polyphenols, but it is well known that these molecules are generally not highly soluble
in water, which is a particularly suitable solvent for the formation of HBs. Indeed, the
stabilization of molecules in solution is a necessary but not sufficient condition to obtain
successful solubilization. It also depends on the stability of the crystalline forms, among
others. Thus, solute-solute intermolecular HBs can lower solubility. In addition, strong
intramolecular HBs can inhibit the formation of intermolecular HB with the solvent. The
hydroxyl group in position 5 on the A ring of flavonoids is for example well known to form
a strong intramolecular HB with the ketone function of the same ring, which could explain
the high pKa of this hydroxyl group® (see structures in Figure 111.5).
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Finally, n-stacking should also be considered. This phenomenon has already been discussed
in the first part of this work. Cinnamaldehyde could interact with the A-ring of flavonoids
(see Figure I11.5). However, one can see in Figure I11.7 that cinnamaldehyde cannot
efficiently break the stacking of quercetin and morin, judging by the very poor or even non-
improvement of solubility with increasing concentration of cinnamaldehyde.

I11.4.2. Solubilization modeling and synergetic effects predictions with
COSMO-RS

To gain further insight into the reasons for the different solubilization behavior observed
for polyphenols, and to screen the solubilization potential of cinnamaldehyde/ethanol
binary mixture over the entire range of cinnamaldehyde concentration, COSMO-RS
software was used to predict chemical potential psov and solubilities of the studied
polyphenols in both triacetin/ethanol and triacetin/cinnamaldehyde mixtures (Figure 111.8
and Figure 111.9).
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Figure 111.8. Chemical potentials of solvation Ly in triacetin/ethanol mixtures of all studied
compounds (left) and comparison of chemical potentials of solvation psoy in triacetin/ethanol and
cinnamaldehyde/ethanol mixtures of xanthohumol, morin, and quercetin (right) calculated with
COSMO-RS software. Orange circles: quercetin. Purple stars: naringenin. Green triangles: morin.
Blue squares: xanthohumol. Yellow diamonds: trans-resveratrol. Red inverted triangles: phloretin.
Lighter colors represent triacetin-ethanol mixtures while darker colors represent
cinnamaldehyde/ethanol mixtures.

Solubility results from COSMO-RS are to be considered in comparison with experimental
results shown in Figure I11.6 and Figure 111.7. Firstly, it is obvious from Figure 111.8 that
Msolv OF all studied polyphenols are predicted to be lower in ethanol than in triacetin. The
opposite is observed with cinnamaldehyde, which according to COSMO-RS calculation,
solubilizes quercetin, morin and xanthohumol better than ethanol. At high
cinnamaldehyde/triacetin concentration however, one can observe that the difference of
Msolv is significantly more pronounced with xanthohumol compared to the other two
flavonoids. This is consistent with experimental solubility profiles (see Figure 111.7),
showing a growing solubility gain with increasing cinnamaldehyde concentration for
xanthohumol compared to quercetin and morin above 10 % cinnamaldehyde. Due to
experimental limitations discussed above, cinnamaldehyde concentrations were limited at
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20 wt%. The COSMO-RS calculations indicate, however, that an even greater increase in
solubility could be expected at higher cinnamaldehyde concentrations.

The comparison between COSMO-RS predictions and experimental data can also be
further examined by looking at possible synergies. Indeed, psov calculations for
triacetin/ethanol mixtures show a synergy for all studied compounds reflected by a
minimum of Psov for a non-extreme concentration of one solvent (see Figure 111.8).
However, observed solubility synergies upon experimentation showed significant
magnitude differences in the synergies between the investigated polyphenols, which are
much less pronounced in Usoiv calculations (see Figure 111.8). In fact, psow IS a well-suited
criterium to investigate the existence of solubilization synergy between solvents synergies
in terms of molecular interactions, but reflect poorly the intensity of the synergy. To further
study this behavior, solubility values were predicted with COSMO-RS according to
equation (II1. 2) (see section 111.3.2.2 for explanations). Figure 111.9 shows the solubility
predictions for all studied polyphenols in triacetin/ethanol mixtures.
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Figure 111.9. COSMO-RS predictions for the solubility in molar fraction of studied polyphenols in

triacetin/ethanol mixtures. Colors are the same as for Figure I11.8.
Again, COSMO-RS predicted synergies for all the investigated compounds, however this
time the magnitude differences between them are more clearly visible. Indeed, it can be
seen in Figure 111.9 phloretin exhibits a poor synergy, as well as xanthohumol to a lesser
extent (the increase in solubility from the mixture compared to pure ethanol is not
significant). The other polyphenols show much greater synergies, even if the overall
solubility or the solubility gain compared to one pure solvent is much higher than the other,
as seen for xanthohumol. These observations match the experimental results (see Figure
111.6).

Moreover, although the predicted solubility values themselves are theoretical and therefore
cannot be considered as such (see below COSMO-RS limitations), the solubility
enhancement factors predicted with COSMO-RS are still relevant. For instance, resveratrol
is predicted to have an increased solubility by a little over 20 % (in mol%) at the highest
solubility compared to the one in pure ethanol (see Figure 111.9), while the experimental
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increase is from approximately 0.50 mol/L to 0.68 mol/L (~12 % increase in mol%, see
Figure 111.6). Similarly, the highest solubility in a binary triacetin/ethanol mixture of
naringenin is predicted to be almost 80 % higher (in mol%) than in pure ethanol, whilst the
experiment shows an increase from 0.31 mol/L to 0.53 mol/L (~53 % increase in mol).

Another lead to understand these synergies arises from the disruption of ethanol HBs
network by triacetin. Indeed, a pure ethanol solution can be viewed as three-dimensional
regular intermolecular hydrogen bonds network. The idea of the disruption of that
somewhat stable network is that, when triacetin is added, ethanol molecules bind less
strongly with it than with themselves, and are therefore more available to form HBs with
the solute upon addition of the latter. This hypothesis was suggested by Degot et al., who
reported that a mixture of triacetin and ethanol has the ability to solubilize curcumin, and
that this phenomenon is maximized in a range of 60 % to 80 % triacetin.'?® This
phenomenon, driven by the polarity of the solvents and the solutes, could explain why the
synergies are observed more or less also in the same range (60 % to 80 % triacetin) for
naringenin, phloretin, morin, and quercetin. Besides, it is complementary with the weaker
solubilization of the very hydrophobic xanthohumol or the structures exhibiting strong
stacking, i.e. quercetin and morin. However, this explanation alone is not sufficient to fully
elucidate the differences in synergies observed at much lower triacetin concentration with
resveratrol and xanthohumol (see Figure 111.9). Indeed, this view is based on COSMO-RS
calculations made at infinite dilution, which removes the influence of the solute. The
addition of the solute could indeed significantly impact the structuring of the solvents,
which makes the phenomenon even more challenging to understand.

To understand the origin of the solubilization synergies between ethanol and triacetin,
COSMO-RS is once again a useful tool. To that end, o-profiles of studied compounds and
solvents were calculated. o-profiles and o-surfaces of triacetin, ethanol, and
cinnamaldehyde are presented in Figure 111.10, and the o-profiles and o-surfaces of the
studied polyphenols are found in Appendix A.4. A o-profile represents a histogram that
displays the amount of surface segments with a specific screening charge density oi. Thus,
it indicates to which extent a certain polarity can be found on the COSMO-surface of a
molecule. The surface segments can be non-polar (green, o ~ 0e.A2) or exhibit Lewis base
(red, 6 > 0.01 e.A?) or Lewis donor (blue, 6 < -0.01 e.A2) character (for the colors, see
Figure 1.17 in chapter I).
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Figure 111.10. o-profiles and o-surfaces of used solvents. Left: ethanol (red) and triacetin (green).
Right: ethanol (red) and cinnamaldehyde (green).

As can be expected from its molecular structure and seen in its c-profile, triacetin can form
multiple HBs with polyphenols by offering hydrogen acceptor surface segments (see Figure
[11.10). In addition, significant van der Waals-interactions are possible due to a broad peak
in the non-polar region of the o-profile around 0e.A. However, the o-profile of triacetin
does not show any surface segments with a screening charge density ¢ of < -0.01 e.A2, so
triacetin lacks the ability to act as a Lewis acid. Ethanol, on the other hand is a very polar
molecule exhibiting a smaller amount of non-polar surface segments while offering both
surface segments with Lewis base and Lewis acid character relatively balanced. Ethanol is
able to form strong HBs with polyphenols, as they all exhibit polar substituents (mostly
hydroxyl groups) and also HBs acceptor (carbonyl moiety), except resveratrol. These
hydrogen bonds can be considered as the main reason for the higher solubility of most
studied polyphenols in pure ethanol than in pure triacetin (see Figure 111.6). However, when
looking at the o-profiles of the polyphenols (see Figure A.4 in Appendix A.4), it appears
that they are significantly less symmetrical than the c-profile of ethanol. In fact, they all
show quite strong Lewis acid character (presence of a region of the o-profile < -0.01 e.A?,
even <-0.02 e.A?) due to their hydroxyl groups, while the Lewis base character is less
pronounced with almost none surface segments over 1.5 e.A. In this regard, ethanol could
help reduce the electrostatic misfit of triacetin by providing hydrogen bond donors, while
triacetin significantly increases the amount of van der Waals-interactions and also balances
out the polar and hydrogen bonding interactions by providing almost exclusively polar
surface segment with Lewis base character. One way of understanding the existence of
solubilization synergies between triacetin and ethanol is therefore the optimized balance of
van der Waals, polar and hydrogen bonding interactions compared to the respective pure
solvents.

Predictions limitations

Although the absolute concentrations predicted by COSMO-RS cannot be taken at face
value, it is in principle possible to compare them qualitatively to determine which
compound is more soluble than another for a given solvent composition. However, it is
obvious with the example of quercetin that this comparison is not possible for all
compounds. Indeed, experimental results show that quercetin is the least soluble
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polyphenol of all for virtually any triacetin concentration (except in pure triacetin, see
Figure 111.6), however this observation is not reflected in the theoretical calculations as
quercetin is predicted to be more soluble than naringenin, phloretin, and morin over the
entire triacetin concentration range (see Figure 111.8 and Figure 111.9). This example clearly
highlights some of COSMO-RS limitations. This can most likely be attributed to the
inability of COSMO-RS to predict n-stacking, which is especially evident when comparing
theoretical and experimental results for the three structurally very similar flavonoids
quercetin, naringenin and morin (see structures in Figure I11.5). Indeed, experimental data
show that the trend in solubility is naringenin > morin > quercetin, as in the COSMO-RS
predictions this trend is inverted. It has also already been seen in the first chapter of this
work that n-stacking can be a major hinderance for flavonoids solubility, especially the
highly conjugated and flat one, such as quercetin and morin. Naringenin on the other side
is believed to be less prone to m-stacking due to its non-planar geometry (see Figure A.4 in
Appendix A.4). Without any n-stacking breaking agent, it is then reasonable to think that
the solubility trend observed for these structurally similar flavonoids can be explained
mostly through n-stacking despite the additional HBs donor/acceptors hydroxyl groups of
morin and quercetin compared to naringenin. COSMO-RS calculations, however, do not
take these interactions into account and consequently fail to correctly predict the order of
solubilities for these polyphenols.

Another limitation from solubility predictions comes from the conversion of chemical
potential to solubility values. Indeed, this conversion depends on the accuracy of the AGg,s
estimate (see eq. III. 1 and III. 2). Technically, literature AGy,s values can be found for all
polyphenols, but these values are obtained by different methods from various publications
and the amount of data (especially for the required value of ASg,s) is extremely scarce for
all studied polyphenols. Thus, AG¢,s estimates were used for solubility calculations. The
inaccuracy of these estimates can be expected to be comparable for structurally similar
compounds, such as quercetin, morin and naringenin. However, significant structural
differences could potentially lead to an overall poor prediction of solubilities in terms of
absolute values, like for xanthohumol. It should be stressed that an inaccurate value of
AGy, s only affects the absolute solubility value, not the prediction of a synergy nor overall
the shape of the solubility curve.

Finally, it is worth remembering that some of the polyphenols studied, in particular
quercetin, are sensitive to oxidation phenomena. Yet, theoretical calculations are based on
impurity-free mixtures. The possible presence of oxidation products of these polyphenols,
which are structurally close to their native compounds, can influence total polyphenol
solubilities, for example by acting as anti-stacking agents. This potential effect will be
discussed in further details for the oxidation products of quercetin (see section I11.6).

In summary, COSMO-RS calculations correctly predict the existence of synergies for all
studied compounds, enhancement factors for most polyphenols and overall solubility
ranges - given the (mostly) ab-initio nature of the calculations - quite well. However,
limitations can clearly be observed with regard to the calculated relative solubilities of the
polyphenols studied, especially due to the inability to predict m-stacking. Nevertheless,
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COSMO-RS remains a powerful tool for validating experimental results, as well as for
predict synergies of solubilization in binary mixtures and to better understand their
appearance.

I11.5. Quercetin hydrotropic solubilization investigation

It was previously seen that different techniques can be used to solubilize quercetin in
aqueous solution. Apart from classical drug delivery methods involving entrapment or
encapsulation of quercetin into the hydrophobic core of highly structured aggregates or
molecules (liposomes, micelles, cyclodextrins, etc.), the effective solubilization
mechanism of quercetin had to involve the deprotonation of at least one or two hydroxyl
groups and to hinder n-stacking. The use of meglumine was investigated to that end (see
section 1.4), but classical hydrotropes and compounds exhibiting hydrotropic properties
could be an alternative in order to enhance quercetin aqueous solubility, especially if the -
stacking could be broken without deprotonation of its hydroxyl groups, which has been
recognized as the driving force for quercetin oxidation. In this perspective, classical
hydrotropes as well as some potential hydrotropic agents found in the pharmaceutical
literature were investigated.

111.5.1. Solubilization trials with classical hydrotropes

The hydrotropes candidates were first tested for the solubilization of Disperse Red 13
(DR-13, see structure in Figure 111.11), a hydrophobic dye classically used for hydrotropic
estimation, and then used for quercetin solubilization.
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Figure 111.11. Chemical structure of hydrophobic dye Disperse Red 13 (DR-13).

Quercetin solubilization was investigated with sodium salicylate (NaSal) and nicotinamide
in comparison with ethanol. Solubilization profiles are presented in Figure 111.12.
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Figure 111.12. Solubilization profiles in water of quercetin with ethanol (black), sodium salicylate

(orange), and nicotinamide (blue).
Logarithmic scaling can sometimes be useful for comparing simultaneously several
compounds that have different enhancement factors, as it allows a better visualization of
these exponential effects. It can be seen in Figure 111.12 that all three tested compounds
behave as hydrotropes for quercetin. In addition, over a hydrotropic concentration range of
up to around 40 %, where the three compounds can be compared, sodium salicylate appears
to be the most effective.

111.5.2. Extension to potential hydrotropic agents

The compounds pre-selected as potential hydrotropic agents were the following: N,N-
dimethylbenzamide (DMBA) and N,N-diethylnicotinamide (DENA), that have been
reported to act as hydrotropes alone®” or as functional groups providing polymers with
hydrotropic  properties*®®, thymine, DL-tryptophan, ethenzamide, matrine, and
oxybuprocaine. The structures of these compounds are presented in Figure 111.13. Among
these, oxybuprocaine and matrine were ruled out for the investigation as there were not
easily commercially available or very expensive, and ethenzamide was finally not selected
as its poor water-solubility (less than 1 g/L) prevents it from qualifying as a hydrotrope.
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N,N-dimethylbenzamide N,N-diethylnicotinamide

DMBA DENA Thymine Tryptophan
[e] o (
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o™ H,N
Ethenzamide Oxybuprocaine Matrine

Figure 111.13. Chemical structures of investigated (top) and ruled out (bottom) potential
hydrotropic agents.
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Figure 111.14 presents the solubilization behaviors of DR-13 and quercetin with DENA,
DMBA, thymine, and tryptophan.
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Figure 111.14. Solubilization curves of Disperse Red 13 (left) and quercetin (right) with potential

hydrotropic compounds DENA, DMBA, thymine, and DL-tryptophan.
It can be seen in Figure 111.14 that both DENA and DMBA exhibit a classical sudden
solubility enhancement at around 1 M, that can be considered as the MHC. In addition, a
reduction of this solubility enhancement seems to be reached at the highest hydrotropes
concentrations with DR-13 (see Figure 111.14, left), indicating the probable existence of a
plateau. Thymine and tryptophan however appear too poorly water-soluble to reach a
concentration high enough to assess a potential influence on either DR-13 or quercetin
solubility. These two compounds were therefore not further considered as hydrotropic
agents.

Pyroglutamic acid

Another compound with potential hydrotropic properties towards quercetin has been
investigated in greater detail: pyroglutamic acid (also known as pyrrolidone carboxylic
acid, or PCA). PCA is already used as pharmaceutical ingredient as well as dietary
supplement, and its sodium salt is used as humectant in the cosmetic industry. As a
pharmaceutical ingredient, it was already used to enhance water-solubility of drug
molecules, such as VVonoprazan'® or as cocrystal builder®?. However, to the best of our
knowledge, PCA was never reported as a hydrotropic agent. Figure 111.15 shows the
solubilization trials of quercetin with PCA at two different pH values.
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Figure 111.15. Solubilization profiles of DR-13 with L-pyroglutamic acid (PCA) at two different
pH values. pK, of PCA was experimentally determined at 3.3 (see Figure A.5 in Appendix A.5).
PCA seems able to increase DR-13 water-solubility only significantly when fully
protonated, i.e. at pH 2 and below (pKa of PCA was experimentally assessed at 3.3 with a
standard spectroscopic method). PCA has indeed been reported to form salt with drug

compound to enhance their solubility!83-18,
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Figure 111.16. Solubilization profiles of quercetin with L-pyroglutamic acid (PCA) at two different
pH values compared to previous investigated hydrotropes.
Interestingly, PCA seems to be more potent in solubilizing quercetin at pH 5 than
when fully protonated (up to around 30 wt%, see

Figure 111.16). It can be hypothesized that at pH 5, when PCA is negatively charged, the
interaction with the fully protonated quercetin (see section 1.4.3) is strong enough to induce
an increase in its solubility. However, contrary to pH 2 where quercetin solubility increases
with PCA concentration, at pH 5 the solubility of quercetin seems almost independent of
PCA concentration. As for DR-13, it is the fully protonated PCA that shows seemingly a
hydrotropic behavior towards quercetin. PCA could therefore be able to hinder quercetin
n-stacking (concentration-dependent phenomenon), but this property seems itself weaker
than an electrostatic interaction.
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111.6. Small phenol and n-stacking aggregation influence on quercetin
solubility: phloroglucinol and pyrogallol

I11.6.1. Solubilization enhancement comparison between phloroglucinol and
pyrogallol

Based on the previous results, it is clear that an important stacking phenomenon prevents
the optimal solubilization of certain flavonoids, notably quercetin and morin, even with the
aromatic structure of cinnamaldehyde. It was thus decided to study the influence of two
simple phenolic molecules on the n-stacking of quercetin and morin, as well as naringenin,
which served as a reference flavonoid that should display less stacking as its structure is
not entirely conjugated. Pyrogallol (benzene-1,2,3-triol) and phloroglucinol (benzene-
1,3,5-triol) were investigated as potential hydrotropes. To better detect a potential anti-
stacking effect of these structures on the studied flavonoids, water was chosen as the
solvent, where the latter are particularly poorly soluble even though numerous hydrogen
bonds between the hydroxyl groups of polyphenols and water molecules should, on the
contrary, allow a good solubility. This shows the even stronger n-stacking in water. The
Figure 111.17 displays the solubilization profiles of the three selected flavonoids in water
with different phloroglucinol concentrations.
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Figure 111.17. Left: solubility profiles of studied polyphenols in water with phloroglucinol. Purple:
naringenin. Orange: quercetin. Green: morin. Right: Comparison of solubilization of quercetin
with pyrogallol (blue triangles) and phloroglucinol (orange circles).

