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Résumeé

Cette th se sodébinscrit dans | e cadre dbéune ¢
Regensburg. Les différentes problématiques soulevées dans ce travail portent sur la
compr ®hension et | 6utilisation de m@pm®nom ne
particulier relevant de concepts doébhydrotrop

fois la recherche de nouveaux agents hydrotropiques et les comportements de solubilisation

de compos®s polyph®nol i gue s, enphanmaaentiogen t en
agroalimentaire ou encoescosmétiquekn 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 & employer un

panel de technologies de vecto s at i o rrugldeli@eryd), nbn sgng contraintes. I

en va de m°me p-@abi mkeotaduet oiue cagm®ti que. L
faible solubilité aqueuse de molécules naturellesdegplus particulierement pertinente

dans | e contexte de |l a chimie verte et de | a
de procédés énergivores. Catiepeut ainsi trouver des applications trés concrétes

®gal ement dans | e dedcompasésmaturalse | 6 extracti on

Un syst me sp®cifique a dobéabord ®t ® ®tudi ®
de |l a querc®tine en phas eélamne endonationdiepH. | 6 a mi n
En effet la quercétine est un polyphénol céléporir ses propriétés antioxydantes
puissantes ainsi que de nombreuses activités biologiques avérées, comme son réle dans la
réduction de risque de malaslieardiovasculairs (coronary heart disease€HD), 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 ¢evihégul la biere. La
guercétine en particulierestprése e en grande gquantit® dans | 6
sa m®tabolisation par | 6organi sme est gr and
agueuse, d -stacking (plénoméne detcohésion intermoléculaire des systemes

de compos ®sta kifoomateon de qambredses liaisons hydrogéne (HB)
intermoléculaires qui conférent une grande stabilité a la forme crystalline de la quercétine,
et donc une di ssol uti on i mit ®e. A 1 0inst:
| 6augment at ogoeda dédpmwtoqatibn successive de ses groupes hydroxyles, ce
qgui charge négativement la quercétine et accroit son affinité pour les solvants polaires
comme | 6eau, augmentant ainsi sa solubilit®.
puissant, e# e st particuli rement sensi bl e | 60
déprotonation de ses groupes hydroxyles, ce qui mene a la dégradation de la structure de la
guercétine par ouverture de son cycle central, et in fine a la formation de produits
d 6 o Xignglas petits. De plus, méme si ces composés présentent aussi pour la plupart des
propriétés antioxydanggil est intéressant de conserver la quercétine dans son état natif
jusqubdbau moment 0% son activit® biologiqgue e
doébextraction.
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Figure O1. Structures chimiques de la quercétine (gauche) et de la méglumine (droite).

Dans cette optique, | e premier chapitre de
la N-méthytD-glucamine, connue sous le nom de méglumine, une osamine dérivée du
sorbitol, traditionnellement utilisée pour le traitement de la Leishmaniose ou sous forme de
compl exe doéoanti moine servant ddagent de ¢
utlisat i on sous forme doadditif pour augment
pharmaceutiques a nouvellement été reporté pour quelgues composés, sans faitgefois
ressortir un mécanisme de solubilisation clair.

Dans ce chapitre, | 6i nfluence de | a concen:
de la quercétine sur une large gamme de pH est mesurée par spectroscdfiseldy
Léeffet solubilisant de | a m®gl aromsamavecap p ar &

| augment ati on du p'H est rienés poBrt miedxecompendre R MN
mécanisme de solubilisation. Le shift des différents signaux de la méglumine en fonction

du ratio méglumin@uercétine est suivi pour identifier quelles fonctiolesla molécule
interagi ssent avec | e polyph®nol . 1 sbéav I
avec la forme déprotonée de la quercétine pour former un sel, probablementrdeleaté

(2:1) ou (2:1). Les nombreux groupes hydroxyles de la méglumine aident de plus a la
solvatation du complexe par | iaisons hydro
méglumine hydratée proche de la quercétine provoque probablement un affaiblishement

" -stacking de cette derniére. De plus, la géométaiegptie la forme native de la quercétine,

qgui est aussi une des r ai s o-stacking, et modifjéeant s
par sa d®protonation, ce gtackingamphénondéneest e n c
vrai sembl abl e mecétdénotgie dé la quér@tine qui estlbéplacé dans le

sens de la cétone ngtane lors de la déprotonation.

Léobjectif de cette solubilisation ®tant d:
dans son ®tat nati f, |l e degr® dbéoxydati on
parametres a été quantifié par HPIRBJN et titrationde HO.. || en ressort (q
pH 8, la quercétine est déja 6 a 7 fois plus soluble en présence de&/288 méglumine

par rapport © | 6eau pure au m%erhepres, Ceet ne

compromis est intéressant car il laisse suffisamment de temps pour concevoir des
protocoles a la solubilisation de la quercétine est nécessaire sur une courte période,
comme par exemple une extraction en phase aqueuse.

Enfin, comme pr ®c®demment ®nonc®, | oeffet
ne sO6observe r®ell ement qudé”™ partir de pH
deux premi res) d®protonati on decetteaalegruer c ®t
de pH. Toutefois, ieste x t r ° mement compl i qu® dbéobtenir e
précises pour les cing potentielles constantes de déprotonatigs) (fekla quercétine en

raison de sa propension ° sred edx@ gsrtaed ed o n'c ¢y

consensus actuel dans la littérature scientifique, ni sur les valeurs degeasi pkéme sur
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| 6ordr e dans | equel |l es groupes hydroxyl es
| 6augmentati on du pH. Pour confirmer | 6hyp
d®protonation pour d®cl encher | 6ef fet sol ub
| 6 0 x y duaet méhnde computationnelle a été développée grace au logiciel de
modélisation COSMERS. Ce logiciel est capable de prédire une valeur depplr un

couple acidb ase donn®. La d®termination de | 6ord
hydroxyles de la queétine a donc consisté a modéliser toutes les formes ioniques
théoriques de la quercétine et a calculer lesgur chaque paire de formes déprotonée

N et N+1 fois, et a sélectionner pour chaque niveau les [@§ plus faibles, donc les
d®protonations |l es plus ®nerg®tiquement favo
esten 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 desapociés a

ces déprotonations par le logiciel COSMRS, bien que peu précis, tend a confirmer

| 6hypoth se de |l a double d®protonation de | ;
chargée) a pH 8. Enfin, les deux premiers groupes hydroxyles a se déprotoner sont situés

de chaque c¢c*t® de | a querc®tine, ce qui pern
avec une mol ®cul e de quercetin sans g°ne st
publication dandournal of Molecular Liqguide n 2022 (VAB). r | 6annexe

Le deuxieme chapitre rapporte une application concrete de la capacité de la méglumine
a solubiliser raisonnablement la quercétine en milieu modérément basique. En effet, il
pr ®sente | 6encapsulation de | a querc®tine d
solution aqueuse de méglumine a pH environ 9. Les liposomes sont dassarnblages
sphériques de composés lipidiques amphiphiles, formant une double ,dogdiophile a

| 6ext ®ri eur et hydrophobe en son seern. Les
aut ant des compos®s hydrophiles dans | eur
l 6int ®ri eur de | eur doubl e couche.

Pour encapsuler la quercétine, une méthode classique ditélmlersince» (Thin-Film

Methog est i ci adapt ®e en soOoinspirantitedodédun aut
de « saut de pH» (pH-jump ou pH-driven Methodl qui consiste a augmenter la solubilité

dans | 6eau de compos®s ph®noliques en augmer
la double couche hydrophobe des liposomes formés simultanément, en abaissant de
nouveau le pH. Cette méthogeésentd 6 i mnmeewvasnet age de noéutili ser
organi que au cour s de | 6encapsul ati on des

particulierement pertinent au regard des problématiques actuelles de chimie verte.
Toutefois, de nombreuses molécules natwselb®mme la quercétine, ne suppotieas

| 6augmentation du pH ° des wvaleurs allant 1
étre effectivement encapseisdans les liposomes. La méthode d@m 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

par évaporateur rotatif, ce qui a pour conséquence de formmamee film de lipides sur

la paroi du ballon par efe t hydrophobe. Enfin, | 6aj out d e
(classiquement aussi en phase organique, ici en solution aqueuse) permet de redissoudre la
double couche lipidigue qui forme spontanément des assemblages sphériques. Cette
méthode a été choistar méme si elle requiert un minimum de solvants organiques pour
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la formation du film initial, el l e est p €
c |

assiqgues pour |l es synth ses de | iposomes
de nouveaux param tres. De pl us, Irda m®t ho
solubilit® aqueuse de compos®s ph®noliques
pas doéinfluence significative sur | a solub
nN®cessit® doéutiliser des c¢compo d®sdiumlowms hyd
des saponines. Quelques pr®cautions exp®ri.i
verre brun et | e d®gazage endoateétéspoidesugoirons a
mi ni mi ser | 6oxydation de | a querc®tine pen:
La coul eur jaune p©le des | iposomes est vi

donne un premier indice sur la présence de quercéticapsuléePour la détection et la
guantification de cellei, plusieurs méthodes sont utilisées. De plus, les échantillons sont

pr ®al abl e meadire gueyles Besomesoritddtsuits par ultrasons ou bien par

dilution dans un solvant organique, pour permettre de déterminer la présence et la quantité

de querc®tine 7 | 6i ntVBIrblearr di Lactsepesdawsrc
suffisante pour détecter sans ambiguité la quercétine dans les échantillons de liposomes.
Léencapsul ation de | a querc®tine dans | es
électrochimique (Voltampérométrie Différenteela Impulsions, DPV) qui repose sur

| 6oxydation contr!|] ®e de | a querc®tine. Ce
certains produits déoxydation de | a querc®
probablement pas a cette méthode dealét de facon 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

| 6absorbance est r ®alis®e par HPLC. Les I
méthanol et par un bref passage dans un Baittrasons et la quantité de quercétine-non

oxydée peut alors étre estimé&m outre, la caractérisation des propriétés des liposomes
obtenues, telles que le diamétre moyen, la distribution en taille, la teneur moyenne en

| i pides ou encore | a charge de surface (po
ndéa pas sighificatif’el sur B méttode dgnthése choisjee qui montre que des
proc®d®s cl assigqgues peuvent °tre facil ement
méglumine.

Ce chapitre montre ainsi, comme preuve de
m®gl umi ne pour | 6encapsulation de | a querc

aqueuse, a pH modérément basique.