A linear increase in solubility with increasing phloroglucinol concentration can be observed
for naringenin in Figure 111.17. What is most striking, however, is the almost exponential
increase in the solubility of morin, compared to the very low evolution of quercetin.
Contrary to pyrogallol, which is highly water-soluble and recognized as a hydrotrope!®,
phloroglucinol appears too weakly soluble (about 1 wt% or around 10 mg/mL® which
corresponds roughly to 0.08 mol/L) to qualify as a hydrotrope. In this experiment,
phloroglucinol was successfully solubilized up to approximately 0.12 mol/L in pure water
(0.10 mol/L was thus taken as a reasonable limit of solubility for the experiment).
Furthermore, although pyrogallol is able to solubilize a significant amount of quercetin at
high concentrations, due to its greater water solubility, when compared over the
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concentration range at which phloroglucinol is still soluble, the latter is still slightly better
than pyrogallol at solubilizing quercetin (see Figure 111.17, right).

Geometry

Another key factor for the solubility of polyphenols is their geometry. It is well-known
that the conformation of aromatic compounds has a strong influence on n-stacking. Indeed,
the planarity of a conformer facilitates (intermolecular) n-stacking, mainly for two reasons.
Firstly, two planar molecules can more easily approach one another, and for an aromatic-
aromatic interaction to take place, it is thought that the centroids of the phenyls must not
be further apart than 7 A (at least in the case of the T-shape arrangement, but a minimal
distance is still required for every kind of n-stacking). Secondly, in the case of the offset n-
stack (i.e. parallel displaced), the flatness of the overall structure of a conformer allows the
aggregation of several molecules on top of each other, forming piles or clusters. In other
words, the aggregation of planar aromatic structures by m-stacking is less sterically
hindered. This could explain the differences observed between morin and quercetin.
Indeed, the two most energetically stable conformers of morin calculated by COSMO-RS
(see Figure 111.18) both feature an intramolecular HB of the hydroxyl group in position 2.
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Figure 111.18. Structures and c-surfaces of the most stable conformers of quercetin (left) and
morin (center and right) calculated with COSMO-RS software. Dotted line represents predicted
hydrogen bonds.

This bond can be established either with the oxygen atom of the hydroxy! group in position
3, or with that of the ether function of the C ring. This HB tends to slightly break the
planarity of morin conformers compared to those of quercetin, whose most energetically

stable conformers are all nearly planar.

Overall, these higher solubilization results at low concentrations, along with the quick rise
of solubility observed with morin even with low amounts of phloroglucinol, and the
difference in trends for the three flavonoids solubilization profiles suggest that it would be
interesting to investigate the anti-stacking activity® of phloroglucinol at higher

$ In this section, anti-stacking refers to the hinderance of n-stacking of quercetin molecules with
one another. This mechanism is probably due to the somewhat preferential stacking of quercetin
molecules with pyrogallol (or phloroglucinol) molecules, resulting in smaller aggregates easier to
solvate, similar to the classical hydrotropic action with aromatic compounds.
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concentrations. For this purpose, binary mixtures of ethanol and water were prepared to try
to optimize phloroglucinol solubility.

111.6.2. Facilitated hydrotropy inspired enhancement of phloroglucinol
water-solubility

Ethanol as co-solvent
Ethanol was firstly used as an obvious co-solvent to try to improve phloroglucinol water-

solubility. Figure 111.19 shows the quercetin solubilizing ability of the ternary system
phloroglucinol/ethanol/water against ethanol/water binary mixtures as control.
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Figure 111.19. Solubilization of quercetin as a proof of concept of facilitated hydrotropy of
phloroglucinol with ethanol as co-solvent. Blue: reference solubility of quercetin in ethanol/water
binary mixture. Orange: quercetin solubility in phloroglucinol/ethanol/water ternary mixture.

It can be seen that up to ca. 25 wt% ethanol, the ternary system, i.e. the one containing
phloroglucinol, shows better quercetin solubility than the ethanol/water reference system
(see Figure 111.19). The logical next step was therefore to test the influence of the binary

mixture phloroglucinol/pyrogallol on quercetin water-solubility.

Pyrogallol/phloroglucinol combination

Since pyrogallol is structurally very close to phloroglucinol and much more water-
soluble, it might function as a hydrotrope for phloroglucinol. Figure 111.20 shows a
facilitated hydrotropy experiment in which samples of different pyrogallol concentrations

were saturated with phloroglucinol and subsequently saturated with quercetin after
filtration.
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Figure 111.20. Solubility profile of quercetin in water with pyrogallol alone (blue) or with
pyrogallol and phloroglucinol (red). Percentages indicate quercetin solubility changes with
combination of phloroglucinol and pyrogallol compared to pyrogallol alone.

Up to 10 %, it is clear that the samples containing phloroglucinol manage to solubilize
quercetin better than the pyrogallol controls. Interestingly, at a high pyrogallol
concentration (ca. 20 %, see Figure 111.20), not only the sample with phloroglucinol does
not solubilize more quercetin but on the contrary, it reduces the amount of quercetin in the
aqueous solution. It should also be noted that it is difficult to precisely determine the
amount of phloroglucinol contained in each sample. Indeed, to achieve maximum
solubility, phloroglucinol was added in excess to the pyrogallol samples and these were
then filtered. The added mass of phloroglucinol needed to reach precipitation was
registered, so the concentration of phloroglucinol has an upper limit (< 0.2 M). Moreover,
even if both compounds absorb at the same wavelength (Amax = 268 nm), the UV-visible
absorbance being additive, it is theoretically possible to determine the phloroglucinol
concentration by deducting pyrogallol contribution. This being said, it is in practice rather
challenging to obtain accurate results. Nevertheless, even without precisely knowing the
phloroglucinol concentration, it is still possible to determine whether phloroglucinol is
actually present in the final samples or not. This is the case for samples up to 10 %
pyrogallol. At 20 %, it seems that the total phenol concentration (pyrogallol plus
phloroglucinol) is nearly equal to, or even very slightly lower than the initial pyrogallol
concentration. Thus, at high pyrogallol concentration, phloroglucinol seems to have an
effect comparable to salting out (at 20 %, the solution is far from saturation with pyrogallol
alone). Despite that, even with a decrease in the solubility of pyrogallol, it would not be

sufficient to explain the drop of quercetin solubility by almost a third (see Figure 111.20).

Anti-stacking

By considering all these factors, it is possible to better understand the different
interactions at work between phloroglucinol or pyrogallol and quercetin under the tested
conditions. Indeed, these two structures being composed of only one aromatic ring
substituted by several hydroxyl groups, they should both be planar, be able to make several
hydrogen bonds with the solvent (water and ethanol), and achieve strong stacking on the
polyphenols. The conformers’ calculations confirm the planarity of the two
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trihydroxybenzenes (see Figure V.4). However, there are important differences between
them. Indeed, even if the lack of solubility of phloroglucinol is easily explained by the
symmetry of its structure, its behavior regarding quercetin and pyrogallol is striking.

Cheng et al. showed the ability of simple phenols to adsorb onto ethylene glycol-substituted
aromatic rings (polystyrene).'®” The adsorption of 1,3-dihydroxybenzene (resorcinol)
increases with the number of ethylene glycol on the substrate, showing that adsorption is
also driven by intermolecular hydrogen bonding in addition to hydrophobic interactions
and m-stacking. But this adsorption also occurs without any substituents on the substrate,
suggesting that hydrophobic interactions and m-stacking are the primary driven forces.
Furthermore, they demonstrated that in the presence of HB-acceptor groups on the
polystyrene rings (ethylene glycol units), multi-substituted phenols (di- and
trihydroxybenzenes) whose hydroxyl groups are separated by one carbon on the ring
(resorcinol and phloroglucinol) adsorb better than those with adjacent hydroxyl groups
(catechol and pyrogallol, respectively).*®” Thus, two main hypotheses can be made about
the superior results obtained with phloroglucinol over pyrogallol as an anti-stacking agent
for quercetin. Firstly, the positioning of the hydroxyl groups of phloroglucinol is optimal
since it prevents the formation of intramolecular HB that could occur in pyrogallol.
Secondly, the repartition of the phloroglucinol substituents enables two possible geometries
(assuming sandwich or parallel-displaced stacking, which seems to be a realistic
assumption for quercetin’), one of which features the phloroglucinol hydroxyl groups
between the ones of quercetin. This particular arrangement, where no hydroxyl faces
another, which is not possible with pyrogallol, should minimize electrostatic repulsions.
Obviously, this consideration alone does not fully explain the phenomenon, as electrostatic
interactions are not necessarily predominant in zw-stacking. However, this hypothesis
remains reasonable when considering that the other interactions should not differ
significantly from phloroglucinol to pyrogallol. As stated by Wheeler: “In stacking
interactions in which both rings bear substituents, the substituent effects depend on the
relative position of the substituents . It is therefore possible that this allows for better
adsorption of phloroglucinol onto quercetin molecules. This could also mean that two
phenol-substituted rings interact even more than one phenol with a slightly substituted ring
like the one of cinnamaldehyde.

Synergy between phloroglucinol and pyrogallol

The observed synergy between phloroglucinol and pyrogallol in solubilizing quercetin
(see Figure 111.20) could therefore be explained by the greater aqueous solubility of
phloroglucinol when combined with pyrogallol, which would then lead to a greater anti-
stacking effect. Simultaneously, the presence of the strongly polarized pyrogallol could
also bring more water molecules into the direct vicinity of the quercetin aggregates, thereby
resulting in better solvation. Moreover, at equal pyrogallol concentration, there is an
increase in the solubilization of quercetin in the presence of phloroglucinol, however, the
increase generated by the latter declines with increasing pyrogallol concentration (see
Figure 111.20). As previously explained, the phloroglucinol concentrations of the first
samples should not be significantly different from each other. In other words, the higher
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the share of phloroglucinol in the total phenol content (i.e. at low pyrogallol
concentrations), the stronger the effect on quercetin solubilization. This shows the ability
of phloroglucinol to effectively break the stacking of quercetin and thus serves as a proof
of concept of the facilitated hydrotropy towards it. Furthermore, at high pyrogallol
concentration, the decrease of quercetin solubilization (see Figure 111.20) could be
explained by a drop of the overall water-solubility of the pyrogallol-phloroglucinol
aggregate, similar to a “salting out” phenomenon.

I11.7. Conclusions: outlook for the search of hydrotropic compounds

In this chapter, the solubilization behavior of a set of polyphenolic compounds was
investigated in binary solvents mixtures or towards selected hydrotropes in water. Although
the low solubility (particularly in water, or in classical green/edible solvents) of
polyphenols is well-known, choosing the appropriate solubilization strategy based on their
structure does not yet seem to be standard practice in the pharmaceutical literature, where
the search for solubilizing agents in often based on trial and error process.

Combinations of ethanol with triacetin or cinnamaldehyde and COSMO-RS calculations
were used to highlight the effect of structural differences regarding apolarity, hydrogen
bonding (inter- and intramolecular) capability, and n-stacking, as well as to detect possible
synergetic behaviors. Resveratrol and naringenin were successfully solubilized in a mixture
of ethanol and triacetin. For these compounds, the effects of the solvents are predominant,
as triacetin creates a synergetic effect between 40 % and 60 %, presumably by breaking the
structuring of ethanol, in agreement with Degot and coworkers!?®, although the synergetic
effect was found at lower triacetin concentrations. The strongly hydrophobic xanthohumol
showed very promising solubility enhancement in the mixture ethanol/cinnamaldehyde,
and could achieve even higher solubilization values at higher cinnamaldehyde
concentrations. In addition, triacetin, cinnamaldehyde, and ethanol being food-agreed and
edible, they can be used in end formulations or help design extraction strategies without
necessarily having to remove the solvents.

Phloroglucinol, in combination with pyrogallol or ethanol, was used to study the influence
of trihydroxybenzenes on the n-stacking of the flavonoids naringenin, morin, and quercetin.
It showed promising results as it seems able to efficiently break the stacking of quercetin,
provided it can be sufficiently solubilized in water. If this lack of solubility of
phloroglucinol in water can be overcome, as it was shown with the addition of pyrogallol,
or to a lesser extent with ethanol, then phloroglucinol could be consider as a hydrotropic
agent for quercetin and similar compounds, like morin. Phloroglucinol is also an oxidation
sub-product of many polyphenols, so this anti-stacking capacity could give an insight into
why oxidized polyphenols tend to be more water-soluble than their native form.
Furthermore, one can imagine how quercetin or similar flavonoids could be used in
formulations as antioxidants which could then act as solubility enhancers upon degradation,
a behavior one can describe as “sacrificial antioxidant/solubilizer”.
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To summarize, the polarity of solvents and solutes plays a key role. Software like COSMO-
RS can be useful to predict trends and synergies in solubilizing behavior. However, n-
stacking can also constitute a strong obstacle and the design of anti-stacking agents must
be carefully considered as it is challenging to fully understand the effects of each
substituent in the case of aromatic structures for example. Finally, although n-stacking is
ubiquitous in biological research, in phenomena such as protein aggregation, co-
pigmentation, co-crystallization and others, it seems to be less considered when hydrotropic
behavior is suspected, perhaps because n-stacking is sometimes regarded as an organized
structuring, in opposition with the conventional non-organized aggregation view of
hydrotropes. It thus appears that there should be further research focusing on hydrotropic
solubilization mechanism from the perspective of pro- and anti-stacking.
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IV.1. Introduction

Traditional soaps, i.e. fatty acid salts (mostly sodium or potassium salts) have been used
for ages, and are still widely spread today, especially because they are inexpensive, easy to
formulate, and require only readily available raw materials. Furthermore, in addition to
displaying great detergency properties, these molecules also have antimicrobial properties
which could be interesting in various fields of application such as agriculture, medicine,
and cosmetics!®  However, they suffer multiple limitations as they are irritant,
especially to the eyes, and give a bad taste to food formulation®®. Moreover, their weak
solubility in water at room temperature, reflected by relatively high Krafft points!®®1%!
reduces the field of their applications. The solubilization power of a surfactant tends to
increase with the length of its hydrophobic part, but its solubility decreases simultaneously,
this is why it is interesting to find ways to lower the Krafft point of surfactants with long
carbon chains. For sodium laurate (NaCi2), the Krafft point is still about 25°C but it
increases rapidly with longer alkyl chains and is about 71°C for sodium stearate!®? (NaCis).

To increase their solubility, fatty acids are often chemically modified (mostly ethoxylated
and sulfonated methyl esters derivatives'®?) but these techniques require synthesis steps and
add complexity and cost to the formulation. The nature of the counterion also influences
greatly the solubility of a surfactant!®®. Tetraalkylammoniums for example have proved to
be efficient to lower the Krafft point of carboxylates'®*!%. Tetrabutylammonium (TBA) in
particular can decrease Krafft temperature down to less than 3°C for carboxylates soaps
with chain length up to Cx!%. However, the known toxicity of tetraalkylammonium
prevents them from being used in industry. Choline, formerly known as vitamin Ba, is
another interesting lead. Choline is a quaternary ammonium but with a hydroxyl group that
allows its physiological degradation. Choline soaps have the advantage of having low
Krafft temperatures'®-1% while being totally biocompatible!®®. Nevertheless, despite their
fine properties, these systems still suffer from several limitations, e.g. their unpleasant
smell. Further, the current legislation also does not allow the use of choline in cosmetics.

All in all, several amino compounds have been demonstrated as potent counterions for
soaps formation. Here we propose the study of meglumine and metformin as interesting
amino-counterion for fatty acids soaps. Meglumine is already known to form adducts with
carboxylic acids through salt formation (see section 1.2.4) and has the possibility to form
multiple hydrogen bonds with water. Metformin is particularly interesting for drug delivery
applications, where it could benefit from being associated with hydrophobic fatty acids to
possibly enhance its bioavailability.

IVV.2. Bibliographic background

IV.2.1. Surfactants: definition and applications

Surfactants (or surface-active agents) are amphiphilic organic molecules, i.e. they
possess both a hydrophilic and a hydrophobic moiety and are able to lower the interfacial
tension (called surface tension in the case of a water-air system) between two immiscible
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phases. This is due to their adsorption at the interface resulting from their amphiphilic
nature. They exhibit many unique properties, one of the most interesting being the ability
to spontaneously form micelles at a given concentration in aqueous solution, the so-called
Critical Micellar Concentration (CMC)?%2%!  Syrfactants are often classified firstly
according to their polar head, the main classes of surfactants thus being ionic, non-ionic,
and zwitterionic surfactants, functional and structural groups accounting for the
subclasses?. In addition, it is becoming increasingly common to also designate surfactants
according to their origin, for example whether they are derived from petrochemicals or
renewable resources!®2209201  However, the pertinence of the opposition between
“synthetic” and “natural” surfactants is still subject to much debate, as it does not
necessarily reflect an opposition in either their properties or their environmental impact?°*.

Surfactants are ubiquitous in industrial and personal applications such as the such as the
agricultural and pharmaceutical industries, personal care, household products or in food as
emulsifiers.?22%2 They can as well be used for catalysis, or direct solubilization and
therefore also extraction. In order to act as efficient solubilizing agents, surfactants have to
be used at a higher concentration than their CMC (CMC = 10 — 102 M) to form micelles.
The formation of direct micelles for example (hydrophobic tail oriented towards the inner
core and polar heads towards water) create hydrophobic cavities able to entrap poorly
water-soluble compounds?®,

IV.2.2. Surface tension, micellization, and other phase behaviors

At equilibrium, attractive forces between solvent molecules are identical in all
directions. This homogeneity is disrupted at the interface, i.e. at the boundary of an
immiscible phase (air or oil in the case of water, for example). Consequently, molecules at
the interface have a higher free potential energy than molecules in the bulk liquid (because
of weaker or no attractive forces in the direction of the second phase)?®. This excess of free
energy per surface is called interfacial tension or surface tension vy in the case of liquids and
can be assimilated to a force per unit length. Another representation is to consider surface
tension as the minimum work required to expand the interface by migration of molecules
from the bulk, at given temperature and pressure. When surfactant is added to a biphasic
system, it adsorbs at the interface, and the newly created molecular interactions between
the polar phase molecules and polar head of the surfactant on the one hand and between the
non-polar phase molecules and the hydrophobic tail on the other are stronger than the one
between the two phases (polar and non-polar)?®. This weaker repulsion between the two
phase translates into lower surface tension.

Micellization and CMC

Upon concentration increase and subsequent saturation of the interface with surfactant
molecules, formation of aggregation structures occurs spontaneously. It results from the
“hydrophobic effect”, which arises from positive enthalpy generation (free energy) upon
cavity creation in water that breaks strong hydrogen bonds, and from structuring of water
surrounding the hydrophobic group, resulting in negative enthalpy and positive entropy that
partially offset each other?®+2%, The positive free energy generated by cavity formation in
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water is significantly greater than the energy gain due to the structuring of water molecules
around the hydrophobic group. Surfactant aggregation and hydrophobic interactions
between non-polar solutes in water are thus primarily due to strong cohesive interactions
between water molecules®®.

Many physico-chemical properties of agqueous surfactant solutions are concentration-
dependent and undergo a sharp change at CMC?% (see Figure 1V.1). This makes the CMC
value highly relevant. Subsequently, these abrupt changes in properties enable the
measurement of CMC by a wide range of methods, the most common being surface tension
or conductivity monitoring for ionic surfactants.

CMC Solubilization
capability

/ Turbidity

Surface tension

Osmotic pressure

Conductivity

Surfactant concentration

Figure 1V.1. Schematic representation of physical properties of agueous solution as a function of
surfactant concentration. Inspired from reference [%7].

Lastly, the size and shape of micelles can vary widely, depending in particular on the length

and saturation of the hydrophobic tail, the nature of the counterion and the surfactant

concentration. Micelle structure has a direct influence on surfactant properties, and is

mainly characterized by the stacking parameter p described in equation (IV. 1)?%,

Vo
ay X1

(IV. 1)

where v, is the volume of the hydrophobic part of the surfactant, [ its length and a, the
polar head surface (at the equilibrium at the interface).

a0
Vo

=

Figure 1VV.2. Schematic representation of a surfactant and associated parameters.
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Mesophases

At high surfactant concentrations, the packing of micelles often leads to the formation of
lyotropic liquid crystalline phases, also referred to as mesophases. Highly packed spherical
micelles can induce cubic phase formation for example, whereas rod-like aggregates will
generally tend to form hexagonal phase when packed?®. Lamellar phases (La) are also
common and originate from bilayers packing. All in all, a typical phases sequence for
solution with increasing surfactant concentration is isotropic micellar (L1), cubic,
hexagonal (H1), lamellar (Lo) and reverse phases. It should be stressed that these phases
are highly temperature-dependent in the case of non-ionic surfactants, and that every
surfactant exhibits a specific phase diagram, not necessarily containing all the mesophases.

IV.2.3. Krafft point

Like many other compounds, surfactant solubility is highly temperature-dependent. For
non-ionic surfactants (for instance ethoxylated or propoxylated ones), hydrogen bonds with
water molecules are greatly responsible for the aqueous solubility. As temperature
increases, these bonds break and the overall solubility of the surfactants is subsequently
reduced. In the case of ionic surfactants, thermal agitation of solvent molecules, known as
Brownian motion®®, has an effect on the ion pair dissociation of the surfactant. A greater
dissociation due to increased temperature enhances surfactant hydrophilicity. Furthermore,
the aqueous solubility of ionic surfactant increases significantly above a certain
temperature, known as Krafft temperature Tk, or Krafft point (named after professor
Friedrich Krafft). By definition, it is the temperature at which the solubility of the
surfactant is equal to the CMC, or in other words, the Krafft point represents the intersection
of the curves of solubility versus temperature and CMC versus temperature (see Figure
IV.3). At temperatures lower than the Krafft point, an increase in surfactant concentration
no longer leads to micellization but to surfactant crystallization. For this reason,
determination of the Krafft point is experimentally essential. In addition, a greater
hydrophobic tail increases a surfactant's solubilizing capacity, but at the same time leads to
lower water solubility and a higher Krafft temperature'®-2%, It should be noted that the
“solubility temperature” of soaps is not concentration-independent. In fact, it was observed
that at low soap concentrations, the “solubility temperature” increases with decreasing
concentrations of soaps, therefore Tkr does not exactly correspond to the solubility
temperature?®’. Nevertheless, this distinction is rarely done in literature and is only relevant
at very low concentrations of soaps, so it will not be made in this study. However, it is
important to measure Tkr always at the same soap concentration for this reason. By
convention, Krafft temperature is assessed as the clearing temperature of a 1 wt% aqueous
surfactant solution. As crystallization is also a kinetic phenomenon, it is common to adjust
the determination by cooling the clear surfactant solution.
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Surfactant concentration

Temperature

Figure 1V.3. Schematic representation of the relation between surfactant solubility, CMC, and
Krafft point. Based on reference [?17].

1VV.2.4. Emulsions

Any system composed of several immiscible compounds tends to reach a
thermodynamically stable state through minimization of the interface between the two
immiscible phases, i.e. towards phase separation. An emulsion is a monophasic oil/water
system with colloidal droplets of one phase in the other (continuous phase). The emulsion
state is commonly achieved by mixing the two phases (mechanical agitation, ultrasound,
microfluidics, etc.). In the presence of surfactant (frequently referred to as emulsifier in
industrial applications in this case), the thermodynamically inevitable dephasing is
Kinetically hindered?®. The surfactant thus acts as an emulsion stabilizer. It should be
mentioned that there exist stable emulsions without surfactants. One of the most common
examples is Pickering emulsions, in which the droplet structure is stabilized by the
adsorption on their surface of solid particles of various kinds (silica, clay, proteins,
polysaccharides, etc.).?11:212

The affinity of the surfactant, as well as the ratio between the two immiscible phases
determine the nature of the emulsion, whether direct (apolar phase dispersed in polar
phase), inverse (vice versa), or multiple. In 1910 already, Ostwald showed that for a
water/oil system, the water-to-oil-ratio (WOR) is the predominant factor determining the
nature of the emulsion if it is far from unity, independently of the surfactant affinity?2,
When this ratio is close to 1, it is conversely the nature of the surfactant that dictates
emulsion morphology, as stated by Bancroft in the early 20" century?#2!°, There are
several ways to characterize an emulsion, and to characterize surfactants according to the
nature of the emulsion they can form. Griffin and later Davies attempted to construct an
affinity scale for surfactants, the hydrophilic lipophilic balance (HLB)?'®2'7. This semi-
empirical scale uses the contributions of the various groups in the surfactant structure to
estimate its ability to act as an oil-in-water or water-in-oil emulsifier, for example (see
Figure 1V.4). More advanced characterization methods, such as Winsor’s R-ratio?'8, the
HLD theory?'® or the phase inversion temperature?® (PIT) and PIT-slope??! helped
rationalize the contributions of surfactants on SOW systems and are also very relevant for
the study of microemulsions. This study however mainly focuses on the influence of amino
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counterion on simple carboxylate systems, so these theories will not be discussed
extensively here.

Solubilizer
W/O emulsifier O/W emulsifier |
| |

Surfactant Surfactant
affinity towards 0 3 6 9 12 15 affinity towards
non-polar phase polar phase

Antifoaming  Wetting agent Detergent
agent

Figure 1V.4. Representation of HLB scale and associated applications for surfactants.

IV.2.5. Soaps: carboxylic acid salts

The term soap refers to salts formed by the association of a negatively charged fatty acid
carboxylate and a positively charged counterion, historically sodium or potassium. Soaps
are the oldest man-made surfactants initially derived from animal fats, and are still today
the most consumed surfactant class in the world?®t. Although soaps have lost much of their
appeal since the second half of the 20™" century in favor of “technical” surfactants (derived
from petrochemicals, mostly sulfates and sulfonates), notably because they are irritating???
and sensitive to pH and salt?®}, there is currently a resurgence of these, mainly for ecological
reasons. Indeed, soaps can be made from renewable sources, which makes them highly
relevant to today's green chemistry issues. Furthermore, most of their disadvantages could
yet be tackled through careful synthesis and formulation®®. One of the most important
property of soaps is the aqueous solubility, which is like for other surfactants highly
dependent on its structure. A long hydrophobic tail (C1s+) will have a great solubilization
capability but a reduced solubility, reflected by a high Krafft point (71°C for sodium
stearate®?). The length of the carbon chain can also influence other properties, like foaming
generation capacity or stability??®, The intended application often determines the carbon
chain length (and saturation), and therefore the source of the materials. Finally, the nature
of the counterion plays a major role in soap properties (see section 1V.2.6). One example
is the frequent substitution of sodium for potassium to improve aqueous solubility**® (lower
Krafft temperature for a given carbon chain).

Salinity and ionic force sensitivity

As salinity directly influences the activity of water, it subsequently impacts the affinity of
the surfactant towards water. An increase of salinity will decrease the activity of water and
thus the affinity of the surfactant for the aqueous phase®?*. For ionic surfactants, the
increase of the ionic force, i.e. the concentration of free ions in aqueous solution, also leads
to an enhanced screening of the ionic head charges, resulting in a decreased hydrophily of
the surfactant (see Figure 1V.5). This is particularly important for salts, which are easily
disrupted by the presence of electrolytes such as Mg?* or Ca?* ions in tap water, or other
counterions introduced in solution from the formulation. As counterion freely exchange
with the ones initially associated with the carboxylate, new soaps are formed with different
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properties, such as a significantly low water-solubility of Mg?* or Ca* carboxylate (high
TKr)225-

H,0

Na o
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Figure IV.5. Representation of the charge screening of an anionic surfactant by increasing the
ionic strength. Example of a carboxylate with increasing sodium chloride concentration.

pH sensitivity

Another factor to bear in mind when studying soaps is pH. Indeed, most soaps exhibit a
relatively high pH value in aqueous solution (> 9 typically for long-chain carboxylate?2)
and are sensitive to pH change. At low pH values, it has been extensively reported that
lamellar or crystalline phase formation for example disrupt the solution, making it unstable
and turbid.?97226227 This pH dependence prevents the use of soaps in certain applications
where the pH value must be fixed, such as in certain cosmetics or food formulations. Fatty
acids are also often dispersed in aqueous solution at low pH value, but that does not qualify
as solubilized soaps, which correspond to a macroscopic water-like clear solution with fatty
acids acting as surfactants as the main components.

1VV.2.6. Counterion influence and Hofmeister series

Counterion-to-headgroup association plays a major role in the properties of ionic
surfactants. The nature of the counterion is known to influence for instance the surfactant
solubility®®° as already mentioned with Na*, K*, Mg?* or Ca?* carboxylates with significant
differences in their Tk, as well as many other properties. These salts effects are ubiquitous
and of considerable importance in biology, chemistry and pharmacy and belong to the
broad field of “specific ion effects”. Hofmeister and co-workers pioneered the
rationalization of these effects at the end of the 19™ century. In a series of publications
entitled “About the science of the effect of salts” (“Zur Lehre von der Wirkung der
Salze?%22%)  they thoroughly investigated the influence of different salts on the
denaturation and solubility of proteins, sodium oleate and colloidal ferric oxide, which was
generalized to ions years later to become what is nowadays known as the “Hofmeister
series” (see Figure 1V.6)%%. This empirical classification linked the hydration of salts to
their solubilization (salting-in) or precipitation (salting-out) impact independently of the
considered solute.
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Chaotropic cations ) Kosmotropic cations
Weakly hydrated / low charge density Strongly hydrated / high charge density

Cations

hard

Salting-out
Anions
hard soft
Kosmotropic anions Chaotropic anions
Strongly hydrated / high charge density Weakly hydrated / low charge density

Figure 1V.6. Hofmeister series ranging from salting-out to salting-in for cations and anions. Based
on references [*282].

The initial vision of the Hofmeister series consisted of ranking ions based on their influence
on bulk water structure, by opposing “water structure makers” and “water structure
breakers” in their ability to solubilize a third component. This alteration of the water
structure is now though to only be involved in the direct vicinity of the ion, and not the bulk
itself.2042282%0 Indeed, instead of long-range electrostatic interactions, it is now fairly
accepted that short-range ion-ion interactions are predominant®:. The classification of the
Hofmeister series is thus to be interpreted carefully, but still remains a powerful tool,
mostly for biological systems or drug design for example.

In order to refine the comprehension of specific ion effects, Collins introduced in 2004 a
“concept of matching water affinities” that order ions according to their interactions with
water molecules, in respect to water-water interactions?®2. In this model, the size of the
(monovalent) ions is crucial, as the charge density is believed to be the dominant force at
play. It therefore predicts a strong interaction between “small” (in regard with the medium-
sized water molecule) ions of high charge density highly hydrated (kosmotropes) referred
to as “hard” (like sodium or carboxylate), and “large” ions of low charged density that are
weakly hydrated (chaotropes) called “soft” (see Figure 1V.6)%*22%%, The model states that
the association of similar-sized ions will spontaneously lead to the formation of an inner-
sphere ion pair, whereas the combination of two ions of different size causes dissociation
due to the tendency of each ion to keep its own hydration shell, irrespective to their
chaotropic or kosmotropic nature. A generalization of this concept to the ability of
surfactant headgroups to form close pairs with counterion was proposed by Vlachy et al.%**
and is represented in Figure 1V.7.
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Li* Na* K* Rb* Cs* NH/*
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carboxylate phosphate sulfate sulfonate

Figure 1V.7. Ordering of anionic surfactant headgroups and counterions regarding their
capabilities to form close pairs. Reproduced with permission from reference [24].

IV.2.7. Guanidines and metformin
Guanidinium and guanidines

At the end of the 18", medicinal plant Galega officinalis was used to treat symptoms of
diabetes (thirst and frequent urination)?® and this effect was later recognized to be due to
the rich dose of guanidine in the plant. Guanidine (which gives its name to the family of
compounds comprising all its derivatives, see structure Figure 1V.8) has first been
identified and synthesized in the middle of the 19" century by Strecker?®. In 1918
Watanabe studied the metabolic influence of the injection of guanidine hydrochloride on
blood sugar and showed that it induced a decrease in glucose in animals?%,

NH NH NH H H
JJ\ HZN\H/N\R/N NH,
HoN™ "N™ 'NH
H2N NH2 2 H 2 NH NH
Guanidine Biguanide Biguanidine
J\Jl\'_l NH NH
~
~ N NH
H NH, . . | H 2 |
1-methylguanidine . ' 1,1-dimethylbiguanide -
i =metformin
NH O T
N7 ONH,

|
' 1,1-dimethylguanidine !

Figure 1V.8. General chemical structures of guanidines, biguanidines, and biguanides as well as
compounds belonging to these families.
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The specificity of guanidine comes from the structure of its cationic form, the guanidinium
(Gu™) group. It is composed of three amino groups bound to a common carbon atom, and
is thus a planar Y-conjugated quasi-aromatic compound. Its very high pKa (13.6%7) makes
it fully protonated in aqueous solution. Its symmetry and conjugation create a uniform
charge distribution. Gu™ is a hydrogen bond donor, and one distinctive feature is its
planarity, which makes it interact with water molecules only in its molecular plane, whereas
both faces remain hydrophobic®¥'.

Figure 1VV.9. Chemical structure of the guanidinium cation.

Vazdar and co-workers studied the counter-intuitive pairing of two Gu* cations that they
described as “weakly thermodynamically stable like-charge ion pairs”?%’, as dispersion and
cavitation forces could overwhelm the Coulomb repulsion. They propose that this
phenomenon could be responsible for the arginine-arginine pairing or the frequently
observed interaction between positively charged peptides and proteins.

Arginine “magic”, guanidinium ion

Arginine is an amino acid bearing a guanidinium cation as functional group (see
structure in Figure 1V.10), thereby exhibiting several of the interesting properties, the most
remarkable being the ability of arginine-rich peptides (so highly positively charged
compounds) to penetrate cellular membrane with ease?®"?%, This phenomenon is known as
arginine “magic”?®. This phenomenon is essential to better understand biological
mechanisms and to design effective delivery methods able to penetrate biological barriers.

@
H3N HMOH
NH,

Figure 1V.10. Chemical structure of amino acid arginine.

Biguanides and metformin

Some compounds have two "complete” guanidine groups directly linked and are called
biguanidines. Another type of compound based on the guanidine group is the biguanide
subclass, which regroups structures with two guanidine functions sharing a central nitrogen
atom (see Figure 1V.8). Among this group, there is one particularly interesting compound,
1,1-dimethylbiguanide, commonly known as metformin (see structure Figure 1V.8), which
has become central in type 2 diabetes treatment. The first synthesis of biguanidine was
made in 1879 by Rathke?*°, and metformin was synthesized by Werner and Bell for the
first time in 192224 but not used for diabetes treatment. In the 1940s, academic interest for
metformin raised again in the search of anti-malarial agents®*?, but it was not until 1957
than metformin ability to lower blood glucose level was firstly reported by Jean Sterne?*3,
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In 2015 metformin had become the most prescribed glucose-lowering agent for treatment
of type 2 diabetes worldwide?®. In addition, metformin and other biguanides have been
studied for several years for their demonstrated long-term cardiovascular benefits®** and
possible anti-cancer properties?®®. Metformin also exhibits chelating properties thanks to
its imine groups. Furthermore, as reported by Bailey et al., it does not appear to work
according to one single pathway but rather impacts biological functions through multiple
mechanisms?°.

Metformin is a very highly water-soluble compound, with pKas around 2.7-2.8 and 11.5-
11.6%4%247 sg it is positively charged at physiological pH. Its high hydrophily (log P =
-1.43%%) but low bioavailability mostly due to the lack of hydrophobic part in its structure
makes it a BCS class 111 compound?® (see section 1.2.3.3.3). Furthermore, metformin has
a dose-dependent uptake®*® and a quite rapid excretion mechanism (see pharmacokinetics
of metformin in Figure 1V.11) which makes it impractical to deliver alone, and metformin
often requires drug delivery methods to be efficiently administered. For more details about
the pharmacokinetics of metformin, the reader is referred to the work of Graham et al.?*°.
Research focuses now on more lipophilic derivatives of metformin to overcome this issue.
Moreover, other biguanides suffer the same limitations®*.

Planar molecule with Imino groups confer
single protonation chelating properties,
between imino groups e.g. with copper

CHs NH  NH
~ 11 11
_N—C—NH-C-NH,

CH,
? . C._~2yugml
Mon-polar | / V,~100-300 |
methyl groups | f'l

Tz ~6-7 h

( Crystal structure stabilised with inter-molecular hydrogen bonds) -

ZT-H)'erphiIic cationic base at physiological pH/
.
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(~20% filtered; ~B80%
secreted by kidneys)
|

Figure IV.11. Metformin hydrochloride chemical structure and pharmacokinetics in human.