Dans | e chapitre 111, | 6®t ude de | a solub
a un set de six composés, comprenant deuxorla@g structurellement proches, la
guercétine et le morin, la flavanone naringénine, ainsi que le stilt@reresvératrol et
|l es chalconopdes phlor®tine et xantdoéboeol
part, mieux cerner les différentes causes de la faible solubilité aqueuse des polyphénols en
relation avec | eur st r udonnalieer clhdienfifqgeute , s oeltt
ddbagents hydrotropiques sur des polyph®nol
donner également un nouvel axe de recherche de composés hydrotropiques.
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Figure 02. Structures chimiques des polyphénols et des solvants étudiés.

Pour ce faire, la solubilit® des polyph®nol
mélanges binaires éthanol/triacétine et éthanol/cinnamaldéhyde, par spectrosceopie UV

Visible. Ensuite, le logiciel de modélisation COSNRS est de nouveau utilisé, cefibés

pour calculer les potentiels chimiques de solvatgtigr des différents polyphénols dans

les mélanges de solvants, afin de prédire les solubilités relatives dei cesxéventuelles

synergies de solubilisation entre les solvants en fonctiorcaleposéset pour mieux

comprendre les différents phénoménes de solubilisation observés. La répartition de la
densité de charge de surface calculée par CORMO - riio f i Iswefacespest aussi

utilisée pour expliquer les résultats obtenus par spectroscopMdible en fonction de la

concentration en un solvant donné.

Par la suite, des composés hydrotropiques conventionnels et potentiels tirés de la littérature
phar maceuti que sont compar ®s en fonction de
pourl es fl avonopudes ®tudi ®s ;adirea prégsentertun effetl i er |
solubilisant exponenti el en fonction de | a
additifs testés sont soit des hydrotropes reconnus comme le salicylate adie, skedi

nicotinamide, laN,N-diméthylbenzamide (DMBA)a N,N-diéthylnicotinamide (DENAkt

le pyrogallo] ou bien des composés dont des propriétés hydrotropiques ou solubilisantes

ont ®t® report®es dans |l a |itt®ratur e, sans
hydrotropes au regard des d®finitions actue
pyroglutamique (PCA), la thymine, le tryptophane ou encore le phloroglucinol.
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Figure 03. Structures chimiques des hydrotropes et potentiels agents hydrotropiques étudiés.

En particulier, le cas du phloroglucinol et du pyrogallol, deux trihydroxybenzenes qui
different par la position de leurs trois groupes hydroxyles est étudié pour la solubilisation

de la quercétine, du morin et de la naringénine. Les groupes hydroxylgsodallol sont

tous adjacent s, ce qui |l e rend tr s sol ubl
dans la littérature. Le phloroglucinol au contraire ne posséde aucun groupe hydroxyle
adjacent a un autre, ce qui rend sa structure symétriqueedalas Idu cycle aromatique et

limite fortement sa solubilité aqueuse. Cependant, méme a faible concentration le
phl oroglucinol semble capable dbébaugmenter
particulier le morin. De plus, dans la gamme de concentratipil est comparable au

pyr ogal-bdré quand e detix sont solubles, le phloroglucinol semble méme

| ®g r ement plus efficace pour solubiliser
trinydroxybenzenes provient vraisemblablement de leurccapg ® =  a-dtackang b | i r
des polyph®nol s, ou pl u sstackirggpefierentiet entre I€s pr o1
polyphénols et eux plutét que simplement entre polyphénols. La nature moins encombrée

de ces complexes par rapport aux empilements ded&jirer®u de morin explique leur

plus grande solubilit® aqueuse. De pl us,
guerc®tine nobest pas parfaitement pl ane e
intramol ®cul ai r e, e X p istacng enoing interises & mdnt sab | e me

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 diffi ci | gancééestdampilleuragampatibilitéieatiey pot h
la quercétine et le phloroglucinol en raison de la structure symeétrique deicejui
pourrait promouvoi istacking préféremtielfqueadans le oas duttresu n
solvaté pyrogallol.

Enfin, pour ®val uer | 6ef fet solubilisant
concentration, S a solubilit® aqueuse a ®
dohydr ot r opi-&dird ea ajoutarit au®ystemecsdit @irs dosolvant (dans ce cas

6 ®t hanol ) , soit un deuxi me hydrotrope. E
solubilit® de | a querc®tine est l a combi na

une concentr atieo pyroghkolke lbevcasrdo phlor@glucinol est dasp
i nt ®ressant car cbest un des produits dobéox

particulier | a querc®tine. Léaugment ati on
d®gradati on oxydative pour r aeélaqueréétmsnative n p ar
avec ses propres produits doéoxydation =~ | 06i
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Ce chapitre tente ainsi de rationnaliser dboé
fonction de leur structure chimique en identifiant dans quelle mesurecetieinfluencée

par exemple par | 6hydrophobi e ddeulinisorsol vant
hydrog ne, ou si el | e ns@caecsksiintge. |Ddbeanupt!lroei pdadru
tente de rationnaliser la recherche de composés présentant des propriétés hydrotropiques

mai s noéo®tant pas consi d®r ®eurtrop faiblesolabdité hy dr ot

aqueuse. Ceux | peuvent ai nsi sbav®rer int®ressant
techniques dohydrotropie facilit®e.
Le dernier chapitre de ce travail de th s

méglumine ainsi que certains dérivés de la guanidine, dont la metformine (1,1
diméthylbiguanide) en association avec des acides gras linéaires. Leguatiodinium,

qui forme la base de la structure des guanides et guanidines, est un cation trés particulier

du fait de sa géométrie et de la répartition de sa charge, et il joue un réle prépondérant dans

l a facult® des pol ype ppossédansunafdnationgguanidine)&a ( un a
pénétrer les membranes cellulaires, malgré une répulsion électrostatique en apparence
forte. Ce ph®nom n argieimetmagied adétl | r@wa s®tn® mgn®e ¢r
®l uci d®. La met f or miantidiabéicque (pogrleadiahiéte de typd 2) e | 0 a ¢

non bas® sur |l a s®cr ®tion doéoinsuline |l e pl
met formine est tr s hydrophile, et contraire
des différentes barriéres biologiques, qui la rend faiblement biodisponible et requiert

| utilisation de fortes doses. Déautres par

composition de la membrane cellulaire, trouvent de nombreuses applications en détergence
et en cosmétique ou leumtérét est récemment renouvelé, malgré une faible solubilité
agueuse 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 04. Structures chimiques des dérivés de guanidine utilisés.

Léobjectif de ce chapitre est de montrer | a
des composés aminés hydrophiles pour augmenter la solubilité agueuse des premiers ainsi

que le caractere amphiphile des seconds. Pour ce faire, deux protootleslisés pour

synthétiser cessavon® , ihdtwdni r ect ement en pé&xaimemleaqueuse
faisant précipiter depuis un mélange de solvants organiques. Les amphiphiles ainsi obtenus

sont caractérisés par des méthodes classiques rdairt® des tensioactifs, a savoir la

tension de surface et la concentration micellaire critique (CMC), la température (ou point)

d e Kr a fadite Ja tem@@matsre a laquelle le savon devient soluble en phase aqueuse,

la solubilisation micellaredecop 0 s ®s do6i nt ®r °t, tell e que | a

l a querc®tine, ou encore | a formation et | a

La réduction du point de Krafft en particulier est un aspect majeur de la recherche de
nouveaux contr@ns pour les acides gras. En effet, les savons disssiquee , &0 e st
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dire de sodium et de potassium, ont des points Krafft tres élevés, déja de 45 et 30°C,
respectivement, pour des chaines de 14 carbones, oe garmet 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 @, et la méglumine possede une température de Krafft inférieur a 20°C en
Cia.

De pl us,  Gutilisation deenl aasm®gliwmii men ety
laurique (Go) sbdav re prometteuse dans |l a sol ubi
curcumine. Enfin, | a caract®risation pr ®ci ¢

des savons de méglumine de différentes longueurs de chaines et différentes phases
apolaies tend a montrer la bonne association entre les acides gras et la méglumine. Une
étude plus approfondie des comportements de phases de ces composésemopanm

mi croscopie et calorim®trie diff®rentielle
précise du ratio molaire du cordreon par rapport “ | 6acide gt
pertinente pour compléter cette étude.
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Abstract

This thesis is part of a joint PhD project between Centrale Lille andnheersity 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 fohgevotropic agents and
the solubilization behavior of polyphenolic compounds, particularly with a view to
applications in pharmaceuticals, afpod or cosmetics. Indeed, many natural compounds
are still limited in their use or exploitation by their lowqugous 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 moleesilis particularly relevant in the context of
green chemistry and the reduction in the use of organic solvents and-snengwe
processes. It also has very practical applications in the extraction of natural compounds.

Firstly, a specific system was studied in depth: thedpbendent solubilization of
guercetin 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 theuegat®n of fruit,
vegetables and other plapased 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 stn gtacking (the
phenomenon of intermolecular cohesion of the
formation of numerous intermolecular hydrogen bonds (HB), which confer great stability
on the crystalline form of quercetin, and therefore limitessaution. 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, agmgetin 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 formatiof 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 poiNemethyt
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
guercetin over a wide pH range is measured byMiBible spectroscopy. The solubilizing

effect of meglumine appears clearly from pH 8 and grows with increasing fHNMR

study is carried out to better understand the solubilization mechanism. The shift of the
different meglumine signals as a function of the meglurmunercetin ratio is monitored to

identify which functions of the molecule interact with the polyphetiolurns 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 solvaing the complex via hydrogen bonds with water molecules. This addition of
hydrated meglumine <c¢close to qu-stacking.tlm n pr o
addition, the flat geometry of quercetin's native form, which is also one of the reasons for

its hight e n d e n-stacking, as modified by itsedpr ot onat i on, furthet
stacking cohesion. This phenomenon is probably due to theeketir equilibrium of

guercetin, which is shifted in the direction of the fpdanar 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
guantified by HPLC, NMR and #D: titration. At around pH 8, quercetin is already 6 to 7
times more soluble in the presence of 28@ meglumine than in pure water at the same
pH, and degrades by only around?®0dn 2 hours. This is an interesting compromise, as it
leaves sufficient time to design protocols where quercetin s$iaktion is required over a

short period, such as aqueous 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 extremel
complicated to experimentally obtain precise values for the five potential deprotonation
constants (pks) of quercetin due to its inclination to degrade through oxidation. There is
therefore no current consensus in the scientific literature, eithee aalilres of these pk

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 computationbche/as
developed using the COSMRS modeling software. This software is capable of predicting

a pKa value for a given acitbase couple. Determining the order of deprotonation of
guercetin hydroxyl groups therefore involved modelitighree theoretical ionic forms of
guercetin and calculating the gKfor each pair of forms deprotonated N and N+1 time,
and selecting for each level the lowest.gKhence 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 calcubatiof the pks associated with these deprotonations

by the COSMGRS software, although noexy 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 tllmurnal of Molecular Liquidén 2022 (see Appendi&.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 agueous meglumine solution at
pH around 9. Liposomes are spherical -sslfemblies 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, andhojacop
compounds within their double layer.