Reproduced with permission from reference [*].
This may seem all the more surprising given that, as previously mentioned, arginine-rich
peptides (and therefore guanidinium-rich peptides) easily permeate cell membranes. This
can be understood as that the guanidinium group is partially responsible for the “arginine
magic” phenomenon, but it not merely sufficient. Herce et al. have established the role of
fatty acids and gradient pH in the cell membrane cellular in the penetration mechanism of
guanidinium-rich molecules®®,
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Interactions between fatty acids and guanidines

Guanidinium-rich peptides are able to cross directly cellular membrane in a non-
endocytotic manner (without killing the cell), therefore the mechanism must consist in the
reversible formation of a channel of some kind. Herce et al. have highlighted the role of
deprotonation of cell membrane fatty acids in the passage of guanidine-rich peptides®®. In
fact, this deprotonation facilitates interaction with the positively charged Gu*™ group by
lowering the free energy of the insertion. This interaction and the hydrophobic core of
membrane fatty acids create a channel through the lipidic membrane that enable the
transduction of the peptide into the cell?*®. pH-gradient across the membrane is also a key
parameter for the release of the peptide in the cell and the protonation of fatty acids which
can then diffuse back across the membrane?,

However, positive charge of Gu* group is necessary but not sufficient, as lysine monomers
or other polycations were shown to have poor cellular uptake in comparison®®.
Furthermore, another surprising property of this mechanism is the apparent lack of cell-
type specificity?®. It has been hypothesized that hydrogen bonding and membrane potential
are major factors for the uptake mechanism of guanidinium-rich peptides. Thus, the
bidentate charge-assisted hydrogen bonding occurring between Gu® group and HB-
acceptors such as fatty acids has been demonstrated to be crucial for the partition of the ion
pair into the membrane?>°. A representation of this particular ion pairing is shown in Figure

V.12
H
N——H---=--- o)
,I
R—N:<® e>—a
/&—H ------- é

Figure 1VV.12. Representation of the guanidinium---carboxylate synthon with charge-assisted
hydrogen bonding. Blue dashed lines represent hydrogen bonds. Inspired from reference [>1].

1VV.3. Materials and methods

1IVV.3.1. Materials

Naringenin (> 93 %), phloroglucinol anhydrous (> 99 %), docosanoic acid (behenic
acid or BA) (=99 %), guanidine hydrochloride (GuHCI) (> 98 %), 1-methylguanidine
hydrochloride (mGuHCI) (> 98 %), N,N-dimethylbiguanide hydrochloride (metformin
hydrochloride or MetHCI) (> 98 %), creatine monohydrate (> 98 %), and L-histidine
(> 99 %) were purchased from TCI Chemicals. Meglumine (> 99 %), pyrogallol (> 98 %),
dodecanoic acid (lauric acid or LA) (>99 %), sodium myristate (NaC14) (> 98 %),
tetradecanoic acid (myristic acid or MA) (> 99 %), sodium palmitate (NaC16) (> 99 %),
hexadecanoic acid (palmitic or PA) (> 99 %), sodium stearate (NaC18) (= 99 %), cis-9-
octadecanoic acid (oleic acid or OA) (=99 %), L-arginine (Arg) (>99 %), L-lysine
monohydrate (Lys) (> 99 %), triacetin (99 %), isopropyl myristate (IPM) (> 98 %), and n-
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octane (> 99 %) were purchased from Merck (Sigma-Aldrich). Octadecanoic acid (stearic
acid or SA) (> 98.5 %) and sodium laurate (NaC12) (= 99 %) were purchased from Fluka,
paraffin oil (PO) from Cooper, phloretin (= 90 %) from Symrise, trans-resveratrol (98 %)
from Evolva, and xanthohumol (90 %) was kindly provided by HHV GmbH.

1IVV.3.2. Methods

IV.3.2.1. Samples preparation

Meglumine and guanidine derivatives carboxylates were synthesized using two different
protocols. The procedure for synthesis in organic solvents inspired by the work of
Cassimiro and colleagues is especially well suited to conventional compounds analyses
such as NMR or IR spectroscopy, or thermal analysis!**115252 \whereas in situ soap
synthesis by bringing together the deprotonated fatty acid with a new counterion lends itself
better to solution behavior analyses.

Protocol ex situ

Meglumine-carboxylic acid salts and metformin-carboxylic acid salts were synthesized
according to the modified version of protocol of Cassimiro et al.}*. Equimolar quantities
of counterion (meglumine or MetHCI) (2.51 mmol for MegCi2) and carboxylic acid were
solubilized separately in a solvent mixture composed of ethyl acetate/methanol (1:1 v/v)
under constant stirring with moderate heating (~50°C). The solution containing the
carboxylic acid was added dropwise to the counterion one, and the resulting solution was
kept for one night at 5°C. The solvent was removed under reduced pressure with a rotary
evaporator and the resulting paste was dried 72 hours under high vacuum at 50°C.

Protocol in situ

For in situ soap formation of amino carboxylates, the protocol of Douliez and coworkers
was applied®32%°, Two variants were tested, one involving the prior deprotonation of the
carboxylic acid using NaOH, the second based on the direct use of commercially available
sodium salts of carboxylic acids. Shortly, carboxylic acids were precisely weighed to obtain
the desired concentration (10 or 20 g/L, corresponding to 1 % and 2 %, respectively) and
adapted volume of an aqueous solution of metformin (MetHCI) or meglumine was added
to reach equimolar ratio. According to a well-known dispersion technique for lipid
compounds?3-2%, the solutions were energetically stirred and heated to ~ 70°C until the
fatty acids were completely dissolved (at least 30 min), then the solutions were frozen at
- 20°C. This operation was repeated 3 to 5 times. After the last heating phase, samples were
cooled down at room temperature. Poorly dispersed fatty acid soaps were heated at 60°C
for about 5 min prior to be used.

IV.3.2.2. Soap synthesis assessment via 'H NMR

The effective preparation of soap samples was confirmed by 1H NMR. Spectra were
recorded on an Avance Il 3 (Bruker, US) at 300MHz for *H and 3C. D,O was used for
metformin and adducts solubilized in aqueous phase and DMSO-ds for pure carboxylic
acids analysis.
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1V.3.2.3. Krafft point measurement

It is commonly accepted to determine the Krafft point of a surfactant by measuring the
temperature at which a 1 wt% surfactant solution becomes clear, as the CMC is usually
much lower than 1 wt%. The Krafft temperatures were optically determined by slowly
heating the solutions in closed vials in a water bath up to 70°C and subsequently cooling to
-3°C.

1VV.3.2.4. Surface tension and CMC measurement

Surface tension was measured with a Kriiss K100 tensiometer equipped with an RI101
Du Noly ring probe and results were statistically analyzed with Kriiss Laboratory Desktop
software version 3.1.0.2617. All measurements were carried out at 25°C regulated with a
Huber water bath directly connected to the tensiometer. For CMC measurements, a highly
concentrated solution of each studied surfactant was prepared, then an automatic dilution
was carried out with a Dosino 700 from Metrohm. Appropriate agitation and rest time were
applied between each dilution to ensure equilibrium. Each CMC measurement was carried
out in duplicate with freshly prepared stock solution.

1VV.3.2.5. Micellar solubilization
Solubilization procedure

Curcumin and quercetin were chosen as test compounds for solubilization experiments
with amino-carboxylates, which were soluble in water at room temperature. MegCiz,
MegCis, GuC12, MGUC12, MGuCys, and MetCi2 were tested with curcumin and GuCiyo,
mGuCi2, mGuCu4, and MetC12 with quercetin. Concentrations were selected based on CMC
of amino carboxylates, below the CMC value, at around the CMC value (ranging between
0.4 and 1.0 mmol/L) and in excess at around 20 times the CMC value (ranging between 0.8
and 2.0 mmol/L), and 3 mL samples were prepared in triplicate. Hydrophobic test
compound curcumin or quercetin was then added to the solutions under continuous stirring
until saturation was reached (visually assessed). After filtration of unsolubilized compound
(PTFE, 0.2 um) and dilution with methanol (dilution factor between 10 and 100 depending
on the sample), the amount of solubilized test compound was asserted with UV-vis
spectrophotometry.

UV-Vis spectrophotometry

A UV-vis double beam spectrophotometer (Lambda 18, Perkin Elmer) was used to quantify
curcumin in micellar solutions. Samples were analyzed in 1 cm path length quartz cells at
A =426 nm and A = 370 nm for curcumin and quercetin, respectively. Calibration curves of
curcumin and quercetin in pure methanol were used to calculate the concentrations of
solubilized compound.

1V.3.2.6. Emulsification process

To assess the surfactant ability of MegC,, emulsions were designed with a 50-50w/w
oil-to-water ratio at 1 w% of MegCn. n-octane, paraffin oil (PO), or IPM were chosen for
the oil phase, as n-octane saturation makes it well suited to compare emulsions and IPM is
widely used in the industry, for cosmetics for instance. For the emulsification tests, all

106



Meglumine and metformin as new counterion for fatty acids: brief characterization and perspectives Chapter IV

amino-carboxylate were prepared in situ according to the protocol described earlier (see
section 1V.3.2.1) with prior deprotonation of fatty acids via the addition of proper amount
of sodium hydroxide. Two different protocols were tested for the emulsification with
MegCn (summarized in Table 1V.1), one using a classical mechanical high-speed dispersing
device, an Ultra-Turrax®, the second using sonication. The first emulsification protocol
was realized with an Ultra-Turrax® (IKA T 25) at 125000 rpm at room temperature for
2 min. 10 g of sample were prepared, at a 50-50 water-to-oil ratio and 1 wt% MegCn as
emulsifier. The second emulsification process used a Hielscher UP200St ultrasonic
processor (Hielscher Ultrasonics GmbH, Germany) equipped with an S26d2D titanium
sonotrode (@ =7 mm, L=95 mm). The sonotrode was set for continuous running
(frequency of 26 kHz), with an immersion depth of 5 mm. The emulsification time was
calculated for optimal emulsion stability in accordance with the other settings and
following the recommendations of Sahota et al. for an optimized dispersion and emulsion
stability®®®. Quickly, the power is defined by the device itself and the amplitude, and the
target volumetric energy Ey is set at 80 W.s/mL according to recommendations Sahota et
al. The emulsification time t was thus calculated at around 25 s from the sample volumes
according to equation (IV. 2).

P.t

E, =
v %4

(IV.2)

Table IV.1. Sum-up of the two emulsifications protocols used in this work. MegCig*refers to
meglumine stearate and MegCis° to meglumine oleate.

Characteristics Protocol 1 Protocol 2
Emulsification process Ultra-Turrax (12000 rpm) Sonication
Emulsification time 2 min 255
MegCn MegCi¢®, MegCig°, MegC22  MegCi2, MegCis®, MegCa2
Preparation of MegCn Insitu, 10:1 and 1:1 In situ, 1:1
%MegCn 1 1
Non-polar phase n-octane or IPM Paraffin oil (PO) or IPM
WOR 0.5 0.5

1\VV.3.2.7. Emulsion properties assessment

IvV.3.2.7.1. Emulsion morphology analysis
Laser granulometer

The granulometry of the obtained emulsions (droplet size, size distribution) was
assessed directly after each emulsion was made. As every emulsion obtained was a direct
oil-in-water emulsions, a laser granulometer could be used to assess droplet size and
distribution. Mean diameter of emulsion droplets were characterized using a Mastersizer
3000 (Malvern Instrument, UK) laser granulometer. A few drops of emulsion are directly
added into the water bath of the device under agitation (1800 rpm) and analyzed with
Mastersizer 3000 software (v3.00).
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Optical microscope

Optical microphotographs emulsion samples were obtained using a KEYENCE VHX-
900F digital microscope equipped with a VH-Z100UR/W/T lens and analyzed using
KEYENCE 1.6.1.0 software.

IV.3.2.7.2. Stability measurement

The stability of the emulsions was assessed via Static Multiple Light Scattering (SMLS)
using an AGS Turbiscan® from Formulaction. This device measures the evolution of the
transmitted T and backscattered BS light (detected at 180° and 45°, respectively) sent
through the sample over time. Size and concentration of scattered objects, typically droplets
in the case of emulsions, directly influence T and BS light. The variations of the transmitted
AT and backscattered 4BS signals can therefore be use to follow the different destabilization
phenomena that can occur such as creaming, coalescence, or Ostwald ripening. The device
scans the full length of the sample (=25 mm). A schematic representation of the
measurement principle is given in Figure IV.13. Every sample was analyzed in glass tubes
at 25°C during 4 weeks with one scan every 6 h. Experimental data were processed using
the TurbiSoft Lab software (2.3.1.125 FAnalyser).

Bottom Middle Top
(H=1/5) (H=1/3) (H=1/5)

Time

ABS (%)

Height (mm)

Figure 1V.13. Representation of the evolution of transmitted 47R and backscattered light 4BS
measured with Turbiscan® for a partially sedimented dispersion. Reproduced with permission
from reference [*7].

IV.4. Synthesis and characterization of amino-carboxylate with
meglumine or guanidine derivatives as counterion

Meglumine carboxylates

Following the protocol established by Cassimiro, Ferreira, and colleagues (see section
IV.3.2.1), meglumine carboxylates (MegC,) were synthesized with different alkyl chains
in organic solvents. However, unlike Cassimiro et al. who exploited meglumine's ability to
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make multiple hydrogen bonds with water via its hydroxyl groups to form hydrogels™ at
high MegCn concentration with diverse properties, our focus was primarily directed
towards the surface-active characteristics of these MegCi. Indeed, the formation of these
“supra-amphiphiles” as described by Cassimiro et al., is based on ion-pairing interaction,
as the acid-base interaction between the carboxylic acids and the alkaline meglumine being
the driven force. Irrespective of hydrogel formation, the association of the highly
hydrophilic meglumine with fatty acids provide a simple and effective way of bringing
these fatty acids into aqueous solution. This approach has also allowed the ionic strength
influence to be removed in the formation process, as MegCi are recrystallized then isolated.

The feasibility of this combination naturally leads to the concept of soaps. However, MegChn
with shorter-chain fatty acids (Ci2, Ci4) proved more difficult to synthesize using this
method, as their solubility was very high in organic solvents (protocol had to be adapted
with a step of solvent removal, which added time and energy consumption to the process).
The next logical step was to test conventional soap protocols directly in aqueous solution.
As meglumine is a fairly potent base (pKa = 9.5), the use of pure carboxylic acid is possible
without having to first use a sodium salt, for example. This in situ formation follow the
procedure developed by Fameau et al. (see section 1V.3.2.1).

O 4, OH OH
Fe® A
O~ oH
" OH OH

Figure 1V.14. Chemical structure of meglumine soaps. n = 10, MegCiz; n = 12, MegCi4; n = 14,
MegCis; n = 16, MegCis®; n = 20, MegCa.

Guanidine derivatives as counterion

As previously mentioned, the guanidinium group's ability to penetrate cell membranes
does not extend to pure metformin. Furthermore, the preponderant role of the interaction
of the guanidinium cation with fatty acids in the penetration mechanism was also
established. As metformin is itself an active ingredient in the treatment of type Il diabetes
among others, metformin carboxylate formation using the same approach as with
meglumine could be a way of increasing metformin bioavailability, which remains low
because of the highly hydrophilic nature of metformin, which is highly water-solubility.

As metformin has a very specific structure (see Figure 1V.8), it was decided to compare the
MetCn obtained with other soaps formed with guanidine hydrochloride (GuHCI) or
guanidine derivative as counterion. Methylguanidine hydrochloride (mGuHCI) was
selected in this sense, as it is a fairly inexpensive and commonly available compound.
Furthermore, since the charge repartition in biguanidine is not as straightforward as for the
guanidinium cation, although metformin is also thought to be one time protonated at
physiological pH, as its pKas were reported at 2.8 and 11.5%¥’. In order to better characterize
the ionic interaction between metformin and the carboxylic acids, **C NMR was conducted.

“ hydrogels based on amino compound interaction with fatty acids are widely reported, even
without numerous HBs donor/acceptor groups.?*®
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Figure V.15 shows the spectra of pure metformin hydrochloride and MetC3. in D20, and
Table 1V.2 the shifts in the signals upon association with the carboxylic acid.
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Figure 1V.15. Chemical structures of studied amino acids.

Table IV.2. *C NMR Chemical shifts of MetHCI and MetCs, in D2O. Red refers to metformin
and blue to sodium laurate. The carbon atoms numeration is based on Figure 1V.15.

MetHCI MetC,,
Peak n° Shift Assignment | Peak n° Shift Assignment Shifts/ MetHCI
(ppm) (ppm) (ppm)
/ / / 1 13.70 12 /
/ / / 2 22.53 11 /
/ / / 3 26.26 3 /
/ / / 4 29.41 /
/ / / 5 29.58 /
/ / / 6 29.65 4 /
/ / / 7 29.80 /
/ / / 8 31.89 10 /
1 37.35 1,3 9 37.36 1,3 +0.01
/ / / 10 37.74 2 /
11 158.46 7 -1.56
2 160.02 4
000 7 12 159.84 4 -0.18
/ / / 13 182.75 1 /

The strong shift (-1.56) of the central carbon of the guanidine group without methyl groups
suggests that it is the one bearing the positive charge at non-extreme pH values (between
2.8 and 11.5), and the charge representation in Figure IV.15 can be deemed realistic.

MegCi, GuCn, mGuC,, MetCn were investigated regarding their Krafft temperature, their
CMC when it was possible, as well as their ability to solubilize hydrophobic compounds
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quercetin and curcumin or to form stable emulsions in the case of MegC,. These tests served
primarily as proof of concept for these applications with these particular amino-soaps.

Amino-acids as counterion

Finally, as the choice of counterions had focused on amino compounds, it was decided
to test amino-acids as counterions as well. A few were selected for a series of quicker tests,
notably on the Krafft temperature (see structures in Figure 1V.16). Among them, arginine
and creatine were particularly interesting, as they both bear a guanidine group. However,
in the case of arginine, the guanidine group is independent of the amine group that makes
arginine an amino-acid.

oA X I i
OH N HoN
HoN H/\/\‘)J\OH HoN N/\"/ </ j/\‘)J\OH 2 OH
NH, 0o HN NH, NH,
arginine creatine histidine lysine

Figure 1V.16. Chemical structures of studied amino acids.

IV.4.1. Krafft points determination

Table IV.3 lists the Krafft temperatures of soaps for the classical counterions (sodium
and potassium), for tetrabutylammonium, known to have very low Tkr but which use
remains very limited due to its toxicity, as well as for choline chloride and the counterions
studied in this work.

Table 1V.3. Krafft temperatures of classical fatty acid soaps and fatty acid soaps prepared in this
work. TBA refers to Tetrabutylammonium and Ch to Choline chloride. MegC,, GuC,, mGuC,,
and MetC, were prepared in situ using the sodium salts of correspondent carboxylic acids.

Counterion Cw Cu Cis Cis Cx Cx Reference
Krafft temperature (°C)
Na 25 45 60 71 >100 >100 191
K 10 30 46 o7 / / 190
TBA <0 <2-3 / <2-3 <2-3 ~12 195
Ch <0 1 12 40 / / 196
Meg <5 16 <x<20 / ~70 / / This work
Met ~6-7 40<x<50 / >70 / / This work
Gu <2-3 30<x<40 40<x<50 >70 / / This work
mGu <0 20<x<30 40<x<50 ~70-75 / / This work
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Some compounds have lower Tkr than what could be predicted with Collins’ concept of
“matching water affinities”, for example ChCy, as choline cation is even softer than NH4*
and should not be able to bond so efficiently with the very hard carboxylate (see Figure
IV.6 and Figure 1V.7). Wolfrum explained this behavior as the unsymmetrical and bulky
structure of choline most likely increases the free energy of the crystal structure of ChCn
and thereby decreases Tk2%". Guanidinium on the other hand is a very hard cation and
should therefore interact strongly with carboxylate according to Collins’ concept. This
seems to be true for GuCi2, mGuCi2, and MetCi2 which all have Tk, below the one from
potassium (see Table 1V.3), but from Ci4 and longer chain the Tk, do not seem to differ
strongly from the sodium reference (apart for mGuCa4 which is still barely soluble at room
temperature and could therefore be used at 25°C without major solubility issues).
Metformin can also be viewed as fairly bulky and unsymmetrical, however it does not seem
to exhibit a great Tkr decrease compared to Na except for MetC1,. The Tk, of MetC1s was
not reported either, as the sample remained unclear but not crystallized over the entire
temperature range. Meglumine is quite different from other counterions in that it is capable
of forming numerous hydrogen bonds with water, which could explain its relatively low
Tkr for MegCi2.14 as crystallization is hindered. On the other hand, increasing the
concentration of MegC, leads, for the same reason, to rapid hydrogel formation (over 20 %
MegC1. for example). MegCis was also prone to the formation of mesophases and would
need further investigation. Figure IV.17 presents pictures of some transitions to illustrate
this section, and Figure V.18 shows some amino-soaps under polarized light to highlight
the formation of mesophases.

C12 % Cl4 % C16 % C18

12°C
Met 1
18°C - (14°C
Gu | !
d 14°C
mGu

-

Figure 1VV.17. Photographs of Meg-, Met-, Gu-, and mGuCi,.16 at different temperatures. Gu- and
mGuCi4 and Gu- and mGuCis are very viscous above 40°C and 50°C, respectively.
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GuC,, MGUC,4 MetC,, MegCq

Figure 1V.18. Examples of mesophases observation with polarized light.
Amino-acids

For amino-acids Krafft temperatures quick screening, amino-acids (see structures in
Figure 1V.16) were progressively added to a sodium salt carboxylate aqueous solution to
reach different ratios in order to assess their influence on the Tk, of the sodium carboxylate
references. Figure 1VV.19 summarizes the results from this experiment.

50
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08 30
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1 B A P
@
X 20 4
|_
Q?:}"y N q}')’ Ratio
12 Cn
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Figure 1V.19. Screening of the influence of the addition of amino-acids on the Krafft temperature
of sodium soaps. Arg refers to arginine, Lys to lysine, and Crea to creatine. Ratios represented are
the amino-acids-to-carboxylate ratios.

Arginine and lysine were both able to somewhat decrease the Tk of the sodium soaps
references, but interestingly creatine had no effect, probably because of the close proximity
of its amine and acid groups, which could hinder an effective ion-pairing with another
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compound. Histidine results are not shown in Figure 1V.19 as they all yielded Tk, superior
to 50°C and were subsequently not further determined. With a sidechain pKa around 6,
histidine is the only amino-acids among those studied which does not possess a positively
charged sidechain at neutral pH (arginine sidechain pKa=12.5, lysine sidechain
pKa = 10.9). However, the exact nature of the phenomena at play with histidine and its
subsequent phase behavior were not further investigated. Of all the studied amino-acids,
lysine and arginine appear as the most promising, with a significant decrease of Tkr with a
C12-Na ratio of 2:1 in comparison with NaCi.. A deeper study with a proper synthesis of
LysC12 and ArgCi> may therefore be interesting to better understand the influence of the
guanidinium group.

IV.4.2. Critical Micelle Concentrations

Critical Micelle Concentrations were measured for every amino soap with a sufficiently
low Tk, i.e. for MegCi2-14, GUC12, mGuCi2, and MetCi2 with surface tension measurements
at 25°C. Table 1V.4 summarizes these CMC as well as well as the values found in the
literature for other soap counterions.

Table 1V.4. CMC values for surfactants at 25°C. CMC determined in this work were measured by
surface tension measurements.

CMC values (mmol/L)
Counterion Reference
C12 Cl4
Na 24.4 6.9 259
K 23.4-255 6.6 259
TBA 5-7.4 1.7 260
Ch 25.5 6.4 261
Meg ~10 3-5 This work
Met ~9 / This work
Gu ~6 / This work
mGu 2-3 / This work

As a mean of comparison, one can cite the work of Song et al., who reported on the self-
aggregation properties of alkylguanidinium surfactants (compounds where the alkyl chain
is covalently bound to the guanidium headgroup)?%2. They reported, for alkyl chains of 12
carbons, a CMC of 6 mM and 0.7 mM for guanidinium and dimethylguanidinium
headgroups, respectively. All in all, the CMC values of studied amino-carboxylates lie
within the same order of magnitude. The insertion of a dimethyl group in the guanidinium
cation increases slightly the hydrophobicity of the surfactant and facilitates the formation
of micelles. That hypothesis can also be made for mGuCi2 which has a slightly lower CMC

114



Meglumine and metformin as new counterion for fatty acids: brief characterization and perspectives Chapter IV

than GuCi2 (see Table 1V.4). Furthermore, the reported somewhat weak mutual repulsion
of guanidinium cations could also explained the low CMC values observed with guanidine
derivatives soaps.

IV.4.3. Micellar solubilization of quercetin and curcumin

Next, the solubilizing capacity of micellar solutions of MegCi2-14, GUC12, mMGUC12.14,
and MetCy> was compared. Quercetin (Quer) and curcumin (Cur) were selected as
hydrophobic test compounds, as they are both very insoluble in water but for distinct
reasons and known for their potentially beneficial biological properties (see section
1.2.3.3.1). Furthermore, in the case of the micellar solubilization of curcumin with MetCi,
both are thought to have biological activities, and thus their combined solubilization could
be advantageous. The first experiment consisted in comparing the solubilization of Cur
with MetC1. and MegCi2 using MetHCI as a control. The goal was to differentiate between
the chaotropic effect of the guanidinium groups of Met and the effective micellar
solubilization. All surfactants were prepared in situ as 2 % stock solutions in water and
were diluted to chosen concentrations. The concentrations were selected around the CMC
(both MetC1. and MegCi12 have a CMC around 10 mM) and in excess (around 20 times the
CMC) and the solubilization procedure was the same as in chapter | and 1l (see section
[.3.2.1). Table 1V.5 summarizes the amount of curcumin effectively solubilized with
MetC12 and MegCio.

Table I1V.5. Amounts of solubilized curcumin with MetCi, and MegCi..

[Solubilizer] [Curcumin] (mmol/L)
(mMmoliL) et Hcl MetCrz MegCi
1 - 0.001 0.003 -
10 2 x10* 0.008 0.013 = ;

200 6 x10™ 0.586 s 0.817 “‘

Both MetC12 and MegCi12 were able to solubilize a fair amount of Cur at 200 mM compared
to MetHCI alone. Interestingly, MegCi> seems to be able to solubilize Cur slightly more
efficiently than MetCao.

The aim of the second experiment was to compare the soaps resulting from the three
guanidine derivatives, GuCi2, mGuCy., and MetCi, at around 2 wt%, corresponding to
roughly 90 mM. Cur and Quer were once again used as test solutes.

115



Chapter IV Meglumine and metformin as new counterion for fatty acids: brief characterization and perspectives

Table 1V.6. Amounts of solubilized curcumin or quercetin with GuC12, mMGuCi2, and MetCa.

[Solute] (mmol/L)

Solute
GuCu2 mGuCi2 MetCi2
Cur 0.12 0.15 0.34
Quer 0.61 0.77 1.53

MetC12 seems to be the best candidate for solubilizing hydrophobic compounds among all
the guanidine derivatives chosen as counterions.

The solubilizing power of amphiphilic compounds towards hydrophobic molecules tends
to increase with the size of their hydrophobic part, i.e. in the case of linear carboxylic acids-
based surfactants, the length of their carbon chain. So, the natural next step would be to test
soaps with longer chains. However, neither GuC14 and MetC14 were freely soluble at RT at
the chosen concentrations, so mGuCi4 was only comparable with MegCi4. As the CMC of
MegCi4 measured at around 4 mM, concentration for this test was chosen as for the first
one, i.e. 20 times the CMC. As the CMC of mGuC14 was not assessed, it was subsequently
prepared at 80 mM as well. Table IV.7 presents the comparison of mGuC14 and MetC14 for
the solubilization of Cur.

Table 1VV.7. Amounts of solubilized curcumin with mGuCy4 and MetCaa.

[Curcumin] (mmol/L)
[Solubilizer] (mmol/L)

MGuUCis MegCi4

80 0.092 0.641

Once again, MegCi4 seems more efficient as its guanidine counterpart. A reason for that
could be the solubilizing effect of free meglumine molecules in addition of the micelle
solubilization. To gain more knowledge on that, the shape, size and organization of micelles
could be investigated further, for example with Dynamic Light Scattering. However, this
requires a more detailed and much longer study.

IV.5. Characterization of meglumine-carboxylates emulsification
capacity

Surfactants are not only used as solubilizers or for detergency, they are also very often
involved in stabilizing emulsions, and are therefore often referred to as “emulsifiers” by
manufacturers, most notably in the food and cosmetics industries. As for soaps, even if they
are approved for use in the food industry, they are rarely used by manufacturers, as they
are notorious for imparting a bad taste to formulations®, and well-known surfactants like
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glycerides, caseinates, lecithin or others are often preferred?®®. The same is true for
cosmetics, but in recent years there has been a resurgence in their appreciation by the
general public, mostly driven by environmental considerations. Indeed, one of the great
appeals of soaps is the possibility of producing them from renewable natural resources (as
opposed to the petrochemical industry), and thus the opportunity to label them as natural
compounds. Meglumine is already used in cosmetics as an ingredient for hair conditioners
and is accepted in food products!®. In an attempt to establish the suitability of meglumine
soaps as potential emulsifiers, and in order to compare the different soaps synthesized, the
emulsification and emulsion stabilization capacity of meglumine fatty acid was
investigated.

Two emulsification processes were used, the first one was a classical protocol with Ultra-
Turrax® and the second one was optimized for emulsion stability, using sonication as
emulsification method. A standard WOR ratio of 50-50 was applied to avoid any specific
influence on the emulsion properties. Moreover, three different non-polar compounds were
selected, n-octane, isopropyl myristate (IPM) and paraffin oil (noted PO, a commercial
mixture of Cis4.18 Saturated aliphatic alkanes and cyclic ones, and used in pharmaceutics).
n-octane is a classical linear saturated alkane, as IPM and paraffin oil both are very common
cosmetic oils. Fatty acids of different lengths were used for the formation of MegC,, and
the influence of saturation was assessed by comparing stearic and oleic acids for MegCis.
In the following, MegCi1sg® refers to meglumine stearate and MegC1s° to meglumine oleate.
Emulsions of MegCis®, MegCig°, and MegCa, from the first protocol were compared with
Na derivatives as controls. More details about the emulsification process are found in
section 1V.3.2.6. It is well known that quantitative comparison of different emulsification
protocols is impossible, therefore comparisons of the two procedures for the same MegCh
will necessarily remain qualitative. It is also important to note that the emulsions were
carried out at a 1 wt% MegCn concentration for a total mass of 10 g, which for MegCi. for
example represents approximately 2 mol/L, way above its CMC (around 10 mM, see Table
IV.4). The CMC of MegC1s and MegC» could not be measured due to their poor aqueous
solubility, but their concentration in emulsion samples is most probably much higher than
the value that might be expected for a CMC of a surfactant with the same chain length.

IV.5.1. Emulsions characterization

The microscopic observations and granulometry (size and distributions of droplets) of
the emulsions obtained with Ultra-Turrax® are shown in Figure 1V.20 and Figure 1V.21
and those from emulsions prepared by sonication are presented in Figure 1V.22. Do, Dsy,
and Dgo are given, where Dy is the maximum particle diameter below which x % of the
sample volume exists, also known as the volume-average particle size. Monitoring these
three parameters helps to track significant changes in particle size, as well as changes at the
extremes of the distribution, which could be due to coalescence or Ostwald ripening for
example?®*. In addition, the average diameters weighted by surface area Dz 2 and volume
Dps3) were also measured with a laser granulometer. As the number of droplets is not
known, the measured diameters are influenced by the size of each population. Dys 3 is for
instance more appropriate to characterize larger droplets than Dz 2;. The evolution of Dys 2
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and D 3; can reveal destabilization phenomena that arise from droplets size increase, e.g.
coalescence or Ostwald ripening.
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Figure 1VV.20. Macroscopic and microscopic pictures of n-octane/water and IPM/water emulsions
from MegCag®, MegCag°, and MegC, as well as granulometry analysis for MegCi¢® and MegCis°
emulsions. Emulsions prepared according to protocol 1.
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Figure IV.21. Macroscopic and microscopic pictures of NaCig® and NaCig° n-octane/water and
IPM/water emulsions. Emulsions prepared according to protocol 1.

MegC1s® and MegC1g° both produced seemingly complete emulsions. Also, as might be
expected, emulsions obtained with meglumine stearate produce larger droplets than those
obtained with meglumine oleate, regardless of the oil phase, as chain saturation allows for
optimum chain length. MegC.> seems to produce even larger droplets, however its lack of
solubility at room temperature probably makes emulsion formation less effective, as it is
evident by macroscopic observations with IPM in Figure 1V.20. Another observation to be
made concerns the Droplet Size Distribution (DSD). All emulsions made with Ultra-
Turrax® seem to be quite polydisperse, which can be detrimental not only to the desired
applications (influencing physicochemical and sensory properties, such as appearance and
texture for example?®®) but also more directly to emulsion stability. High polydispersity
indeed promotes destabilization phenomena such as Ostwald ripening. The latter accounts
for the passive diffusion of the dispersed phase from small to large droplets, and thus
contributes to the general increase in droplet size. Nevertheless, MegCis emulsions appear
to form emulsions more efficiently than their sodium counterparts (see Figure 1V.20 and
Figure 1V.21). The influence of the non-polar phase is more difficult to unambiguously
evaluate for this protocol.
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Figure 1VV.22. Macroscopic, microscopic pictures, and granulometry analysis of PO/water and
IPM/water emulsions from MegCi2, MegCis® and MegC,,. Emulsions prepared according to
protocol 2.

Sonication proved to be a better adapted method to produce emulsions with small droplets.
Furthermore, the influence of the choice of oil on the DSD is this time evident, as two major
populations seem to visible in the PO emulsions, as for IPM the polydispersity could be
described as monomodal, i.e. single-peaked. Furthermore, the chain-length seems to have
a greater influence on the droplets size of the IPM emulsions than the PO ones, as there is
a clear increase in all the measured diameters with increasing fatty acids chain length. The
seemingly bimodal (double-peaked) DSD of the PO emulsions may be responsible for
difficulty in assessing the influence of chain length on emulsions structure. All in all,
meglumine soaps seem to be able to form standard emulsions quite efficiently. Emulsion
stability is crucial for any application, and medium-term stabilization capacity of MegChn

was further investigated via Multiple Light Scattering.

IV.5.2. Stability measurement: Multiple Light Scattering

To characterize the destabilization phenomena that can occur over time, samples from
the second protocol were analyzed using Static Multiple Light Scattering with a
Turbiscan®. The evolution of the transmitted 47 and backscattered 4BS light can provide
information on droplet migration and size, as well as on the thickness of the emulsion phase.
The evolution of AT and 4BS signals over a one-month period is shown in Figure 1V.23 for
MegCi». Profiles for other emulsions are found in Appendix A.7.
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Figure 1VV.23. AT and 4BS signals evolution for MegCi., PO/water (top) and IPM/water emulsions

prepared according to protocol 2.
It is clearly visible in Figure 1V.23 that creaming occurs, as the AT increases at the bottom
of the sample and 4BS decreases simultaneously. Furthermore, some coalescence and/or
Ostwald ripening can be observed at the top of the sample, as increase in droplet size slowly
causes 4BS to drop (fewer and larger droplets scatter light less than many small ones).
Overall, almost no destabilization is observed in the middle of the emulsion over a one-
month period, and creaming, Ostwald ripening, and coalescence remain relatively limited.
The emulsions from MegCig® and MegC2. exhibit very similar profiles (see Appendix A.7),
demonstrating the possibility of using MegCn as emulsifiers. These systems could be
optimized by screening different WOR or testing other apolar phases, or by improving the
emulsification process.

1VV.6. Conclusions

The preparation of all these soaps, as well as their brief characterization in terms of
Krafft temperature, CMC, ability to solubilize hydrophobic compounds and emulsifying
capacity served as a proof of concept for the use of non-common amino counterions for
soap formation and applications. Phase behavior and aqueous phenomena have not been
studied in depth as it was not the main focus of this thesis. Furthermore, the combination
of metformin with fatty acids, in the form of salts or as micelles, could have an impact on
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metformin’s ability to cross cell membranes, and could therefore find applications in drug
delivery. It should be emphasized that this is purely conjectural, and in vitro experiments
should be carried out to further explore this possibility.
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General conclusion

The objectives of this thesis were to identify compounds or to help establish guidelines
for the identification of solubilizers from the biological and pharmaceutical literature as
hydrotropic agents, and to rationalize the hydrotropic action towards polyphenols based on
their structure. To address these challenges, solubilization behaviors of polyphenols were
investigated in aqueous solution and in binary solvents systems, via spectroscopic methods,
modeling software and for potential applications.

In the first chapter, investigation focused on meglumine as a potent solubilizer for the
polyphenol quercetin, as well as its influence on the oxidation behavior of the latter. A
method was also developed to predict deprotonation order of oxidation-sensitive
polyphenols using the modeling software COSMO-RS. In the second chapter a practical
application of this solubilization was presented through the liposomal encapsulation of
quercetin directly from aqueous solution under optimized conditions. The study was
extended in the third chapter to a set of polyphenols of different subclasses and their
solubilization in  two binary solvents  systems, triacetin/ethanol  and
cinnamaldehyde/ethanol, as well as with conventional and potential hydrotropes. Finally,
in the last chapter, a preliminary study of the possibility of using certain amino compounds
as counterions for linear fatty acid systems was presented. This served as a proof of concept
of the enhancement of the amphiphilic behavior of the very hydrophilic meglumine and
metformin, among others.

The study of the solubilization of quercetin in aqueous solution by meglumine as a
function of pH in the first chapter demonstrated a strong solubilization effect of meglumine
at pH 8 and above. The amount of solubilized quercetin in agueous solution at pH 8 was
indeed increased by a factor of almost 7 (see Figure V.1). In addition, the oxidation
monitoring via HPLC and H2O> titration showed that the presence of meglumine did not
affect significantly the rate of oxidation of quercetin, which allows the solubilization of
quercetin in aqueous solution at mildly alkaline pH and applications based on short process
time.