To encapsulate quercetin, a classic "tlim method" is adapted here, taking inspiration
from another liposomal encapsulation process known as thguippl’ or "pH-driven
method", which involves increasing the wasetubility of phenolic compounds byising

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 compouncts,isvh
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" methodstaadard 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 hydrofioeffect. 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 ttires|a minimum of organic solvents for
initial film formation, it is energyefficient and allows the use of conventional lipids for
liposome synthesis, which is convenient for assessing the influence of new parameters. In
addition, the pHump method cafe 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 d¢aates 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 paleyellow 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 argdesi i.e. the liposomes

are destroyed by ultrasound or by dilution in an organic solvent, to enable the presence and
guantity of quercetin inside the liposomes to be determined. DirectVisiVle
spectroscopy has proved insufficient to unambiguously defeercetin in liposome
samples. The encapsulation of quercetin is therefore confirmed by an electrochemical
method (Differential Pulse Voltammetry, DPV) based on the controlled oxidation of
guercetin. However, the very close chemical structure of ceqaércetin 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 Hrghformance Liqui 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 amountaXidimed quercetin

can then be estimated. Characterization of liposome properties such as meéer désrae

di stribution, me an | i p-potentia)cavdals that theapnedencse u r f a
of meglumine has no significant influence on the chosen synthesis method, showing that
conventional processes can be easily adapted to exploit the izolgbieffect of
meglumine.

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

In chapter 1ll, 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 trasseratrol and the clt@noids 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 solubgizffect 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
S o
OH
HO OH OH Z
SUUGANLTS (L, ©
O HO OH OH
OH O
OH \
Phloretin trans-Resveratrol Xanthohumol
O
\)O\/ ©\/\/
\"/O O\n/ Z 0
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/ididle spectroscopy.
Next, the COSMERS modeling software is again used, this time to calculate the cthemica
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 differentlizaiiohi
phenomena observed. The surface charge density distribution calculated by GRSMO
(dr of i | swefaceshis alsd used to explain the results obtained byisille
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 solubilieffect as a
function of concentration up to a plateau value. The additives tested are either recognized
hydrotropes such as sodium salicylate, nicotinamigbtdimethylbenzamide (DMBA),
N,N-diethylnicotinamide (DENA) and pyrogallol, or compounds whoserdtyadpic 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
H N
o R

OH OH . .
Pyrogallol Phloroglucinol Pyrogl(l;)tgr:;c acid

o} 0 N HN N
N N NS OZ\N o ~-OH
| J U : i

N,N-dimethylbenzamide N,N-diethylnicotinamide

DMBA DENA Thymi ne 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 adjaceaking 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 itsi@aus 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 artubte, phloroglucinol seems even slightly
more effective at solubilizing quercetin. The solubilizing effect of the two
trihydroxybenzenes probably ar i-staeksig df r om
polyphenols, or more accurately to promote preferentithcking 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, whiahlike quercetin is not perfectly
planar due to possible intramolecular hydrogen bonding, probably explains the less intense
" -stacking and hence its better solubility in the presence of phloroglucinol. However, the
better results of phloroglucinol comparedth 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 effectivelyyomo t e p r esfackingethan im thel casé 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 ethaneljmrca s
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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 arourtd 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 tontlegaiction of native
guercetin with its own oxidation products, as observed with phlocogil.

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 hydibmyel donor,

or whether it requires the use of an atéicking 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 aquedubibty. 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 (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 agel cha
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" andnha
recently been elucidated. Metformin is the most widely prescribedl@fitetic agent (for
type 2 diabetes) not based on insulin secretion. However, metformin is highly hydrophilic,
and unlike arginine, is not very permeable across the variougiualdarriers, 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 thenesttbas 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-met hyl gu a nllddimatleylguanide

(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 usgttioesize 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 atchicmicellar concentration
(CMC), 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 formatnahstabilization.
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Krafft point reduction in particular is a major aspect of the search for new counterions for
fatty acids. Indeed, the smlled "classic" soaps, i.e. sodium and potassium, have very high
Krafft points, already 45 and 30°C, respectively, foichfbon chais, which makes them
unsuitable for use at room temperature. The four main derivatives tested, namely
meglumine, metformin, guanidine and methylguanidso@ps all have Krafft points
between 0 and 7°C at:£ andthe megluminesoaphas a Krafft temperatuteelow 20°C

for Cia.

Furthermore, the use of meglumine and metformin in combination with lauric agjd (C
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 shoffettteve association
between fatty acids and meglumine. Further study of the phase behavior of these
compounds, notably by microscopy and Differential Scanning Calori{i@8¢), 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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Generalintroduction

Water is often considereasthe universal solvent, not only because of its physical and
chemical propertieshich enable it to dissolve more compounds than any other splvent
but also because it is ndoxic, 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 thef osganic solvents.

Aqueous solubility however, is a major issue for many compounds, particularly in the
food and pharmaceutical industridsdeed, it is estimated that between 70 an@o90f
new candidate active pharmaceutical ingredients (APIs) are poorly, if at all, soluble in
watet, which rules out facilitated oral administration, and compels the use of higher drug
doses (with increased siédfect risks) or drug delivery technologies, each with its own
advantages and limitations, but all having in common the addition of extraspsteps.

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, gyaigphre
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 activitiesndeed, polyphenols repregeone of the largest family of
chemical compounds, with several thousand members discovered toTldatenajor
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 examplenai&, for which the
causes of low aqueous solubility are easily linked to their apolarity, polyphenols have
hydroxyl groups that can form hydrogen bondghwa polar solvent such as water.

In this context, there is a resurgence in the interessimpled phenomenauch as
hydrotropyto increase the aqueous solubility of compounds of intergsirotropyis a
concept introduced over a century ago by Neuberg to describe the solulpbzemgialof
certain aromatic saltthat occurswithout structuring It is now better understood and
encompasses a diversity of structurally very different compounds and more or less
independent phenomenidowever, the very definition of a hydrotrope remasnmatter
debateas it is not based on a weléfined chemical structure, as is the case for surfactants,
for example Furthermorethe search for an effectigelubilizing agent must be considered
in relation to the structure of the soluiéhe capacityof a solubilizing agent, such as
conventional hydrotroe(sodium xylene sulfonate, short amphiphiles, et€.generally
based onone 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 soluteswibrk presented in this
thesisaims toidentify relations between the hydrotropic actionceftain compounds and
the structures of both themselves and the solutesddition, the extent to which a
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solubilizing agent can be recognizeddsydrotrope, or hydrotropic agemas investigated

by examining solubilizers from the pharmaceutical literature which were wiskdut
interest regarding the solubilization mechanism. In this perspediapter | will focus on

a specific example of the solubilization enhancement of the polyphenol quercetin by the
hydrophilic solubilizer meglumin&uercetin is a polyphenol renowned for its antioxidant
activity, its role in limiting cardiovascular disease, and ntany alleged beneficial
biological activities such as anticanceteglumine 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 hydropholigity.
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'en the
stacking of quercetin have been studied in ldeptchapter 1In addition, its impact on
guercetin oxidation was investigated.

Chapter Il logically follows this effective solubilization by presenting a concrete
example of application; the proof 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 Il 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 theqerexe
hydrotropes and compounesghibitinghydrotropic properties, depending on their mode of
action. To tlis end, the modeling software COSMRS was used to gain further insights
into their solubilization behavior in regards to two binary solvents sygstem
ethanol/triacetin and ethanol/cinnamaldehyds,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 enhancemenystem for quercetin and other flavonoids, similarly to
facilitated hydr ot-stackipy betwekr thesepsmallf ppana@snand a |
guercetin 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 deattsed, another aspect of the
poor bioavailability of certain substances is their low permeability, i.e. their ability to
penetrate certain biological membranBsis 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 actibnthis perspective, fatty acids could help
highly hydrophilic molecules become more availablaese 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, solubiliy capacity and emulsifying capaciihis serve
as a proobf concept ana@ould bea starting point for further development in this direction.
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[.1. Introduction

In solution chemistry, solubility is a key parametdhe solvation of organic
compounds opens up a wide range of applications, from catalysis to bMlatgr.is often
considered the universal solvent, due tovigssatile physicochemical properties (high
polaiity, which translates into a high dielectric constargat potential for hydrogen
bonding, easily adjustable pH value, possibility of using salts for the saltimgsalting
out effect, etc), its ubiquity in biology and therefore its importance in pharmaceuticals,
and its suitability for industrial applications, due to its safety,, @&tilabilityand ease of
use.Although wateralso has majordisadvantagefor industrial applicationspamelyits
temperaturdimited range in liquid state and its large heat capacity that makes distillation
process highly energy consumirsglubilization of hydrophobic compounds in water still
represents a great achievement for many fields, such asgdeutics. 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 Rharoaéc
Ingredients (APIs) and dietary supplemeisieedmany of them are investigated for their
biological activity and potential therapeutic effects.