125



I  General Conclusion

06

70000

—10

60000

[=
i

50000

o
T

40000 |

Intensity (UV)

30000

[Quer] (mM)

o
[}

20000 |

o

10000 |-

oo

Rt (min)

pH

Figure V.1. Left: maximum solubility of quercetin in water as a function of pH and meglumine

concentration. Blue: Ultrapure water (no meglumine). Green: 50 mM meglumine in ultrapure

water. Orange: 250 mM in ultrapure water. Right: HPLC chromatogram of quercetin oxidative
degradation at pH 8.4 in presence of 250 mM meglumine.

The interactions between meglumine and quercetin were investigated via NMR and
resulted from a salt formation, most probably between one molecule of quercetin and one
or two molecules of meglumine, and occurs when quercetin is at least one time negatively
charged upon deprotonation, i.e. above its first pKa. To gain further insights into this
mechanism and identify which hydroxyl group(s) of quercetin were likely to interact with
meglumine, the deprotonation order of quercetin was assessed using a specially developed
method with the modeling software COSMO-RS. This method is based on the pKa
prediction ability of COSMO-RS and the selection of the hydroxyl group with the lowest
predicted pKa for each charge state to identify the most likely successive deprotonation
path. This theoretical method, although not very accurate in terms of absolute pKa values,
allows to overcome the oxidation constraints that make the determination of pKa 3, 4 and
5 for quercetin and other sensitive polyphenols virtually impossible using conventional
spectroscopic techniques. The order of deprotonation determined in this work is presented

in Figure V.2.
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Figure V.2. pK, calculations for the most probable deprotonation order of quercetin according to
the COSMO-RS method.

The compromise between efficient solubilization and reasonable oxidation at pH around 8
was then tested on other polyphenols to confirm the conditions required for this interaction.
Curcumin, trans-resveratrol, gallic acid, naringenin, and phloretin were solubilized at pH
8 in the presence of meglumine, and only the compounds exhibits pKa values sufficiently
lower than 8 showed a solubility enhancement effect with increasing meglumine
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concentration. These results have been published in the Journal of Molecular Liquids (see
Appendix A.8).

The deprotonation method appears ideal for many oxidation-sensitive compounds,
especially natural phenolic antioxidants, but has yet to be tested on a significant number of
compounds. Lastly, the pKa dependence of the solubilization mechanism of meglumine
could be exploited to enable selective solubilization of certain polyphenols according to
their pKa, which could have applications in extraction of natural compounds in aqueous
solution in the context of green chemistry. Once solubilized and separated, the compounds
of interest could be precipitated once again by reducing the pH.

In chapter |1, the ability of meglumine was assessed in a practical application, for the
encapsulation of quercetin in liposomes. A modified version of the standard thin-film
method, inspired by the pH-driven method, was applied to entrap quercetin in liposomes
directly from aqueous solution. Quercetin was solubilized with meglumine at pH around 9
and a minimum of organic solvents was used to form the thin film of lipids. After removing
the solvents, the aqueous solution of quercetin could be added directly and liposomes self-
assembled. An electro-chemical method using Differential Pulse Voltammetry was used to
detect liposomal quercetin and to ensure the absence of leakage of quercetin from the
liposomes. However, this method revealed not to be able to discriminate between quercetin
and its oxidation products. HPLC measurements were therefore conducted and proved
perfectly suitable to quantify native quercetin as well as its oxidation (see Figure V.3).
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Figure V.3. Left: photograph of the HMS (high fraction) liposome sample after dialysis. Center
left: DPV measurements signals of lysed (green) and unlysed (orange) HMS liposomes as a
function of the total lipid concentration. Right: HPLC chromatogram of the HMS liposomes batch
showing the clear signal for quercetin at R; around 20 min.

As seen in Figure V.3, unoxidized quercetin was successfully encapsulated into the
liposomes, proving that a fast process with a final step of pH-reduction was indeed well-
suited for the solubilization of quercetin with meglumine. Moreover, the presence of
meglumine did not affect the properties of liposomes, including size, size distribution, and
surface charge.
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The panel of investigated polyphenols was expanded in chapter Il to include two
flavonoids structurally closed to quercetin, morin and naringenin, as well as phloretin,
trans-resveratrol, and xanthohumol. In order to identify the factors behind the low aqueous
solubility of these compounds, and to establish a relation between their structure and the
efficacy of hydrotropic mechanisms, COSMO-RS modeling software was once again used,
this time for the prediction of chemical potentials, relative solubility, and potential
solubilization synergies between the studied binary solvents. Comparison with
experimental data demonstrated that COSMO-RS predictions of synergies were fairly
accurate, and that calculations for relative solubility within the set of studied polyphenols
was also quite successful, except for compounds prone to w-stacking, for which solubility
was significantly overestimated by COSMO-RS due to its inability to automatically predict
n-stacking, e.g. quercetin and morin. Both solvents systems proved to be prone to
solubilization synergies, which can be understood for example in the case of
ethanol/triacetin as an optimized balance of van der Waals forces, polar interactions and
hydrogen bonding compared to the respective pure solvents. Similar synergies were found
in ethanol/cinnamaldehyde mixtures. However, these synergies were found to be also
dependent of the solute, as quercetin, naringenin, morin, and phloretin were predicted to
exert a maximum solubility around 60 % to 80 % cinnamaldehyde, where xanthohumol
and resveratrol showed the opposite trend with a synergy expected around 20 % to 40 %
cinnamaldehyde.

Finally, the solubilization behavior of the three flavonoids quercetin, morin, and naringenin
were compared regarding the hydrotropic action of pyrogallol and phloroglucinol. It was
shown that these small phenols were able to increase the aqueous solubility of the
flavonoids by braking the m-stacking, or more probably by promoting a preferential 7t-
stacking interaction between flavonoid and the less bulky phloroglucinol or pyrogallol. The
combination of these two phenols was also assessed as a mean to overcome the poor water-
solubility of phloroglucinol (see Figure V.4).
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Figure V.4. Left: comparison of solubilization of quercetin with pyrogallol (blue triangles) and
phloroglucinol (orange circles). Center left: solubility profiles of quercetin in water with
pyrogallol alone (blue) or with pyrogallol and phloroglucinol (red). Percentages indicate quercetin
solubility changes with combination of phloroglucinol and pyrogallol compared to pyrogallol
alone. Right: o-profiles and o-surfaces of the most stable conformers of quercetin (blue),
phloroglucinol (red), and pyrogallol (green) calculated with COSMO-RS software.

As such, even if phloroglucinol cannot be considered as a hydrotrope according to the
definitions quoted in this work, it could be argued that the possibility of using facilitated
hydrotropy concepts with a co-solvent (e.g. ethanol) or a second hydrotrope (pyrogallol),
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provides additional evidence of the potential hydrotropic properties of phloroglucinol. This
example could help the search for other aromatic compounds whose solubility is too low
to be considered as hydrotropes, but which could still prove useful in combination with
others. Finally, since phloroglucinol is one of the main oxidation products of quercetin and
numerous other flavonoids, this interaction could partially explain the observed solubility
increase of polyphenols with oxidation, and could be used to design formulations where
solubilizing properties could arise from the degradation of a polyphenolic antioxidant.

The study presented in the last chapter examined the ability of meglumine and other
highly hydrophilic amino molecules, the antidiabetic agent metformin as well as guanidine
derivatives, to act as counterions for linear fatty acids, therefore forming “soaps”. The
double challenge was to increase both the aqueous solubility of fatty acids and the
permeability of amino compounds by increasing their hydrophobicity. Soaps of
meglumine, guanidine, methyl guanidine and metformin were therefore prepared according
to two protocols, one in situ and the other ex situ, and characterized according to
conventional criteria for surfactants. Thus, the CMCs of these compounds were shown to
fall within the standard order of magnitude of a few millimolar for C1, chains. The Krafft
points of these compounds proved to be advantageous compared to sodium and potassium
soaps, up to a chain length of Cy4, as summarized in Table V.1.

Table V.1. Krafft temperatures (°C) of classical fatty acid soaps and fatty acid soaps prepared in

this work.

Counterion Ci2 Cua Reference

Na 25 45 101

K 10 30 190
Meg <5 16 <x<20 This work
Met ~6-7 40<x <50 This work
Gu <2-3 30<x<40 This work
mGu <0 20<x<30 This work

In addition, micellar solubilization of quercetin and curcumin has been shown to be
achievable with these systems, which could enable increased drug delivery of both
encapsulated actives and metformin, for example, for a complementary or reinforced
biological activity. Finally, meglumine soaps proved to be suitable to form and stabilize
emulsions with classical oils such as isopropyl myristate. The characteristics of these
emulsions (WOR, choice of oil, emulsification process, etc.) could moreover be optimized
to achieve even more stable emulsions for applications in cosmetics, e.g. in skin care or
hair conditioning where meglumine is already used.

A final issue which has not been raised in details in this work is the importance of the amine

function, which is present in many solubilizing agents and could have a significant
influence on the hydrotropic action, particularly considering their interactions with phenols.
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Appendix

Al
ABTS
API
Arg
BA
BCS
BDE

BS, ABS
respectively

CAC

Ch

CHD
CMC
COSMO-RS
Crea

D

D2
D3]
DENA
DLS
DMBA
DMPE
DMSO
DMSO-ds
DPPC
DPPG
DPPH

List of Abbreviations

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
Active Pharmaceutical Ingredient

L-Arginine

Behenic acid

Biopharmaceutics Classification System

Bond Dissociation Enthalpy

Backscattered and variation of backscattered light,

Critical Aggregation Concentration
Choline

Coronary heart disease

Critical Micelle Concentration
Conductor-like Screening Model, Realistic Solvation
Creatine

Distribution coefficient

Average diameters weighted by area
Average diameters weighted by volume
N,N-diethylnicotinamide

Dynamic Light Scattering
N,N-dimethylbenzamide
Dimyristoylphosphatidylethanolamine
Dimethyl sulfoxide

Hexadeutero Dimethyl sulfoxide
Dipalmitoylphosphatidylcholine
Dipalmitoylphosphatidylglycerol
Diphenylpicrylhydrazyl
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DPV
DR-13
DSD
EE

Ev
FDA
FOX
FRAP
FTS
Gu
Gu*
HAT
HB
HEPES
HH
HLB
HLD
HMS
HPLC
HS
HSS

I
ICP-OES
IPM
IUPAC
L

LUV
Lys
MA

Differential Pulse VVoltammetry

Disperse Red 13

Droplet Size Distribution

Entrapment Efficacy

Volumetric energy

Food and Drug Administration

Ferrous Oxidation-Xylenol orange

Ferric Reducing Antioxidant Power

Fluctuation Theory of Solution

Guanidine

Guanidinium cation

Hydrogen Atom Transfer

Hydrogen bond
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Henderson—Hasselbalch

Hydrophilic Lipophilic Balance
Hydrophilic-Lipophilic Difference

HEPES, Meglumine, Sodium azide

High Performance Liquid Chromatography
Hunter-Sanders theory

HEPES, Sucrose, Sodium azide

lonic strength

Inductively Coupled Plasma-Optical Emission Spectrometry
Isopropyl myristate

International Union of Pure and Applied Chemistry
Length

Large unilamellar vesicle

L-Lysine

Myristic acid
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Meg
MeOH
Met
mGu
MHC
MLS
MLV
MVV
NaSal
NaSX (or SXS)
NLC
NMR
NSAID
OA

P or Kow

PA
PCA
PDM
PEG
Pl
PIT
PKa
PO
PTFE
ROS
Rt
RT

Meglumine

Methanol

Metformin

Methylguanidine

Minimum Hydrotropic Concentration

Multiple Light Scattering

Multilamellar vesicle

Multivesicular vesicle

Sodium salicylate

Sodium xylene sulfonate

Nanostructure Lipid Carrier

Nuclear Magnetic Resonance

Nonsteroidal anti-inflammatory and analgesic drug
Oleic acid

Octane-water partition coefficient

Packing parameter

Power

Palmitic acid

Pyrrolidone Carboxylic Acid, a.k.a. L-Pyroglutamic acid
pH-driven method

Polyethylene glycol

Polydispersity index

Phase inversion temperature

Negative logarithm of the acidic dissociation constant Ka
Paraffin oil

Polytetrafluoroethylene

Reacting Oxygen Specie

Retention time (HPLC)

Room temperature
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So Intrinsic solubility

SA Stearic acid

SDDS Supersaturation Drug Delivery Systems.

SEC Size Exclusion Chromatography

SET Single Electron Transfer

SLN Solid Lipid Nanoparticle

SOwW Surfactant/Oil/Water

SPLET Sequential Proton Loss Electron Transfer

SUvV Small unilamellar vesicle

T, AT Transmitted and variation of transmitted light, respectively.
TBA Tetrabutylammonium

TEAC Trolox Equivalent Antioxidant Capacity

TFA Trifluoroacetic acid

TFM Thin-film method

Tkr Krafft temperature

tL Total Lipid

TMC Transition Metal Chelation

TMSP-da4 3-(Trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt
TZVPD-FINE Triple Zeta Valence Polarized with Diffuse function refined
UV-Vis Ultraviolet-visible

\% Volume

WH Wheeler-Houk theory

WOR Water-to-oil ratio

X0 Xylenol Orange

Y Surface tension

AGtus Gibbs free energy of fusion

AGsolv Gibbs free energy of solvation

ApKa pKa difference

AStus Entropy of fusion
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{-potential Zeta potential

A Wavelength

Amax Wavelength of maximal UV-Vis absorption
S} Chemical potential

Msolv Chemical potential of solvation

o Charge density

A.2. pKa calculations for quercetin deprotonation order determination

Table A.1. pK, calculations for the first deprotonation of quercetin. In this table and the
following, the anionic forms of quercetin are designated according to the deprotonated hydroxyl

group(s).
pKal
Protonated form Deprotonated form Calculated pKa
value
Anl_4' 7.4
Anl_7 7.6
Quer An1_3' 8.0
An1_3 50
Anl_5 10.2

Table A.2. pK, calculations for the second deprotonation of quercetin.

pKa2
Protonated form Deprotonated Calculated pKa
form value
An2_4'3 10.2
An2_43 82
Anl_4' =
B An2_4'5 10.0
An2_74' 73
An2_73' 8.0
An2 73 8.8
Anl 7 —
- An2_75 /
An2_74' 7.2
An2_43' 96
An2_3'5 9.9
Anl 3' =
- An2_73' 75
An2_33 81
An2_33 8.1
An2_43 76
Anl 3 =
- An2_73 8.3
An2_35 12.9
An2 35 10.6
Anl 5 —
- An2_4'5 7.2
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An2_75 /

An2_3'5 7.8

Table A.3. pK, calculations for the third deprotonation of quercetin.

pKa3
Protonated form Deprotonated Calculated pKa
form value
An3_4'3'3 9.2
An2_4'3' An3_4'3'5 10.0
An3_74'3' 7.3
An3_4'3'3 11.2
An2_4'3 An3_4'35 12,5
An3_74'3 8.0
An3_74'5 8.4
An2_4'5 An3_4'35 10.2
An3_4'35 10.7
An3_73'5 11.0
An2_73' An3 733 8.4
An3_74'3' 9.4
An3 735 /
An2_73 An3_74'3 7.3
An3 733 7.6
An3 735 /
An2_75 An3_74'5 /
An3 735 /
An3_4'3'3 10.7
An2_3'3 An3 733 7.8
An3_3'35 12.2
An3_4'3'5 9.6
An2_3'5 An3_73'5 8.5
An3_3'35 10.3
An3 735 /
An2_35 An3_4'35 7.3
An3_3'35 7.5
An3_ 745 11.1
An2_74' An3_74'3 8.9
An3 74'3' 10.2

Table A.4. pK, calculations for the fourth deprotonation of quercetin.

pKad
Protonated form Deprotonated form Calculated pKa
value
An3_735 An4_3'357 /
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An4_3574' /
And_3574' 10.2
An3_74'5 =
- And_574'3" 9.7
And_3'357 9.9
An3_73'5 =
- And_574'3" 9.0
And_4'3'35 /
An3_4'3'3 =
- And_74'33 6.6
An4_4'3'35 /
An3_4'3'5 =
- An4_574'3" 7.9
And_4'3'35 /
An3_4'35 =
- And_3574' 7.8
And_4'3'35 /
An3_3'35 =
- And_3'357 8.1
And_3'357 125
An3_73'3 =
- And_74'3'3 9.4
And_74'33 85
An3_74'3' =
- And_574'3" 10.6
And_74'33 9.8
An3_74'3 =
- And_3574' 12.4

Table A.5. pK, calculations for the fifth deprotonation of quercetin.

pKa5
Protonated form Deprotonated Calculated pKa value
form
An4_4'3'35 /
An4_3'357 9.4
An4d_3574* AnS 9.9
An4_574'3' 10.3
An4_74'3'3 12.5
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A.3. HPLC calibration method for quercetin quantification

1800000 1w
] — 5E™M
1600000 - —25E°M
i ——1E°M
1400000 - 5E*M
S 1200000
© ]
N—r
> 1000000 -
2 ]
S 800000 -
E ]
600000 -
400000 -]
200000 -]
O -
T T T T
0 5 10 15 20 25

Rt (min)

Figure A.1. Quercetin pure samples in MeOH for establishing the calibration curve of area under
the curve versus quercetin concentration.
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Figure A.2. Quercetin calibration curve of peak area as a function of concentration.
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Figure A.3. Chromatograms of two major oxidation products of quercetin as pure compound. Left
phloroglucinol, right phloroglucinic acid. Both recorded at A = 210 nm.
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A.4. COSMO-RS calculations for the polyphenols set
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A.5. Experimental pKa determination of pyroglutamic acid
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Figure A.5. Titration of a water solution of PCA (5.02 x10-2 mol/L) with a NaOH solution
(0.50 mol/L).
A.6. Micrograph of phase behavior of guanidine soaps

Polarization microscopy was performed using a Leitz Orthoplan polarizing microscope
(Wetzlar, Germany) equipped with a JVC (Yokohama, Japan) digital camera (TK-C1380)
and a Linkam (Epsom, UK) LTS350 heating/freezing stage comprising a TMS90
temperature controller (x 0.5°C) and a CS196 cooling system.

Figure A.6. Polarized micrographic pictures of GuCis (top left), mGuCie (top center), MetCse (top
right), GuCis (bottom left), mGuCis (bottom center), and MetCig (bottom right) at 20°C.
Magnification x100.
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A.7. Turbiscan profiles of MegCn emulsions

Variations of transmitted (47) and backscattered (4BS) signals of MegC, emulsions with a
WOR of 50:50 in paraffin oil (PO) and isopropyl myristate (IPM). Turbiscan profiles were
recorded from O (blue curve) to 30 days (red curve).

—t—ttt—t—t—t—t—
Dd dim
03d:00n02m
D4d1 B 4m
g 06d:06n 05m
5 ] Hl T en0Tm
O34 DERGm
1061 9n09m
1201 0mazm

1auzImAzm

1501 0047m

A6dzamE0m

1801 0tes0m
200040 51m
21d160:53m
23004n56m

16857

= 260050:02m
27d23005m
291 1n:06m

{—! 30d23n00m

t + t t t t + t t t
10 " 12 " i 15 1 T 18 18 2
Height (mm)

Figure A.7. Turbiscan profile of MegCis® with

—t—t +—t t—t—t—t——t——+—t+—

PO.

t "+ oosoanomm
LIFRETRAEY
LERRATEREY
04 18 04m

0B 08h 05

AT (%)
%

07d 18N 07m
080 05h 09m
10e18n0am
12610038m

13022036m

15610h40m

16 22 43m

18 10h 44m
206 04h 44mm
2ne1Bh4Tm
23004n50m

e 18 S1m

26u04n55m
270220 88m
20 11h.00m
e b T sosaanomm

IPM.

ABS(%)

Figure A.8.

"ttt

Turbiscan profile of Meg

—t t 1 LI

C1g® with

t 1 oad 0on oom
016120 01m
030 087 02m
04et1 00 04m
0l 067 0m

07601 8. 08m

AT (%)
1

. 08120 0Bm
10¢.230.08m
2 1201 1n08m

130230 08m

1501 Th 1B

1760501 7m
180701 Tm
20d D8R 1 Bmy
216.230.23m
23110 24m

24230, 28m

1Y
2110, 32m
200.08n.33m
2061 T 38m
e 31050 38m

ABS(%)

I o e A e B L B S I |
1) 10 " 17 13 1" 15 16 17 1 19 N 2

Helght (mm)

Figure A.9. Turbiscan profile of MegC,, with PO.

163



Appendix

000 00n00m
ora1aneIm
LECRITN U
041 8h04m
08A08h05m

07d18h0Im

AT %)
ki

030 08h09m

10018h0am

12010035m

13022n36m

15E10MA0m

166230 43m

18610 44m
200 04h44m
21a18h4Tm
23004N50M

2Ud 18RS Im

ABS(%)

260 04nE5m

FICERTN

2801 1hD0m

0623002M

Figure A.10. Turbiscan profile of MegC,, with IPM.

164



Appendix I

A.8.

Publication — Enhancement of water solubilization of quercetin by

meglumine and application of the solubilization concept to a similar system
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[n the present work, meglumine, an aminocarbohydrate derived from glucose with a secondary amine
group, was found to be able to increase the water-solubility of the well-known and beneficial flavonoid
quercetin. pH proves to be a fundamental factor for this purpose. The solubility enhancement as a func-
tion of the pH as well as the mechanism behind this phenomenon were invesligaled. The stale of charge
of quercetin depending on pH has been estimated from the calculation of the pK, by COSMO-RS. A com-
promise between a satisfying solubility enhancement (6-7-fold) and reasonable stability against oxida-
tion (70-75 % of quercelin still intact alter 2 h) was found around pH 8. The solubilization mechanism is
believed to be based on proton exchange between quercetin and the amine function of meglumine, and
on the ability of meglumine to form numerous hydrogen bonds with water molecules through its five
hydroxyl groups. Finally, it is shown that the underlying solubilization mechanism can be extended both
Lo other polyphenols and Lo other hydrolropes.

pH

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Quercetin is a widely used flavonoid found in a large number of
plants, fruits, and vegetables. It has been largely studied for its
potential health benefits, among which are its well-recognized
antioxidant activity, but also its anti-inflammatory and promising
anti-cancer activities, as well as its ability to prevent cardiovascu-
lar diseases [1]. It has been reported that a quercetin-rich diet min-
imizes the risk of coronary heart disease (CHD) by reducing
platelet aggregation and inhibiting low-density lipoprotein oxida-
tion. However, quercetin has a very poor bioavailability, which lim-
its drastically its oral delivery. To a large extent, this lack of
bioavailability is due to its very weak water-solubility (<0.05 mM
at physiological pH | 2]). Controlling the solubility of such flavonoid
and thus influencing its bioavailability is therefore a key element
to design effective drugs. The Biopharmaceutics Classification Sys-
tem (BCS) classifies active ingredients according to their solubility
and intestinal permeability, the two main factors influencing oral
absorption [3]. Quercetin is categorized as a BCS class Il drug, i.e.

Abbreviations: Quer, quercetin; Meg, meglumine; EtOH, ethanol; MeOH,
methanol.
* Corresponding authors.
E-mail addresses: Werner.Kunz@ur.de (W. Kunz), veronique.rataj-nardello@u-
niv-lille.fr (V. Nardello-Rataj).

https://doi.org/10.1016/j.molliq.2022.120756
0167-7322/@ 2022 Elsevier B.V. All rights reserved.
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highly permeable but with a low solubility, which makes it an ideal
candidate for drug development if its solubility can be successfully
increased. By increasing the pH and thereby forming (poly)phen-
ate, one can enhance the solubility of quercetin in water. However,
phenate forms of flavonoids are very reactive towards autoxida-
tion, In particular, quercetin is well-known to rapidly degrade even
in a slightly alkaline medium (pH ~ 8) [4,5]. To improve quercetin’s
water-solubility while avoiding or minimizing the phenomena of
degradation, various methods and delivery systems have been
reported [1]. One can cite the formation of inclusion complexes,
notably with g-cyclodextrin |6] and y-cyclodextrin |7]. The inclu-
sion complexes allow some controlled release of quercetin, but
require very specific conditions and are not stable in the presence
of competitive compounds or in polar solvents as they result from
an equilibrium [1]. Solid dispersions, solid lipid nanoparticles
(SLNs), and nanostructure lipid carriers (NLCs) are also often used
as carriers of lipophilic compounds for drug delivery, as they are
well suited for penetrating the different barriers in the human
body, e.g., for gastrointestinal absorption [8,9]. Risk of aggregation
or recrystallization is, however, a major obstacle to these tech-
niques, as reported by Wang et al. [1]. Liposomes and phospho-
lipids are commonly employed as well. Castangia et al. [10] for
example prepared quercetin-loaded vesicles as penetration enhan-
cers for skin delivery, but low stability at acidic pH and very expen-
sive raw materials limit their efficacy. Another method is the
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incorporation of the target material in micelles [11-13], but it
requires a high amount of surface-active agent. The functionaliza-
tion of quercetin with hydrophilic groups has also been used to
increase its water-solubilization. However, on the one hand, this
involves treatment of the raw material that can be quite severe
or more complex than other methods. On the other hand, the
new groups of the molecule can modify its intrinsic properties,
thus going against the problem. Rebaudioside and rubusoside
treatments have been shown to be efficient to enhance quercetin
solubilization in water [14]. Other delivery systems such as
polysaccharides and hyper-branched polymers have also been
employed to increase the solubility of quercetin [15,16]. However,
even in a 1:1 ratio with quercetin, macromolecules still represent a
significant mass ratio to quercetin due to their extremely high
molecular weight. The use of hyper-branched polymers is also lim-
ited due to the demixing behavior of the aqueous polymer phase,
which restricts the solubility enhancement to relatively low values
(1.3 x 10°® wt fraction of quercetin) [16].

All these methods enhance more or less the solubility of quer-
cetin in water and its bioavailability accordingly, but all suffer from
various drawbacks. In addition, without considering the release
rate of the compound, the main characteristics of a good solubilizer
for quercetin should be safety, an easy formulation process, and
low cost. In this context, hydrotropic solubilization appears as a
relevant strategy, provided that the hydrotrope meets such criteria.
Hydrotropes are slightly amphiphilic solubilization enhancers that
do not form micelles or liquid crystals on their own, in contrast to
true surfactants.

Derivatives of glycerol such as isopropylidene glycerol (solke-
tal) or glycerol formal have been proved to act as hydrotrope
regarding a number of natural antioxidants, including quercetin,
as reported by Kerkel et al. [17]. However, in the present case we
focus on an edible hydrotrope. N-Methyl-p-glucamine, known as
meglumine (Meg) - for its structure, see Fig. 1b - is an edible
[ 18] methylamino derivative of sorbitol used in pharmacy and also
in cosmetics, where it acts as an excipient in hair conditioners. It
has mainly been used to enhance the solubility of otherwise poorly
water-soluble drugs such as sulfamerazine, indomethacin, or cele-
coxib [19,20] as a salt of weakly acidic compounds through proton
exchange with its amino group. It is an inexpensive material with a
high water-solubility (2.56 M i.e. 500 g/L). Meglumine is mostly
known as flunixin meglumine, a nonsteroidal anti-inflammatory
drug (NSAID) mainly for cattle and horses. Meglumine has also
been described as a hydrotrope by Li et al. [21] to solubilize glime-
piride. Degot et al. identified it as a solubilizer of curcumin [22] by
means of complexation through the electron-accepting -OH and -
NH groups of meglumine allowing the formation of multiple
hydrogen bonds. They found that the addition of meglumine to a
triacetin/ ethanol/ water system had a positive impact on the
extraction efficiency of curcumin, reaching up to ~ 18.2 mg of cur-
cuminoids per g rhizome with 15 ¥wt meglumine in a system with
5 %wt water, against ~ 15.6 mg of curcuminoids per g rhizome at

a)
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the same pH value (~11.2) with NaOH and ~ 14 without any
additive.

Herein, we report on a detailed study of the solubilization of
quercetin in water in the presence of meglumine. Interestingly,
meglumine notably enhances the water-solubility of this polyphe-
nol over a wide pH range. The solubility enhancement (6.6-fold at
pH 8, 11.4 at pH 10, and 47.6 at pH 11) is easily observable with
UV-visible spectroscopy. The stability of the system regarding oxi-
dation by air oxygen is quantified with '"H NMR and HPLC against
NaOH as a standard base. We also extended our study to the solu-
bility of curcumin, another polyphenol and to some other hydro-
tropes with a similar solubilization mechanism.

2. Experimental part
2.1. Materials

Meglumine (>99 %) was purchased from TClI Chemicals and
quercetin (HPLC grade) from Merck. Curcumin (>97 %), Naringenin
(>93 %), and trans-resveratrol (>98 %) were also purchased from
TCl Chemicals, gallic acid (>95 %) from Acros, and phloretin
(>90 %) from Symrise. NaOH, HCl, MeOH, and acetone, were used
for pH adjustments and UV-vis measurements. Deionized water
with 18.20 MQ resistivity from Milli-Q Millipore equipment was
used to prepare all solutions.

2.2. Technigues and methods

UV=-vis spectroscopy. UV-vis spectra were recorded on an Agi-
lent Technologies Cary 60 UV-vis spectrometer in 1 cm path length
quartz cells. For the solubilization tests, two stock solutions of
aqueous meglumine were prepared at 50 and 250 mM (these con-
centrations roughly correspond to 1 and 5 wt% of meglumine,
respectively). Samples of 3 mL were prepared at 20 °C and pH
adjusted with HCl and NaOH. Quercetin was added in large excess
(until visible precipitation). The samples were shaken manually for
about 30 s. The solutions were then centrifuged (5000 rpm, 5 min,
20 °C) and the supernatant recovered. After dilution in methanol
(1:100 or 1:500 for high pH), they were analyzed using UV spec-
troscopy at A = 370 nm. A Beer-Lambert calibration curve of quer-
cetin diluted in methanol at different concentrations was used to
calculate the amount of solubilized quercetin. All the measures
were carried out within 10 min after the addition of quercetin to
minimize the oxidation process. The same protocol was applied
with the other phenols tested, namely curcumin, gallic acid, narin-
genin, phloretin, and trans-resveratrol.

HPLC. Monitoring of the oxidation process was carried out by
High Performance Liquid Chromatography on a Shimadzu instru-
ment equipped with a Uptisphere RP C;g3 (250 x 4.6 mm,
2.5 um) protected by a guard column (LCyg). The column temper-
ature was maintained at 30 °C. The mobile phase consisted of
methanol-water (50:50, v/v) at a flow rate of 1 mL/min. The elu-
tions were monitored with a UV-vis detector simultaneously at

OH OH

~

b) OH

OH OH

Fig. 1. Structure of (a) quercetin and (b) meglumine.
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210 and 370 nm. A calibration curve of peak area versus concentra-
tion of non-oxidized quercetin was built in MeOH in order to deter-
mine the concentration of intact quercetin over time.

NMR. NMR spectra were recorded on an Avance Il 3 (Bruker,
US) at 300 MHz for 'H. D,0 was used for meglumine and quercetin
solubilized in aqueous phase and DMSO-d6 for pure quercetin
analysis. For the temporal monitoring of quercetin oxidation,
approximately 15 mg of quercetin was precisely weighed in a
5 mL volumetric flask with the appropriate mass of meglumine
to obtain (1:1) and (5:1) meglumine to quercetin molar ratio.
The samples were diluted in D,O with TMSP-d4 for calibration.
After 5 min of stirring in a water bath at 25 °C, the solutions were
filtrated (PTFE, 0.2 pm) and analyzed with 'H NMR.

COSMO-RS. COSMO-RS [23] (an acronym for Conductor-like
Screening Model, Realistic Solvation) is a molecular modeling soft-
ware based on quantum chemistry and statistical thermodynam-
ics. It allows one to calculate the chemical potential ¢ of a solute
in a pure liquid phase at infinite dilution, which is then converted
into further physicochemical parameters. Quercetin was drawn in
all possible states of charge and the COSMOconf script.19 was used
for conformational analysis. COSMOtherm (C30_1301 version,
COSMOlogic, Leverkusen, Germany) was then used to calculate
the pK, between two successive anions of quercetin.

3. Results and discussion
3.1. Determination of the pKas of quercetin

There is no common agreement on the number of pK, of quer-
cetin as well as their values in the literature (see Table 1 in Sup-
porting Information). Theoretically, as quercetin has five
different hydroxyl groups (Fig. 1a), it could exist in six different
states of charge, from completely protonated to five times nega-
tively charged. In practice, quercetin becomes very unstable in
alkaline media (pH > 8) and undergoes an oxidation process that
results in the cleavage of the y-pyrone fragment [ 24]. Thus, the dis-
sociation constants that correspond to the fourth and fifth deproto-
nation can hardly be experimentally determined. It should also be
reminded that pK, may depend strongly on the ionic strength.
Thus, pK, values should be determined and compared with a con-
stant ionic strength. The question of quercetin’s state of charge is
essential to gain insight on its solubilization mechanism and inter-
actions with meglumine.

The preferential deprotonation order is expected to be: 4-0
H < 7-0OH < 3-0H < 3-0OH < 5-OH [25]. 4-OH and 7-OH deprotona-
tions are facilitated by delocalization of the negative charge. Fur-
ther, the more difficult ionization of 3-OH and 5-OH groups can
be explained by the stabilization of the protonated forms by
intramolecular hydrogen-bonds (H-bonds). This stabilization is
thought to be greater for 5-OH than for 3-OH. There are discussions
on whether the first group to be deprotonated is 4-OH or 7-OH.
Hence, by comparing the acidity of structurally similar compounds
and through NMR data, it was concluded in [26] that the most
acidic site should be the 7-OH.

To have a relative and reliable estimation of the different pK, of
quercetin, we used COSMO-RS software, which has already been
proved to be well suited to determine the pK, of acids as well as
phenols [27,28]. Each pKi is calculated using two successive ioniza-
tion degrees, i.e. the first pK, calculation is based on the neutral
and the mono-ionic forms of quercetin, the second on the mono-
ionic and di-ionic forms, etc. Every hydroxyl group was considered
a possible deprotonation site. However, the use of COSMO-RS for
pK, prediction of molecules with multiple hydroxyl groups has
limitations. The calculation is indeed partly based on a set of exper-
imental data (94 acids and 75 bases) used for constants calculation
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[27]. Thus, these values should be taken with caution, especially for
pK, 5. Indeed, it is very unlikely that the totally deprotonated form
exists in solution, or, if it does, then only with a very short lifetime.
The purpose of these calculations is essential to find out, which
ionic forms of quercetin are likely to be found in solution at a cer-
tain pH and to determine a logical sequence of increasing pKj, val-
ues that could provide an order of relative deprotonation ease. For
each combination between two successive forms, the anionic one
with the minimum pK, value, thus requiring the lowest energy,
was regarded as the most probable. In this regard, the most likely
deprotonation order was found to be 4-OH < 7-OH < 3-OH < 3’-
OH < 5-OH (Fig. 2), in agreement with [29]. One can notice a slight
variation with Lemanska et al. [25] between groups 3-OH and 3'-
OH. Indeed, if we consider that group 4-OH is already deproto-
nated, then the deprotonation of group 3’-OH appears to be elec-
tronically disadvantaged compared to group 3-OH. Further, very
close pK, values could also indicate pH areas, where several differ-
ent forms coexist at the same level of deprotonation. This is the
case with the calculation of the first deprotonation, where the
pKa values of groups 4, 7, 3, and 3’ are all within a range of half
a pK, unit. Therefore, the mono-ionic forms of these four sites
could all exist between pH 7 and 8, even if the forms whose 7-
OH and 4-OH groups are deprotonated should be the predominant
species, as shown in Fig. 3.

3.2. Solubilization of quercetin in water

Quercetin in its neutral form is very poorly soluble in water (0.
17-7.7 pg/mL [30] corresponding to 5.62 x104-2.55 x10"2 mM). By
raising the pH of the medium, quercetin becomes more and more
negatively charged upon deprotonation, which increases its
water-solubility. However, negative charges also favor the oxida-
tion phenomena inducing the chemical modification of quercetin
into smaller by-products [31]. This can be readily followed by
monitoring changes in the UV spectrum of quercetin upon increas-
ing the pH [31], but this is much more complex than a simple red-
shift expected with deprotonation. Consequently, the two
phenomena overlap and following the increase in solubility of
quercetin in water, while avoiding its oxidative degradation, is
not straightforward. Thus, we measured the solubility of quercetin
in water as a function of pH, alone and in the presence of meglu-
mine. Maximum solubility was measured using UV-vis spec-
troscopy. The study was conducted over a wide enough pH range
to discriminate between the solubility increase due to pH and
the effect of meglumine. Samples were protected from light with
aluminum foil and the solubilization experiments were carried
out over a short period of time (about 20 min) to limit oxidation.
Samples were saturated with quercetin, shaken for 30 s, and cen-
trifuged for 5 min at 20 °C before being diluted in methanol and
immediately measured by UV-spectroscopy. Samples were pre-
pared at different meglumine concentrations before being satu-
rated with quercetin.

The presence of quercetin in solution was confirmed by HPLC by
comparing the retention times of quercetin with those of the oxi-
dation products. Indeed, the retention time of quercetin obtained
with the chosen parameters is about 13 min, while those of two
of the main oxidation by-products, phloroglucinol, and phloroglu-
cinic acid, are between 3 and 5 (see Fig. S2-4 in ESI). Fig. 4 shows
the solubility values at different pH and for two concentrations
of meglumine.