However, many of these aromatic compounds are very little \wateble, which restricts

their use.To overcome this issue, numerous techniques have been developed to increase
the agueous solubility of highly hydrophobic compounds, all of which holding their own
advantages and drawbackéeglumine, 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 congtli the initial frameork for this part of

our study.This chapter focusemainly on the solubilization of quercetin in aqueous
solution amongothers 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.

|.2. Bibliographic background

1.2.1.  Concepts of solubilization

[.2.1.1. Solvation, solubility and solubilization
Solvation

Solvation is the mechanism involvedtime dissolution of aoluteinto a solventand the
dispersion of the solute molecules in the solyvartich become solvated, i.¢hey are
surrounded bgolvent moleculedt occurs spontaneouslwithin intrinsic solubility limitg
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, wben the formation of solvessolute
interactions represents a gain in energy compared to the-solute and solverdolvent

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 &b&rgant
parameters for solvation include solvent polarity, temperature, hydrophobic interactions or
hydrogen bonding ability among othérs

Solvationis described by enthalpy and entrojbyough the Gibbs energy of solvation
gGsolv, @s 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 thedispersiorin the solven{seeFigure 11). The creation of solutsolvent 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

20 29 Y Step 2: solute dissolution " ? 9
9 ] 9 9 9 @ 9 9 99 o
2 9 2 » ;3; — ;;a d ° o3
° ° 2 o9

e * 9 _ N o%0 * @ 20
- @ 0 ° 9 ° 29 200 0 ¢
o ) ) 9 9 9
0o® 57 °%* JJJ "

& Solute molecule

& Solvent molecule

Figure 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 structurEinally, in the case of water as the solvealyation is called
hydration

Solubility and solubilization

Solubility (also referredto as maximal solubility or intrinsic solubility mostly to
describe the solubility o& nonionized speci®) is a chemical parameter that reflects a
substance's inclination w@rds agiven solvent or solvent systerby describing the
maximum amount of solute able to be dissolved and solvated in this solvent dystem.
refers to the analytical composition of a saturated solutiod is as such a quantitative
term, althouglderivatives of the terraolubleare frequently used qualitatively biology
and pharmaceuticand are based on arbitrary threshqsise Table 11). It is generally
expressed as a concentration, often given in g/L (generally pg/mL in biology, biochemistry,
and pharmaceutics), mol/L, or in weight or mole fractiBg.definition, however, it is
possible to describe a compoundahiblein a solvent at a given concentration lower than
its maximum solubility.

Table I11. Solubility criteria according to the United States Pharmacopeia (USP)

Terminology Part of solvent for 1 part of solute
Very soluble <1
Freely soluble 1710
Soluble 107 30
Sparingly soluble 3071 100




Enhancement of watesolubilization of quercetin by meglumine: mechanism investigation and quercetin deproto:

modeling
Slightly soluble 1007 1000
Very slightly soluble 10007 10,000
Practically insoluble O ,000

Solubility is a thermodynamiproperty ands as such fundamentallffected by factors

like temperaturgpressurejonization (thus pH), among others (partial pressure for

solvated gasefer example). Solubilization is definedby the IUPAC recommendations as
aifprocess which an agent increases the sol
Il i gui dandwill bainhthedrest 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 solutelt is achieved by diveesmeans such as temperature changes,
solvent evaporatiomr mixing of saturated and nesaturated solutionsSupersaturation

can also be seen as a transition state between the solvated state in a saturated solution and
crystallizatiorf. Thisphenomenon has practical applications in pharmaceutics as it is often
use toformulate oral delivered drugs of low watalubility active ingredienSDDS, for
SupersaturationDrug Delivery Systems)and where the precipitation is delayed by
additives (precipitation inhibitorspupersaturation is then achievadhe body, typically

the stomach or themall intestin& Furthermore, the fundamental differences between the
thermodynamically stable solubilization phenomenon and the metastable supersaturation
induce differences in biologicaklevant parameters, such as free drug concentration,
which in turn influence propges such as permeability and absorption of active ingredient
moleculeg,

Hydrophily and hydrophobicity

Hydrophily refers to the attraction of a compound or part of a compound towards water
On the contrary, hydrophobicity of a substameéersto beng repelled from water
molecules through intermolecular forces. The hydrophily (or hydrophoby) is generally
guantified by the octaneater partition coefficien® (sometimes notelow) or distribution
coefficient D (seeeq. )8 and)&;), which represent the ratio of concentrations of a
substance in a mixture of two immiscible solvents at equilibrioctanol and watei.e.
comparing the solubilities of the compound in both solvents. Distribution coefficient
accounts for botmonionizedand ionized compoundsvyhile the partition coefficient is
generally defined as the ratio of thenionizedconcentrations only.

C N O - '
e T e——=5 )&
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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 thymirotropy These concepts will not be
presented here, as they will be extensively described thitldechapterof this thesis.

[.2.1.2. pH influence on solubility

Many organic compounds are weak acids or ®asdhey bear ionizable groups. Upon
pH change, the polarization of these groups is responsible for a modification of the overall
solubility of these substanceGharged molecules are more soluble than neutral ones,
thereforeis pH a key parameter in the studytbé solubility ofpolarizable compoundss
the ratio between their neutral and ionized form(s) is governed by the pH of the solution
relative to their pK(s). The pH dependerof the solubility of ionizable compounds is
described by the Henderdadtasselbalch (HHgquations (see e} and)&):

Q¢ HdOHQAON E QREIEC TIC 11 pm )&
EGOIBX N E GG TI¢ 1T pm )&

with Sot thetotal solubility, andS the intrinsic solubility, i.e. the solubility afonionized
speciesThe pHdependeneof aspeciecan bepredicted using the HH equations as long
as the intrinsic solubility and the pkéf that specie are knowh In pharmaceuticsthe
knowledge opH dependeneof drugs solubility issential, as medium pH in the different
parts of the body is a fixed parameter which influences greatly the drug absborption

[.2.1.3. ’-stacking

Among the many intermolecular interactions influencing solubiligtacking or " - -
stacking), is of the utmost importance when studying aromatic compounds such as
polyphenols.t has long been recognized that aromatic compounds interact specifically
with each other, and théhis attractiveinteraction is particularly important isolution
chemistry andbiology, as it is partly responsible farystal andprotein stability’. To
explainthiscounter nt ui ti ve attracti ve twomtaie maels i on be
have emerged since the 90s; thenterSandersnodel and th&VheelerHouk model.
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Hunter-Sanders

The HunterSanders picture make two major assessments. Firstly, the geometries of the
"-"-interaction are governed by electrostatic interactions, i.e. rather than a repulsive direct
“-"-interaction in a facéo-face geometry -stack) i t -l-atractiohresultingfrom
other types of geometries (offd -stack or edg®n) which leads to a favorable interaction.
Secondly this model also states that the major energetidribution, rather than coming
from this electrostatic attraction, arise®nfi van der Waals interactionsvhich are
proporti on al-overlap ard kaey withrthe solvéntf

FurthermoreHunter and Sandensvestigated the influence of the presence of a polarizable
group such as a heteroatom on t hesyseemd mati c
According to -tthack mpaemeit mtyne ramact it e s pr ed
deficient atom wilst abi | i ze t he st ac keleatrgn repuyjsiond ecr e ¢
Re ci pr o-ich group will destabilize the stacking interaction.

WheelerHouk

On the other hand, Wheeler and Houk stated that in the case of an interaction between a
substituted andanemmu b st i t ut e-dtack(elso zadled sandwich configuration),
the substituent s aysteneofthelother aromatempaundhromgh t h  t h e
electrostatic interactionsather than indirectly by affecting the density of their own
c 0 mp o tsystemS. These considerations also arise from the work of Ragtgarwho
found that binding energies linearly increase with the number of substi{nentsatter on
which compound) n -stack conformation, in contradiction with the polarizatosrented
model of Hunter and Sanders in this geométry

Beyond

It is now generally accepted that the substituents of an aromatic system interact with the
" -system of others mainly through direct electrostatic interactions as stated by Wheeler and
Houk. However,other major contributios to these interactions come from induction,
dispersion (predominant in the case of methyl for exatP)pland exchangeepulsion
interaction$® 19, In conclusion, both Hunte®anders and Wheelétouk models contribute
together o u n der st atacking plenomdnabutthe WheeletHouk picture is
generally dominant.

Moreover, studies exploring this topic are relatively recent, and further research is needed
to allowfor a complete generalization of these concepts to be practically used for exemple
in solubility predictionThe main limitation to this generalization is that substituents effects
calculationsare generally performed based on the interaction between a substituted and a
non-substituted benzene, for simplicity reasons of prediction mo#igla.result, there is a

lack of theoretical data on the aggregatidbmailti-stacked systems (apart for from some
well-studied systems like carbon nanotubes) and between several substituted aromatic
systems.



: Enhancement of watesolubilization of quercetin by meglumine: mechanism investigation and quercetin deprotonation
modeling

Finally, the influence of -stackng itself on solubilityof aromatic systemis not trivial.
Indeed,even though it appears to inhibit solubilization by acting as a cohesive force for
crystalline structurest also can be used to as a driving force for solubilization by creating
a preferential interaction with another component with better solvation properties (see
sectionlll.6).

[.2.2.  Drug delivery

Solubilization finds a major application field ipharmaceutics for drug delivery
purposesas the vast majority of new Active Pharmaceutical Ingredients (APIs) are poorly
watersoluble (90% of drug molecules in the discovery process anth40 marketed drug
compound®), thereby hindering their bioavailability and hence their therapeutic value.
The distinction and comparison between the mettsiddiedin this work and other
solubilization systems currently used in drug delivettheseforevery relevantAlso, the
use of surfactants for mildar solubilization and emulsions will be discussed inaisgpart
of this work.

Inclusion complex

One of the most widespredtdug delivery methods based omclusion complegsand
othercagd i ke mol ecul e s ah dckcldedtrinserhefstauniuraiod theke
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 coneshape structuf@& Hydrophobic APIs are entrapped inside the cavity and
the complex retains the aqueous solubility of cyclodextrins thanks to its hydrophilic
exterior surfaceThis 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 dispersionsLiposomes and othdipid hanocarriers

Another set ofvell-establishedechniques for carryingydrophobiccompounds in the
body are solid dispersisnh These mainly include Solid Lipitlanoparticles(SLNs),
Nanostructure Lipid Carriers (NLGand other vesicleIhe most prominent example of
NLCs are liposomesThey areself-assembledphericalstructurescomposed of a bilayer
(or multiple layers) of lipidic amphiphilic compounds such as phospholiptis.allows
for the entrapment of hydrophobic APIs inside the lipidic bilayer of liposomes as well as
the encapsulation of hydrophilic drugs in the interior cavitjyposomes offer many
advantages over other drug delivery technolggash agreaterbioavailability (skin or
membrane penetrationpssibletargeted deliveryvith surface functionalizatigriime- or
stimulusdependentrelease of drugs, redusti 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 compositionsvhere
cohesion of the crystal is mainly due to hydrogen bondiing influence of cocrystal

10



Enhancement of watesolubilization of quercetin by meglumine: mechanism investigation and quercetin deproto:
modeling

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 afffnifshis 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 sligbess of coformét. 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 séits

1.2.3. Polyphenols

Polyphenols are phenolic compounds with multiple phenol Tingilse terms phenols
and polyphenols cover arouB@00known natural compounés 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 comitoiThe diversity of their structures
explains the wide variety of functions they assume.