Fig. 4 clearly shows that the solubility of quercetin in water is
strongly enhanced at pH 8 in the presence of meglumine. This phe-
nomenon is more pronounced when the pH and the concentration
of meglumine further increase. Below pH 8, no significant effect
occurs. Therefore, the pH should be set around pH = 8 for a reason-
able compromise between effective solubilization and low oxida-
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Fig. 2. Structures of anionic forms of quercetin in the most probable deprotenation order and pK, values asscciated.

Fig. 3. Structures of most prebable mone-anionic forms of quercetin and their
associated pK, values.

tion. At pH = 8, the solubilization of quercetin is increased by a fac-
tor of 5 with 250 mM meglumine.

3.3. Stability of quercetin in water

Upon oxidation, quercetin is quickly and almost completely
transformed. Indeed, quercetin undergoes a complete degradation
after 3 h at pH 8 at high temperature (aqueous solution at 100 °C)
with air perfusion, as reported by Buchner et al. [5] and after 6 h at
pH 10 at room temperature according to Moon et al. [32]. There are
three main oxidation subproducts of quercetin, namely protocate-
chuic (3,4-dihydroxy-benzoic acid) and phloroglucinic (2,4,6-
trihydroxybenzoic acid) acids and phloroglucinol (1,3,5-
trihydroxybenzene) [24]. This rapid degradation makes quercetin
a very effective but sacrificial antioxidant. However, to preserve
its other health benefits, it is worth trying to maintain quercetin
in its original form. Moreover, the negative charges induced by
deprotonation speed up the oxidation [31] so the kinetics is partic-
ularly dependent on the pH. In order to analyze and quantify the
influence of meglumine on this kinetics, the oxidation was moni-
tored by an NMR and an HPLC follow-up.
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NMR temporal monitoring focuses on the disappearance of
characteristic signals of quercetin { peaks corresponding to protons
6 and 8, see Fig. 5) and the appearance of typical signals of the
main oxidation products listed above. Fig. 5 shows the evolution
of the "H NMR spectrum of quercetin with various equivalents of
NaOH and meglumine.

The structure of protocatechuic acid makes its spectrum very
similar to quercetin but both phloroglucinol and phloroglucinic
acid should have only one signal, a singlet with a shift around
6 ppm. Thus, disappearance of the signal of proton 8 (around
6.2 ppm) should be a good indication of the chemical modification
of the quercetin structure during the oxidation process (see refer-
ence spectrum in DMSO-dg). It can be seen in Fig. 5 that with a 5 to
1 M ratio of NaOH to quercetin, the signals of protocatechuic acid
are easily visible, which is not the case with the same ratio of meg-
lumine to quercetin. However, with an equimolar ratio of NaOH or
meglumine, the signal of proton 8 disappears after about one hour.

An HPLC study was performed at different pH to compare the
degradation of quercetin in the presence of meglumine or NaOH.
With NaOH, at pH 8, solubility of quercetin in water (Figure $4)
is very low and the degradation is therefore difficult to quantify.
However, for the meglumine system (Figure $3), it is possible to
calculate the degradation of quercetin as its concentration is
directly proportional to the surface area of the corresponding peak.
After 2 h, there is still between 71 and 75 % of quercetin in the sam-
ple and after 4 h 35 % of quercetin remains intact. This result indi-
cates that it is possible to benefit from this solubility enhancement
by designing fast solubilization or extraction techniques that do
not require long-term stability.

It is interesting to note that with HPLC data, one can calculate
the concentrations of quercetin in the samples with a simple stan-
dard curve and thus confirm the UV-vis results. Indeed, at pH 8
and to, the calculation gives 0.454 mM with the HPLC method
and 0.462 mM with UV spectroscopy.

3.3.1. Keto-enol tautomerization’s role on stability and solubilization
The mechanism by which quercetin undergoes oxidation is still
unclear and complex. Zenkevich et al. [24] have shown through
direct head-space analysis that oxidative decarboxylation of quer-
cetin is one of the preferable mechanisms and not decarbonylation
as previously thought [33]. In any case, the keto-enolic equilibrium
(Fig. 6) appears to play an important role in the solubilization and
stability of quercetin. This could also explain why quercetin is
stable in non-protic solvents such as DMSO, where the tautomer-
ization is unfavored. Barvinchenko et al. [34] proved that the enol
form of quercetin is more stable than the ketone one in water, and
that the enol-to-ketone form transition is most probable, at least in
surfactant solution. The planar or almost planar geometry of the
enol form of quercetin in its preferential conformations [35,36]
supports the idea of a more stable enol form through n-stacking.
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In addition, Barvinchenko et al. [34] highlighted the fact that
tautomerization preferentially occurred between the monoanionic
forms of quercetin. This effect, triggered by a pH increase, certainly
induces a solubility enhancement of quercetin alongside the for-
mation of (poly)phenates, which are intrinsically more water-
soluble than their neutral counterparts [37].

3.4. Mechanism of solubilization

3.4.1. Meglumine interactions with quercetin

Meglumine may exhibit different interactions regarding its
association with solute. These interactions are highly dependent
on the solvent. Cao et al. [38] have studied the structure of a
flunixin-meglumine complex formed in an organic solvent. The
cohesion of the resulting crystal is due to 0 — H Oand N—H

O hydrogen bonds, as the hydroxyl groups of meglumine act
simultaneously as hydrogen bonds acceptors and donors.

On the other hand, Cassimiro et al. [39-41] proved that the
association of meglumine with carboxylic acids in water can be
explained by acid-base interactions that lead to ion-paired
supramolecular adducts. In this case, the hydroxyl groups of meg-
lumine form hydrogen bonds only with the solvent, thus enabling a
significant increase in solubility.

In the case of quercetin, there are multiple sites for interactions
with meglumine. The hydroxyl groups of quercetin may interact
through proton exchange with the amine group of meglumine.
The aromatic rings could also act as hydrogen bond acceptors
toward hydrogen bonds donors such as the amine group of meglu-
mine [42]. The interactions between quercetin and meglumine
were investigated using 'H NMR spectroscopy. Different solutions
were prepared with increasing ratios of meglumine to quercetin.
Since quercetin is not enough soluble in pure water, the reference
spectrum for quercetin was performed in DMSO-de. Fig. 7 shows
the evolution of the meglumine signals at different meglumine to
quercetin ratios between 2.5 and 4.2 ppm.

Strong interactions of the protons located directly next to the
amine function of the meglumine (signals 1 and 7 in Fig. 7 as well
as proton 2 to a lesser extent), i.e. the de-shieldings of the protons
with increasing amount of quercetin, suggest the formation of a
salt between meglumine and quercetin. A salt formation would
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also be consistent with the almost immediate solubilization of
quercetin in aqueous meglumine solutions. The highly hydrophilic
nature of the sugar chain of meglumine also enables efficient
hydration of quercetin, by carrying a large number of water mole-
cules through hydrogen bonds.

Further, deprotonation of the hydroxyl functions enhances the
ionic interaction with the positively charged meglumine at pH
below 9.5. At higher pH values, quercetin is very negatively
charged and thus able to bond strongly with meglumine. Finally,
it is also hypothesized that the non-planar geometry of the ketone
form allows an easier approach for meglumine molecules (Fig. 8).
This could also be a reason for the better oxidation resistance of
quercetin in the presence of an organic base like meglumine com-
pared to NaOH, at the same pH.

3.4.2. Extension of the scope

Recently, Degot et al. have reported the possibility of using meg-
lumine to extract curcumin, another well-known polyphenol pri-
marily found in Curcuma longa, which exhibits antioxidant, anti-
inflammatory, antimicrobial, and anticancer properties, but suffers
from low bioavailability due to poor water-solubility [22]. The
authors noticed that by adding meglumine to the triacetin/ etha-
nol/ water extraction system they used, the efficiency of extraction
was improved, and subsequently observed the same phenomenon
with meglumine in pure aqueous phase. The authors thus showed
that 15 %wt of meglumine in water was efficient to extract 7.70 £ 0.
42 mgjg of curcumin within an hour at room temperature, which is
quite remarkable when compared to classical extraction methods
such as pure ethanol (4.34 + 0.08 mg/g) or Soxhlet extraction
(11.64 = 0.70 mg/fg) [43].

In analogy with the results obtained with quercetin, we can
make the hypothesis of an identical mechanism. Indeed, NMR
study tends toward the same conclusions [41]. It was observed that
the 'H NMR signal of the hydroxy groups of meglumine in
DMSO-dg, which was broad due to the interaction with residual
water in the solvent, became sharp and increasingly de-shielded
with the addition of curcumin, indicating their interaction. More-
over, 2D NMR Overhauser Enhancement SpectroscopY (ROESY)
results proved the existence of interactions between the aromatic
rings of curcumin and the amine group of meglumine, as well as
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version of this article.)

its hydroxy groups [44]. This suggests that the aromatic rings of
curcumin could act as hydrogen-bond acceptors towards the
amine group of meglumine.

These findings tend to show that the phenomenon observed
with quercetin can be extended to other polyphenols. Indeed, we
have also tested under optimal conditions (regarding quercetin) a
series of other polyphenols, namely curcumin, gallic acid, narin-
genin, phloretin, and resveratrol (see Table 1). These polyphenols
were chosen as they are representative of different families of
Fig. 6. Keto-enol tautomerization of quercetin. polyphenols, such as flavanones (naringenin), dihydrochalcones
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Fig. 8. Possible interactions between meglumine and quercetin. Quercetin is shown
in its di-anicnic form to represent the preferential state of charge of the molecule at
PH 8 (based on the pK, calculations in this work) and in its keto form. Dotted lines

represent hydrogen bonds.

(phloretin), stilbenoids (resveratrol), or simple phenolic acids {gal-
lic acid). Furthermore, they all exhibit interesting properties as
antioxidants or have potential health benefits. Resveratrol for
example is thought to play a major role in the prevention of cardio-
vascular diseases, and may even exhibit anticancer activities [45].
Naringenin, in addition to displaying antioxidant and antiulcer
properties [46], differs from quercetin in that it has two fewer
hydroxyl groups, including the one in position 3 suspected of being
responsible for the very easy degradation of quercetin and its
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structure is not entirely conjugated (see Fig. 1). However, it shares
the same two hydroxyl groups that deprotonate first in quercetin,
which could lead to the same solubility enhancement. Finally,
some of these polyphenols were chosen because they have at least
one pK, value below 8, while others (curcumin and resveratrol)
have a first pK, value around 8 or more.

As can be seen in Table 1, the water-solubility of gallic acid,

naringenin, and phloretin increases with the meglumine concen-
tration, at the same pH. This effect is far less pronounced for
resveratrol and is not even visible for curcumin at this pH value.
The strong interaction of gallic acid with the basic meglumine is
not unexpected, but one can be surprised by the difference

between phloretin and resveratrol which have rather similar struc-
tures, or by the results of curcumin. However, the first pK, of
resveratrol is around 9 [52,53], too high to interact effectively with
meglumine (pK, = 9.53) at pH 8, while the first pK, of phloretin is
about 7.4, low enough to be able to form a salt with meglumine.
The same logic applies to curcumin, which could be efficiently
extracted at pH 9 and above [22], but does not solubilize even with
ca. 5 % meglumine at pH 8 as its first pK, value is around 8-8.5.
One can thus expect that compounds having at least one aro-
matic ring and one or more hydroxyl functions with sufficient
low pK, values (<8) are suitable candidates to be solubilized by
meglumine. Solubilization with meglumine, even if it requires par-
ticular conditions, can thus represent a concrete improvement
compared to a method only based on a pH variation [37] by avoid-
ing some stability problems of fragile compounds encountered in
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Water-solubility of tested polyphenols with different meglumine concentrations at pH 8.1 + 0.1 (same protocol as for quercetin solubility tests).

Phenols tested Structure K, Meglumine concentration (mmol/L)
0 48 201
Quercetin OH pKal=74" 0.07 0.16 046
Ho o) o O on pKa2=7.3°
o PK.3 = 8.9°
o b pK.4 = 9.8°
pK,5 = 12,5
Curcumin ~o o pK,1 = 8.4[47], 7.7-8.5[48] < 0.005 < 0.005 <0005
4, O O o pK.2 = 9.9(47], 8.5-10.4[48]
S pK,3 = 10.5[47], 8.5-10.7(48]
Gallic acid [od PpKa1 (acid) = 4.0[49] 207 283 319
HOs oH pK,2 = 8.7[49]
i PK,3 = 11.4[49]
H pKa4 > 13[49]
Naringenin OH PK,1 = 7.5[26), 7.1[46] 15 17 2.0
Ho. o O PK.2 = 8.4[26], 8.8[46]
O ; pK,3 = 9.8[26]
oH ©
Phloretin O OH PK,1 = 7.3[50], 7.6[51] 1.1 4.8 9.1
trans-resveratrol OH PK,1 = 8.8[52], 9.1[53] 21 2.1 2.6
Ho . O pK,2 = 9.8(52], 9.7(53]
O PK,3 = 11.4[52], 10.5[53]

# This work. Calculated with COSMO-RS (see Part 3.1.).

highly alkaline medium by allowing to work at more reasonable
pH values.

4. Conclusion

It has been shown that meglumine effectively increases the sol-
ubility of quercetin in an aqueous medium, even at a very slightly
alkaline pH. The knowledge of the charge state of quercetin is deci-
sive in understanding the mechanism of this solubilization. There-
fore, the pK, values of the five hydroxyl groups of quercetin were
calculated with the COSMO-RS modeling software, and the depro-
tonation order was found to be 4’-OH < 7-OH < 3-OH < 3’-OH < 5-
OH.

Solubilization is induced by the exchange of proton between the
amine function of meglumine and the first hydroxyl groups of
quercetin susceptible to being deprotonated. Meglumine mole-
cules are thought to position themselves between the aromatic
rings of quercetin, breaking the n-stacking and enabling better sol-
vation. The very hydrophilic meglumine then enhances the solubi-
lization of the complex through multiple hydrogen bonds with
water molecules.

Oxidation can be troublesome to determine the solubility of
quercetin in alkaline media. NMR and HPLC are two techniques
well suited to quantify this degradation at high pH values (>9) in
aqueous phase, yet remain limited around physiological pH. A rea-
sonable compromise has been found between limited degradation
(25-30 % degradation after 2 h) and sufficient solubility (around
0.45 mmol/L) around pH 8. The degradation at that pH should
not be an issue for fast extraction processes. For other applications
that require long-term stability, the addition of another antioxi-
dant to the system could help preserve quercetin in an aqueous
solution in its native state for a longer time.

All the results show the double role of meglumine compared to
a base like sodium hydroxide which only allows to fix the pH at a
given value. This study paves the way to find or design other solu-
bilizing agents. Indeed, the hydrotrope-like (meaning solubilizing)
behavior of meglumine is remarkable, when considering the
absence of a hydrophobic part in its structure. That means that
hydrotropy in its global sense of a water-solubility enhancement
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must be thought to be the consequence of various molecular mech-
anisms beyond “simple” amphiphilicity.

The next step could be the study of related structures, either
meglumine derivatives with longer carbon chains or highly hydro-
philic molecules having an easily accessible amine function. For
example, Figure S5 of the Supplementary Information shows the
solubility of curcumin with different additives, among which sev-
eral amines that exhibit interesting solubilization as well. Materi-
als and methods used to produce these results are also found in
the Supplementary Information. In any case, the generalization of
the structure-properties relationship of meglumine as a solubilizer
may help us to progress in the field of biocompatible actives’ solu-
bilization and delivery.
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Résumé

Les différentes problématiques soulevées dans ce travail portent sur la compréhension et Iutilisation de
phénomeénes de solubilisation en phase aqueuse, en particulier relevant de concepts d’hydrotropie, avec le
double objectif de rationnaliser la recherche de nouveaux agents hydrotropiques et les comportements de
solubilisation de composés polyphénoliques, notamment en vue d’applications en pharmaceutique,
agroalimentaire ou en cosmétique. En effet, de nombreux composés naturels restent encore limités dans leur
utilisation, ou bien leur exploitation de par leur faible solubilité aqueuse.

Dans le premier chapitre, 1’utilisation de la méglumine pour solubiliser la quercétine en phase aqueuse en
fonction du pH est étudiée par spectroscopie UV-visible. Le mécanisme de solubilisation investigué par RMN
H et I’oxydation de la quercétine est quantifiée par HPLC. Enfin, I’ordre de déprotonation de la quercétine
est déterminé grace au logiciel de modélisation COSMO-RS.

Le deuxiéme chapitre rapporte une application concrete cette solubilisation : ’encapsulation de la quercétine
dans des liposomes depuis une solution aqueuse en milieu modérément basique.

L’étude de la solubilité des composés polyphénoliques est élargie dans le chapitre III pour mieux cerner les
différentes causes de la faible solubilité aqueuse des polyphénols en relation avec leur structure chimique, et
pour rationaliser 1’effet solubilisant d’agents hydrotropiques sur des polyphénols précis en fonction de leur
structure. Le n-stacking préférentiel entre le phloroglucinol et la quercétine est étudié en particulier.

Enfin, possibilité d’utiliser la méglumine ainsi que certains dérivés de la guanidine en association avec des
acides gras linéaires est investiguée dans le chapitre IV. dans le but d’augmenter le caractére amphiphile des
premiers et la solubilité aqueuse des seconds. Les amphiphiles obtenus sont caractérisés par des méthodes
classiques du domaine des tensioactifs, notamment la température de Krafft, la solubilisation micellaire ou
la stabilisation d’émulsions.

Mots-clés : Hydrotrope, Solubilisation, Polyphénols, Quercétine, Méglumine, Déprotonation

Abstract

The various issues raised in this work concern the understanding and use of solubilization phenomena in
aqueous phase, in particular those related to hydrotropy concepts, with the dual aim of rationalizing the search
for new hydrotropic agents and the solubilization behavior of polyphenolic compounds, with a view to
applications in pharmaceuticals, agri-food and cosmetics. Indeed, many natural compounds are still limited
in their use or their exploitation due to their low aqueous solubility.

In the first chapter, the use of meglumine to solubilize quercetin in aqueous phase as a function of pH is
studied by UV-Visible spectroscopy. The solubilization mechanism is investigated by *H NMR and quercetin
oxidation is quantified by HPLC. Finally, the order of quercetin deprotonation is determined using COSMO-
RS modeling software.

The second chapter reports on a concrete application of this solubilization: the encapsulation of quercetin in
liposomes from an aqueous solution in a mildly alkaline medium.

The study of the solubility of polyphenolic compounds is extended in chapter 111, to better identify the various
causes of their low aqueous solubility in relation to their chemical structure, and to rationalize the solubilizing
effect of hydrotropic agents on specific polyphenols according to their structure. The preferential n-stacking
between phloroglucinol and quercetin is studied specifically.

Finally, the possibility of using meglumine and certain guanidine derivatives in association with linear fatty
acids is investigated in chapter 1V, with the aim of increasing the amphiphilic character of the former and the
aqueous solubility of the latter. The resulting amphiphiles are characterized by classic surface-active
methods, including Krafft temperature, micellar solubilization and emulsion stabilization.

Keywords : Hydrotrope, Solubilization, Polyphenols, Quercetin, Meglumine, Deprotonation
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