1.2.3.1. Classification

Phenolic compoundare categorized in multiple classes and subclasses according to
their structure.Figure 12 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 |

]
[ 1 [ 1

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 12. Polyphenals classification.

Flavonoids represent more than 4000 different polyphenols. Their structusieed on a

flavane (2phenytbenzac-pyrane) skeletomvith the 3 ringsbeinglabelled A, B, and C

(seeFigure 13). 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 subclg&sggre 13). Chalcones (phloretin,

xant hohumol , é) are sometimes also consi der
represents an Aopeno version of the flavon

" 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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T

Isoflavone

!
o o

o
Anthocyanidin [::j:ﬂ:rﬁ Flavanol
o)

Flavanone

Figure 13. General chemical structure of flavonoids subclasses. Inspired from refg®&nce

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 presenca dbuble bond between the C2 and C3
carbons an@n oxygen atonin position C3 They can exist as aglycone if tlater is a
hydroxyl group, or as heterosigdth one or more sugar units linked to tihe principas

being Dglucose and {rthamnoseOne of the most famouspresentativesf this subclass

is quercetinFigure 14).

Figure 4. Chemical structure of quercetin.
[.2.3.2. Natural sourcesand dietary polyphenols

Phenolic compounds are secondary metabolites mostly found in plants. Many of them
are responsible for the coloration of the flowers, leavegetablesand fruitg’, but they
are also present in other parts of plants (roots, stems, Evpnols forexampleare
present in at least 8 of higher plants, mostly in flowers and lea&fesAs these
compounds are present in high concentrations in fruit and vegetables, they are an intrinsic
part of both animal and human dieidavonoids and phenolic acids make up%6@nd
30% of dietary polyphenols, respectivéfBeverages likeoffee, ea, fruit juicescacao
productswine, beer, and even vinegar are important flavonoid sources accounting for at
least 2530 % of the total flavonoidntake where fruits and vegetables represent around
50%. Average intake of all flavonoids is estimated to gdhy® with quercetin being
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one of the most abundant dietary flavonéidBigure 15 shows the average quantities of
guercetin found in food sources accordingdhet abase Phenol Expl orer

@
&%
T Reg . . @(\e&
0.55 ~Line oreg=—0e
Ibg/[ 0 0 “\%|
OH

S Red onion HO o O on Capers %
s 1.31 mg/100g O \ on 32.82 mg/100g

‘@
OH O
Nk By,
cO ac,
Dai\‘ o |\00% 42 Ok elderb

0% "0 g =5
n 15.00 g/100g
Figure 15. Examples of abundant sources of dietary quercetin (datadrbne n o | Expl orer

(http://phenolexplorer.eul)

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 polyphéhol

1.2.3.3. Properties

Polyphenols havgained extreme popularity in the past four decades and baea
since thenwidely studied for their chemical and biological properties. Numerous studies
repored potential health benefits with the intake of a polyphenials diet and have been
focusedon understanding the individual effects of these compounds, as well as possible
synergies and antagonisth®> Nevertheless, this attention came somewhat lateuch a
large group of phytochemicals. This can be explained by the shear diversity and the
complexity of the chemical structures and therefore properties of¢begsounds

1.2.3.3.1. Alleged biological activities

The most notable recognized biological properties of polyphenols are their antioxidant,
antrinflammatory and anttancer activities Some phenolic compounds exhilvdrer
activities such as antiarthritior antiplasmodic propertiefor example in the case of
morin®*3> while naringenin is known to exhibit antiulcand antibacterial activitiesn
addition to its antinflammatory propert$?*’. It is also recognized that polyphenols help
redue therisk of cardiovascular diseagédndeed,it has been shown that a polypherols
rich diet could be efficient in reducing cancer risk aodonary heart diseases (CHD)
occurrence a phenomenon known as the fAFrench g
unintuitive relation between the fath diet and tobacco consumption and the relatively
low occurrencef these pathologies among the French populdtien extended to other
Mediterranean populatio?f$ in comparison with other European countri@gesearch had
since been focusing on discriminating the polyphenols responsible for this pattern. For
instance the stilbendransresveratrolmostly found in red wine in the human dikgs
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been identified as one possible candiddibe dihydrochalcone ploretin is another
examplewidely found in apple¥'4L. Finally, xanthohumol, a compoummtimarily found

in hop Humulus lupulus L, and therefore included in the human diet through beer
consumption, has gaingubpularity in the past decade the scientific community for its
allegedneuroprotective properti&s The principal alleged beneficial biological activities
of known polyphenols are summarizedrigure 16.

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 I16. Overview of the potential beneficial effects of polyphenols on human health. Inspired
from referencg®9.
Quercetin meanwhile, is well known fats therapeutic propertiesin particular
antioxidative and aninflammatory, but could also exhibit very promising anticancer
activities! and is one of the most researched flavonbidsr t he expl anati on o
p a r a“l Moxedspecifically, quercetin has been shown to inhibit platelet aggregation and
secretiorin vitro*, This effect has been shown to be specific to quercetin's striioteed
saturation of the GE3 double bond, and/or a lack of carbonyl on C4 or glycosylation (in
C3) reduces thenhibitory effect by a factor of 10Interestingly 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 digtartakes associated with lower CHD
mortality®®. Finally, quercetin has been investigated for its neuroprotective activity. It has
indeed been demonstrated that quercetin significantly attenuated manigaoesel
neurotoxicity in rate.
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Figure 7. Mechanisms of inhibition of oil oxidation by primary and secondary antioxidants.
Reproduced with permission fromaferencg*’].

It should also bemphasizethat quercetimetabolites formed after absorptioynthe body
may express distinttiological activites or at a different levéhan native quercetth The
ability of certain quercetin metabolites to retain antioxidant potéaraystancenas been
established(in rat'®), when some studies argue that some metabolites have lower
antioxidant effect (for reduction of ferric ion #én FRAP assalf). Another study showed
the ability of certainquercetin glucuronides metabolites to inhibit xanthine oxidase and
lipoxygenaseas well as the unconjugated quercetind therefore to act as potent anti
inflammatory agerst, where other were less efficightConservation of aninflammatory
effectiveness in the metabolites was found to depend on the conjugation ptrsitiay.
case, discrepancies observed betweetitro andin vivoresults call for the utmost caution
when claimingany therapeutic activity for polyphentis

1.2.3.3.2. Autoxidation and antioxidant activity

I n nature, free radicalsb6 production, res
or other external factor©xidation damageaused by free radicale biomoleculedike
lipids, proteins or nucleic acidsn be harmful teells and lead to hepatic and infectious
diseases or neurological, gastrointestinal, immunological disorders among manst.others
Moreover, the presence of metals can lead to conversion into even more toxicspeties
antioxidant is a compound that undergoes oxidation instead of the compound of interest it
is intended to protect.

Many phendkt compoundsare potentantioxidantsable toscavenge free radicaEnd
reacting oxygen species (RO®Byough threemain mechanismssingle electron transfer
(SET), proton exchangéhydrogen atom transfer, HAT3nd transition metal chelation
(TMC), described irFigure 18°2
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1. Hydrogen Atom transfer (HAT) .
/‘\(6 (@]
. H S N
R+ | s RH + |
[ (Z
R R
2. Single Electron Transfer (SET)
. 0
. H O | X — H '/’+:\
R + R + )
[ = > =
R R

Figure 8. Mechanisms of phenolic antioxidative activity (example of quercetin for TMC).
Inspired from referencédy.

In apolar solvents, polyphenols express their antioxidant activity through lipid radical
inhibition following the HAT mechanism. In polar solvertswever polyphenolshave
been found t@eactaccording tcanother mechanisnhe Sequential Proton Loss Electron
Transfer (SPLET), whichinvolves 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 prot¢seeFigure 19).

618W0O Y¢ YO 8i 0 Y YO
81 0 Y¢ YOO Bi® Y "YO°8i® WO 'Y

Figure 19. 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, pids thus a key parametfar polyphenols oxidatiorf-urthermore,

as the oxidation mechanism relies on hydrogen and/or electron transfer, polyphenols with
a greater stoichiometry will generally have a greater capacity to scavenge rakheals.
Bond Dissociation Enthalpy (BDE)vhich is the energy required to perform a homolytic
break on a phenolic bond { ¥'0°%%, as well as the kinetic constatior proton transfer

from phenols to alkoxyl R&nd peroxyl ROéradicals(seeFigure I8, 1) arealso relevant
means to quantify the reactivity of phenolic compounds towards oxidalibase
parameters are howevaiostlyrelevantin the case of HAT mechanisand will therefore

not be extensively considered in the experimental part of this study in contrast espK
most of it is carried out in aqueous solution, i.e. in polar solvent.

Otherexperimentaimethodsfor the determination of antioxidant activityclude 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®’.

Specifiaty of C3-OH on flavonoid oxidation

Not all polyphenols or even flavonoids have the same behavior towards oxidation
phenomenaSeveral predominant criteria have been idenfifiet]

¢ the presence of a @23 conjugated double bond

¢ the presence of a hydroxyl group carried by carbon C3

¢ to a lesser extenthe orthodiphenolic structure of the B rin 6, 46 di hydr o
substitutedl

There also seems to be a synergy between the presences of@BadGible bond and the
C3-OH group?®, i.e. there seems to be a clear distinction in oxidation resistance between
flavonols (quercetin, myricetin, fisetin, kaempferol, ebnXhe one hand, arfldvones and
flavanoneoon the otherThe importance of the GOH in the oxidation reactivity has also
beenhighlightedby 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 ftdsjt discrepancies with luteolirsgme
structure asjuercetin without the G®H).

Quercetinautoxidation mechanism

Quercetin in particulanwvhich combines all three criteria mentioned above, is believed
to beeven more reactive towards oxidation than the other flavohlésTrolox Equivalent
Antioxidant Capacity (TEAC)yalue reported for quercetin is 4.280.10, compared to
1.34+0.08, 2.550.02, and 3.120.28 for kaempferol, morin, and myricetin,
respectively.

It has been reported that in the presence of air, quercetin undergoesiegrakation,
which is catalyzed by temperature andPHowever, the precise mechanisms of quercetin
oxidation pathwagare still debated. These pathways firstly depend strongly on the medium
and can therefore vefi¥/ It is widely accepted that the process includes the cleavage of the
a-pyronefragment (ring C) with formation of a depside under the form odh@droxy
2-(3,4-dihydroxybenzoyloxy)benzoic a& 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®€@enkevichet al showed however
through direct headpace analysis that the concentration of released CO in moderately
basic medium (pHD 8-10) in aqueous solution was not in total agreement with this
mechanism, and proposed instead a pathway involving a decarboxylétioformation

of carbon dioxide C@°3. Furthermore, their hypothesis would give a preponderant role to
the keteenol tautomerization of quercetin in the oxidation mechanism ¢se&on
1.2.3.4.9.
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Finally, the behavior of quercetin in the presence of metallic cations hagXieesively
studiedin the literatur€®, but will not beinvestigated in this studyn any casepne of the
mostimportant aspects of quercetin oxidation for this study is not the mechanism(s) at work
but the various oxidation bgroducts that may result from this cleavage.

Oxidation subproducts of quercetin

In this sectionthe first intermediaries foreaddi r ect | y upon-pwodneavage
fragmentare not considered as oxidation produbtscause their lifespan under oxidation

favorable conditions is significantly short comparedtothesol | ed Af i nal 6 oxi d
products of quercetinThere are three main oxidatigegroductsof quercetin, namely
protocatechuic (3;4ihydroxy-benzoic acid) and phloroglucinic (2,46hydroxybenzoic

acid) acids and phloroglucinol (1,3(Bhydroxybenzené§®* (see Figure 110).

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

guercetin, but has al so r ep estackings(seseation on ot he
111.6.2).
0 OH O HO OH
Sy e
HO HO OH OH
Protocatechuic acid Phloroglucinic acid Phloroglucinol

Figure 110. 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
guercetin

Due to their wide rangef 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 pharmacologicalconceptthat describes the ability of an active
ingredient absorbed by the body to reach the blood circulatory sy=bemrally delivered
compounds such as dietary supplembiatavailability oftensimply refers to the absorbed
fraction of the ingested druBioavailability involves a number of parameters, such as the
aqueous solubility of compounds, intestinal absorptidistribution at tissues level,
excretionamongthe most importadt. These parameteabviously depend on the chemical
structure of the active ingredientSor instance, numerous polyphenols are not highly
hydrophilic or hydrophobic, and therefore are expected to be active at-lipater
interfaced!. 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 bioavaiable

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 mechanisths metabolites can exhibit a strongly different
bioavailability relative to native polyphenolsor examplepharmacokinetic analysis of
guercetin metabolites1 plasma after intake of 2% fried onions revealed significant
concentrations of quercetbh-®-sulfate and querceti8O-glucuronide and to a lesser
extent presence of isorhamne®®O-glucuronide, querceti8-O-diglucuronide and
quercetin3-O-glucuronideO-sulfateé®, and the diversity of these structure naturally affects
the various solubility and permeability factohs addition, the many interactions that can
occur between polyphenols and other dietary compounds, such as binding with proteins or
polysaccharides, can impact absorptiorFinally, 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 factaitsis nevertheless possible to better
characterize a given drug according to its bioavailabilityarder todo sq a classification

has been introduced by Amidon and coworkers in 999his Biopharmaceutic Drug
Classification, later renamed BiopharmacesitiClassification System (BCS), sorts
substances into four groups or classes according to two parameters considered as central
for bioavailability: aqueous solubility and intestinal permeability (Sgare 111).

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 111. Schematic representation of the Biopharmaceutics Classification System as first
conceptualized by Amidoet al. Adapted with permissiofrom 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 categohy.order to do so, several protocols for solubility
and permeability measuremeinsvitro andin vivo have been standardiZédt should be
noted that sulzategoriedhavesincebeen added to refine this concefor example with
the division oBCSclass Il and 1V in 3ub-classes for acid, base and neutral specifications,
based on pkof the drug®, and that dissolution kinetics of the drug alsoconsideredin
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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 irffustry

Given these considerations, it appears that the compounds over which one has the most
leverage to optimize bioavailability are those of BCS Class Il. Quercetin belongs to this
category. As such, it is welinown that the major hindrance to the developmant
guercetin as an orally delivered active ingredient is its virtual insolubility at physiological
pH (<0.05mM™). It is thought thaaround 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 interactiofis Indeed pharmacokinetics ofjuercetin and its
metabolites are compleéxave been the subject of dedicated stGéfé<® The very poor
agueous solubility of quercetprobablydirectly resuls from the stability of its crystalline

form, which can be explained by a dense network of hydrogen bonds-atatking*.
Furthermore, quercetin is known to aggregate with other compounds, like proseids
pigments such as anthocyanidinghere the interaction witlquercetin induce a color
change through modisystenddati on of the overall

1.2.3.4. Specific structural properties of quercetin

1.2.3.4.1. Dissociation constantsand deprotonation order
pKa values

As phenolic compounds bear hydroxyl groups, ttegeeprone to become negatively
charged through deprotonatidrhe state of charge as well as the distribution and equilibria
between the different forms of polyphenotescribed by theacidic constanpKa,, are
particularly important for several reasofgstly, the aqueous solubility of polyphenols is
closelylinked to their charge state, as chargedpound aresignificantly more soluble
than neutral ones (in polar solvents)oreover, & described in the sectidr2.3.3.2 in
polar matrixes, therefore in aqueous solutions, polyphenols undergo an oxidative
mechanism involving an equilibrium between phenols and phenolatass, the
antioxidant activity is closely linked to the pH of the medium and thereforeaathe pk
of thepolyphenols

For most polyphenols, pKvalues have been experimentally determifgenherally by
spectrophotometry grotentiometryand are available from numerous studidswever, a
number of oxidatiorsensitive polyphenols, notably flavonols, degrade too rapidly in
alkaline media(see section.2.3.3.9 to precisely quantyf 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 delocaliZatfme of the

most striking examples of this is once again quercetin. It is well known that in even mildly
alkaline mediun{pH > 8), quercetin oxidizes very rapidly to form numerouspogducts
(seesectionl.2.3.3.2. The consequence is that no values s B, 4 and 5 of quercetin

can be easily obtained by standard experimental metAodsher difficulty is the very

low aqueous solubility of quercetin at physiological p¢$ulting in disparities even for the
values of the first two p¥s, which should yet be experimentally more easily obtainable.
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Other protocols have been used to overcoreedbbstacls with more or less success,
while many authors rely on simulation valu&nhancing the solubility of quercetin in
agueous 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
measuremen@nd ultimately in pK values.Temperature or ionic strength are other two
other factors influencing deprotonatijdhereby making comparison of literaturealaven

more hazardoudable 12 summarizes few examples of quercetin gKvalues found in

the literature.
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Table 12. Some pKa values of quercetin reported inlileeature. Number in brackets represent
the hydroxyl group being deprotonated.

Methods Conditions pKal pKa2 pKa3 pK4 pKs5 Reference
; 7.03 9.15 .
Speé H.O/ EtOH (3mer ) / / /
H20,1=0.10 79
Spec (NaNOy 5.7 7.1 8.0 9.9 11.0
Spec  H.O/MeOH (1:1)  8.45 9.31 11.12 / / 80
SPARCG 1=0 7.04(7) 855( 4 ¢ 11.26 (5) 13.06(3) |/ 77
ce? | =0.05 7.19(7)  9.36( 4 ( 11.56 (5) / / 77
Poft H,0,1=0 7.59 9.33 11.56 / / 81
H.0O, 1 =0, 82
Pot g 3.52 9.36 / / /
H0, | = 0.0024
Pot (NaNO3), 3.47 9.24 / / / 82
T=28°C
H,O, 1 = 0.034
Pot (NaNO3), 3.36 8.99 / / / 82
T=28°C
H0, | =0.062
Pot (NaNO3), 3.29 8.78 / / / 82
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 @protonationorder

Another major challenge, particularly important for understanding quercetin
solubilization and oxidation mechanisms, is assigninacadity constant value to a specific
hydroxyl group. A number of studies have attempted to determine the order of
deprotonation of quercetin's 5 hydroxyl gro@@beit theoreticallfo some extenss it has
been established that the last 2 or even 3 deprotonations are not corarpamignentally
observed) The most common experimental methods for that determination are
spectrophotometric titration, capillary electrophoresis, as weélHasMR and**C NMR
chemical shifts monitoring of the hydroxytoups.

Al t hough there is no strong agree@®@¢ant i n
OH (alternatively 7OH <-OH)d -<OH 8 80H < 50H® seems to be generally
recognized as the most probable ddest studies agree that theCdd group is always
associated to the hight pKa value, as its deprotonation should be hindered by

A Spec = spectrophotometry, Pot = potentiometry, CE = capillary electrophadresis,
ionic strength. Note that the pdumber is not assigned to a particular hydroxyl group but
just reflects the number of pkeffectively determined by each method.
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intramolecular hydrogen bonding with the adjacent carbonyl gi@upup 30H is also
generally seen as less readily deprotonable than the groups present on rings A and B.
ClvarezDiduk 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 daporiteing

the most likely to be deprotonafédOne exceptionis the work of Milane et al. who
reportedthe first deprotonation to concern th&8®{, by comparing théH NMR chemical

shifts assigned to the 5 hydroxyl groups upon deprotorfation

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

Quercetin can undergo a ketaolic equilibrium Figure 112). Thisequilibrium 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 conforn§tiouts
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 hydrogebonds and attractive van der Waals inttioms’.

OH O

Figure 112. Keto-enol tautomerization of quercetin.

Computati onal s tetal showed tlatthe Bautome@dzatient of quercetin
through intramolecular proton transfer can occur according to different pathways, the most
probable one being a single proton transfer fromt®eH gr oup to the C260
of the B ring (sedrigure 112) assisted by the strong (~2&&al.molY) intramolecular 3
HOLLL HC2é&on#ydr ogen

Furthermore, it was reported that tautomerization occurs preferentially between the
monoanionic forms of querceffh Thus, the tautomerization which very probably induces

a solubility enhance me n-stackinf cogldube triggeré¢dibma by b
pH increase, which also increases quercetin wsikibilization through the formation of
(poly)phenates.
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Hydr ogen bondsstackiegt wor k and

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 carbony! groups,
and the one of the hydroxyl groups), enabling the potential formation of a significant
number of both intraand intermolecular hydrogen bond#ie 5-OH group is very likely
to form an intramolecular hydrogen bond with the adjacent carbonyl ¢seepigure 14
andFigure 117. 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
guercetin structure represents hydrogen bond predicted by Ca@8B)0Othus 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 itemxetistability in crystal form,
al o n g-stackirg, and plays an important role in quercetin interaction with water
molecules, whether in solution or in solid fdfm

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
bondi ng an d-stgeking. Thesrcauld alsio explain'why quercetinabk in non
protic solvents such as DMSO, where the tautomerization is unfavored.

1.2.4. Meglumine

[.2.4.1. History and uses

N-Methyl-D-glucamine, commonly known aseglumine(seestructure inFigure 113),
is an aminocarbohydrate derived froglucoseused mainly in parmacy and cosmeticgt
has been historically first used as contrast agent for medical ifigeny as treatment for
Leishmaniosiglisease (aantimonial comple}°.

OH OH

OH OH

Figure 113. Chemical structure of meglumine.

H
_N

It hasalsobeen discovered in the last century that it could act as a solubilizbefoyorly

watersoluble rutif® and it was later confirmed that meglumine cointéract with the

weakly acidic carboxylic or carbamic groups afonsteroidal antinflammatory and

analgesic drugs (NSAID) bsalt formatio. Surprisingly, itéds only
that meglumine has been widely employeda solubilizefor poorly watersolubleactive

ingredients such adriclosar?®, celecoxi§*, sulfamerazin®®, indomethaciff, or

honokioP®. However,meglumine is nowadays mostly known as a complex of flunixin, a

NSAID widely used for cattle and horsddgeglumine is also used as part as larger
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solubilization systeis) often in associatiowith b-cyclodextrir?>%°1%% Meglumine has also
beernrecently designateas a hydrotrope by lat al.to describe its role in the solubilization

of glimepiridé®%. Degotet al. identified it as a solubilizer of curcuntfd. The main goal

of all these studies is to enhance the bioavailability of an active ingredient by tuning its
watersolubility or to help encapsulate it in a given delivery sys#nather recent field

of applicationworth mentioningis catalysis Megluminehas beemmarketed as green
catalystfor a wide range ofeaction$® 1%,

1.2.4.2. Properties

Meglumine has many advantageous features. It is highly isateble very
inexpensiveand ediblé®, which allows it to be easily processed in a wide range of
formulations.With a pKa of 9.6:%2, meglumine is a potent base amagueous solution of
a few percent commonly exhibit a gd¢tween 10.7 and 11.Bs solubilization properties
comemost likelythrough proton exchange of its amino group to form a salt with the weakly
acidic drug&'®2 The interaction between meglumine and carboxylic acids will be

discussed in more details @haptenV.

|.3. Experimental part

[.3.1. Materials

Meglumine (>99 %) was purchased from TCI Chemicals and quercetin (HPLC grade)
from Merck as for xylenol orange tetrasodium salt C u r ¢ @786), lNarifigénin
( O3%), andtranst e s v e r @B %) were algo Purchased from TChemicals, gallic
aci 85%) O from Acr os 90%) fioth Synfrise dNa@H, HOh MgO8, and
acetone, were used for pH adjustments andvigvmeasurements. Deionized water from
Milli -Q Millipore equipment was used to prepare all solutid@@s20MY r es). st i vi ty

[.3.2. Methods

1.3.2.1. Solubilization measurements

Solubilizationexperiment®f quercetin and other polyphenols were carried out by UV
vis spectroscopyAgueous stock solutions dd0 and 250nM meglumine (roughly
corresponding to 1 andvi%, respectively) were prepared by dissolving meglumine in
ultrapure water3 mL samples were prepared atZDand pH was adjusted by addition of
an appropriateamount of aqueous HCI or NaOIlQuercetin was added stepwise until
visible precipitation occurredndicating complete saturatiomhe samples were shaken
manually for about 38 for homogenizationUnsolubilizedquercetin was removed either
by centrifugation (5000pm, 5min, 20°C) and the supernatant recovered, or by filtration
(PTFE, 0.45um). No diference on quercetin solubilization was observed between these
two variations of the protocoDilutions with methanol1:100 to 1:500werecarried out
prior to UV-vis spectroscopyneasurementsA BeerLambert calibration curve ofative
quercetin in methanol wasnstructedo calculate the amount of solubilized quercetin. All
the measumaents were carried out within 1fhin after the addition of quercetin to
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minimize the oxidation proces&very sample was prepared in triplicate to ensure
reproducibility and statistical reliabilityThe same protocol was applied with the other
phenols tested, namely curcumin, gallic acid, naringenin, phloretin, ang¢sasatrol.

1.3.2.2. UV-Visible spectroscopy

UVivis spectra were recorded on an Agilent Technologies Cary 60viglV
spectrometer in 1 cm path length quartz cblgivequuer cet i n was mmeasur ed

1.3.2.3. 'H NMR spectroscopy

NMR spectra were recorded on an Avance Il 3 (Bruker, US) aMB89 for *H. Spectra
of meglumineand solubilized quercetin in aqueous phasere recorded in D, and
DMSO-ds was usedor pure quercetin analysiSMSP-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 tak&mresence of oxygen, direct light and
temperature ar@deedfactors to be controlled in order to slow down quercetin degradation,
which is inevitable at working pH values (pHB). Samples were protected from light with
aluminum foil and the solubilization experiments were carried out over a short period of
time (about 20nin). Temperature was set at ZD. After filtration or centrifugation
samples werdliluted in methanol and immediately measured by-\iB/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 sectldn?2).

1.3.2.4.2. Oxidation products detection with'H NMR

The presence of quercetin degradation produpts degradatiowas characterized by
H NMR. Temporal monitoring of quercetitlegradation was carried out to identify the
appearance of peaks corresponding to the various oxidation products and simultaneously
highlight the decrease untdomplete disappearance of the parent quercetin peaks.
Quercetin reference spectrum was performed in DMS&s quercetin is too little soluble
to produce signals indD. A first monitoring was realizedithout meglumine, with a ratio
of NaOH toquercetirof 5:1in D-O over 1h, and otheswere conducted in aqueous solution
and in the presence of meglumifratio meglumine to quercetin 1:1 and 5:1 with pH 9,0
and 10,0, respectivelyphortly,approximately 15 mg of quercetin was precisely weighed
in a 5mL volumetric flask with the appropriate mass of meglumine to obtain (1:1) and
(5:1) meglumine to quercetin molar ratod dissolved in ultrapure watérhe samples
werethendiluted in DO (1:2). After 5min of stirring in a water bath at 2&, the solutions
were filtrated (PTFE, 0.Am) and analyzedeveral times at regular intervalsWyIR. For
interactions analysis with meglumiridge evolution of the chemicaghifts of meglumine
signals vasmonitoredas a function of meglumir@-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 Heginformance Liquid
Chromatography on a Shimadzu instrument equipped with a Uptisphere RP C18 (250 x
4.6mm, 2.5um) protected by a guard column (L€ The column temperature was
maintained at 30C. The mobile phase consisted of methawaler (50:50y/v), and the
elution was carried out isocratically a flow rate of 1 mL/mimndmonitored with a UY
vis detector simultaneously at 210 and 8#/@ A calibration curve of peak area versus
concentrdon of nonoxidized quercetin was built imethanolin order to determine the
concentration ohative quercetin over timg¢seeFigure Al andFigure A2 in Appendix
A.3). Furthermorethe retention time (fRof quercetin solubilizedh aqueous solutiowith
meglumine does not significantly differ from that of quercetin in methanol (13.5 and
13.1min, respectively)where the Rof small oxidation products range from 3 tafn, so
the presence of meglumine does not interfere with signal identific&ioally, 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
(2.38mmol/L calculated for quercetin in meglumine aqueodstem for 2.5mmol/L
prepared), thereby confirming the validity of tlealibration curve for quercetin in
methanol.

1.3.2.4.4. Ferrous Oxidation-Xylenol Orange (FOX) method

It has been seen isectionl.2.3.3.2that one hypothesis regarding tlaitoxidation
mechanism of quercetin e presencef oxygeninvolves the production diiydrogen
peroxide (HO) in stoichiometric quantities upon its degradatidmus, titration of
released hydrogen peroxide can be used to monitor quercetin oxidation kiFe@es.
formationratewasdeterminedvith the FerrousOxidation-Xylenol Orange (FOXpgssay®’.
This method is based on the reaction of ferrous ion with perokidaré 114) which here
appliesto hydrogen peroxide.

0Q YOI ®OQ Y (O
Figure 114. Reaction of ferrous ion with peroxide to form ferric ion.

The amount of ferric ion F&formedis then determined byddingthe compound xylenol
orange &dded as tetrasodium satpted XO,seestructurein Figure 115) which forms
stoichiometricallya complex (sedrigure 116). This orangeéorown complex absorbs
shar pl y netwhieh makesit@dsy to quantify precisely.

OH o o

O o
o Da
OO N Na
0

Figure 115. Chemical structure of xylenol orange tetrasodium salt.
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Figure 116. Complexation of ferric ion with xylenol orange.
FerrousionF€and XO are introduced stoichiometrical

2.5mM XO and 2.5mM Mobhr salt (ferrous ammonium sulfate, (NHFe(SQ)2A 6.6) are

dissolved in 1.M perchloric acid HCIQ A calibration curve of [F&-XO] complex
concentrati on againmsvascandirscted by adding éhe FOXreagent 5 6 0
to aqueous solution of knowrp8> concentrations and letting the complexation occur for

30min (RT, dark).The same protocol was then applied to samples containirrgeagine

and meglumine to determine the influence of megluroméheoxidation rateof quercetin

at a given pH valueMeglumine aqueous solutions were prepared at chosen concentrations

by precisely weighting meglumine and dissolving it in ultrapure water. pH was set using

5M and 1M HCI solutions at chosen values, and then these meglumine stock solutions

were used toitlite a quercetin DSMO solution to reach selected ratios.

1.3.3. Deprotonation modeling with COSMO-RS software

[.3.3.1. Theoretical background andworking principle of COSMO -RS
calculations: polarization surfaces

COSMORS (Conductetike Screening Model, Realistic Solvation)xisoftware based
on quantum chemistry and statistical thermodynamsesi for molecular modelit. It
calculats the chemical potentigl of a solute in a pure liquid phase at infinite dilution,
which can then beonverted 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 tip, valuesof quercetin Figure 117 showst h eprofile and the
G-surface of quercetin, i.ea two-dimensionalrepresentation othe polarizability of
guercetin

Strong positive
polarity

|

=3

20| quercetl

p (o

0
Z ST

Figure 117. Graphical representation of surface polarization as calculated by CERB10
software, here with the example of quercetin in its native form. The dotted line in the quercetin
structure represents hydrogen bond predicted by COR80

28



Enhancement of watesolubilization of quercetin by meglumine: mechanism investigation and quercetin deproto:
modeling

[.3.3.2. Deprotonation order prediction via minimum dissociation
constants calculations

As seenn sectionl.2.3.4.1, there is no real common agreement in the literature on the
deprotonation order of the five hydroxyl groups of quercetin upomnpt¢ase dthough
the order established by e ma Esak (a 40H < 7-OH < 3 ®©H < 3-OH < 5-OH®) can
be fairly trustedThe importance of knowing the firdeprotonation site§articularly the
first two) of quercetin being paramount in elucidating solubilization and autoxidation
mechanismst was decided to attempt to establisbyisimulationand compare our finding
with the available literature datéhis was achieved using COSMRS software

COSMOtherm, £OSMORS softwargackageis already recognized to be able to predict
accurately pK valuesof acids and phendf¥1%in aqueous solution, at infinite dilution.
The calculation of pkvalues by COSMOtherm zasedn the equation®) and therefore
also partially on experimental data (94 acids and 75 bases) used for costamtsB
calculation

30 30
YYDpn

no O 0 )3
With 30O the free Gibbs energy of the neutral form (eéonic form) andz"'O the

free Gibbs energy of the deprotonated form @mriic form) and A and B experimental
constant¥®,

For the plk 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 combinatiam afianic

form (or neutral for the firstleprotonation) and all the possible anionic forms of the next
deprotonation was calculatesee Figure 118). For eachdeprotonation level, the
deprotonated form vyielding the lowest kalue is considered the most likely to occur,
because requiring the lowest energlje results arpresented in sectidm.3.
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Figure 118. Graphical representatiaf the number of possible deprotonation combination of
quercetin.

l.4. Quercetin solubilization in agqueous solution with meglumine

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

Quercetin in its neutral form igirtually insolublein waterwith reported solubility
values not exceeding a few tens of micromoles per liter (betvdeEri 7.7 ug/mL
corresponding to 5.62 x102.55 x10* mM*! or <0.05mM™). By raising the pH,
guercetin  becomesincreasingly negatively charged upon deprotonation, which
consequently enhancés watersolubility. The solubility of quercetin in pure water at
different pH values was tested by tuning the pH with NaOH and HCI addifiabte 13
showedphotographs of ultrapure water samples on a pH range varying from 5 to 11
saturated with quercetin and then filtrated (PTFE 2. Up until pH 9, the maximum
solubility of quercetin does not exceed M, and ranges from 0.6 to roughly TréM for
pH vdues 10 and 11.

Table 13. 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 sdansectionl.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
guercetin 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 samavelength, 37@m. 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 oxidatioprogucts overlap and are
challenging to mease distinctly. To differentiate between these two sources and to
confirm the solubilization results obtained with Wis spectroscopy, the same tests were
carried out and analyzed with HPLC, where different retention time allow to distinguish
between natie quercetin and oxidation froducts ¢ee sectiom5.2).

1.4.2. Meglumine concentration influence on quercetin wateisolubility

In order to discriminat®etween the increase of solubility due to deprotonation itself
anddue tothe presence aheglumine, 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 rangigure 119 presents the
solubilization results of quercetin in presence of meglumine as a function &fgtéuld
be noted thathte pH of meglumineissolvedn water is naturally around 11.

0.6
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Figure 119. 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 frorkigure 119 that the solubility of quercetin is closely correlated to
meglumine concentration from pH 8 and abdvelower pH values, there is no noticeable
effect compared with control samples. pH 8, the maximum solubility of quercetin in
water is increased by a factor 5 with 2688 of meglumine.This increase is even more
pronounced at pH 9 and higher, however as autoxidgi@momenorcan happen, the
solubility values achieved at high pH offer less interest gaactical 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 (seeFigure 123).

31



: Enhancement of watesolubilization of quercetin by meglumine: mechanism investigation and quercetin deprotonation
modeling

1.4.3. Deprotonation order simulation with COSMO-RS

Every possible state of charge of quercetin was drawn and optimizZ8@8i1Oconf
to determine the most energetically stable conforminen for each state of charge, the
deprotonatiorof one additional hydroxyl group was calculatétjure 120 presents the
exemple of the first deprotonation, i.e. between the neutral and monoanionic forms of
quercetinFor t his deprotonation, the hayvauespxyl gro
however the hydroxyl groupssas3daresultiicartBbedo not
hypothesizedhattheir deprotonation is slightly le¢svorablethan that of groups 4' and 7,
but can still be considered. This means that at pH values around thgseafpKour
monoanionic forms (An 460, 7, 36 and 3) can
group 5 first seems highly unlikely. This is consistent with this glmipg able to form an
intramolecular hydrogen bond with the adjacent carbonyl greegf-(gure 117).

pK1=74 HO

pK,1=7.6 Ugn‘
: OH

= HO (o}
pK,21=8.0 O ‘

T ©

! o°

pKa1&=10.2 HO O ‘
9% o

Figure 120. pKa calculations of the first deprotonation of quercetin using COR@Qoftware.

NB: AANO stands for AANniono.
The pKka calculations for almost every possible calculation (a few vergrobable
deprotonationsiave been left out) have beksted inTable Al toTable A5 in appendix
A.2 for each deprotonatiorlhus, according to this approach, i.e. considering for each
deprotonation that the one(s) with the lowekt palue is the most likely to occur, the
following order of deprotonation is obtaineddOH < 7-OH < 3-OH < 3G¢OH < 5-OH,
represented ifigure 121
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Figure 121 pK, calculations for the most probable deprotonation order of quercetin according to

the COSMOGRS methodNB: fAAno stands for AANniono
This finding is in goodigreementvith the work ofAlvarezDiduk et al®4, and only differs
from the one establisher lhemaEkaet al.®3 with respect to the third (and thus the fourth)
deprotonation, i.e. between group©3 a n@H. I8déed assuming that the6OH
group is already depr ot on@Hshodld betlacgonichklypr ot o
disadvantaged compared teO#, which is consistentwith the results obtained with
COSMORS, asthe pKa of deprotonation oA ni o n 4 6igmote thandide piidit
abovethat ofdeprotonationod ni o h 0 4 @ @ Table A2sneéAppendixA.2).

1.4.4. Mechanism of quercetin solubilization with meglumine

The interactions between meglumine and quercetin were meeply 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 from®H --- O and Nb H --- O hydrogen bond$? 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 soént®.

Acid-base interaction and salt formation

The structure of meglumine suggests thatoiild interact with quercetin in different
ways for instancehrough proton exchandeetweenthe amine group of meglumiraand
the hydroxyl groups of quercetimhe aromatic ring®f quercetincould also act as
hydrogen bond acceptors toward hydrogen bonds donors such as the aminar gheup
oxygen atoms of the hydroxyl groupmeglumine.

For identification purpose of the signals of native quercetin which is virtually insoluble
in water, a reference spectrum was carried out in DM§&®eeFigure 122). As mentioned
before, 1H NMR carried out immediately after solubilization with meglumine confirmed
the presence of quercetin in its native form in aqueous solutiofipae 123).
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Figure 122. *H NMR spectrum of pure quercetin in DMS#
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Figure 123. *H NMR spectrum of quercetin in;D in the presence of meglumine (AH.1).

In order to gain more insights on the mechanism of solubilizatiemteractions between

quercetin and meglumineere investigated usingH NMR spectroscopyFigure 124
shows the evolution of the meglumine signals at different meglumine to quercetinratios

D»0.
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Figure 124. 'H NMR spectra of meglumine (Me@) the presence afuercetin (Quer) in BD 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.

Themost striking feature of this test is the strategshielding 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 quercetinln comparson,the signals of protons 3 to 6 stay practically
identical no matter the ratio in the range of the stuaicatingthat 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 groupsof megluminewould in this caséurther help hydration biringing

water molecules through hydrogen bonds with the sugar moiety of meglumine
Furthermore, meglumine is positively charged at pH beldv Bhe ionic interactions
shouldalsobe enhanced with deprotonation of the hydroxyl functions of queredtive

pH7.l n f act, al t ho uagle, thatlstatesohtthe pHiffecence leetiveeqpp K
the opposite charged molecules must be at least one unit for salt formation 6®oiscur
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 iltffeikence
between the two is less thaff.IThis is consistent with the further significant increase in
guercetin solubility in the presence of meglumine at high pHRgpee 119).

1.5. Impact of meglumine on quercetin oxidation stability

As it has been sean sectionl.2.3.3.2 quercetin is very sensitive to oxidatiandis
quickly and completely transformed in presence of oxygen, a phenomenon intensified by
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light and temperatur&urthermore, as mentioned above (sedtibri), quercetin oxidation
products are more watepluble, so accurate quantification of the oxidative stdte
guercetin during solubilization processes is crudialthis endpxidation was monitored
by an'H NMR and an HPLC followup.

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

products in solution

NMR monitoring consistedn tracking the disappearance of peaks characteristic of
native quercetin, while at the same time detecting the appearance of peaks due to oxidation
products.Figure 125 representsH NMR spectra of aqueous solutions;Q@) at different
ratios of meglumine to quercetin were temporally monitored and compared to the effect of
NaOH equivalent in the same ratio.
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Figure 125. 1H NMR spectra of quercetin in aqueous solutions in D20 over time. A. Meglumine
to quercetin molar ratio of (1:1) (p¥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 quercetar nadio of (5:1).

Red: t. Green: ¢+ 30min. Blue: t + 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 productsyield 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 lim{@ew of the

main oxidation derivatives of quercetin is protocatechuic &¥ith a molar ratio of (5:1)

of NaOH to quercetin, the peaks corresponding to its protons appear unequivocally (see

Figure 125, D).
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On the other hand, phloroglucinic acid and phloroglucinol, two other major oxidation
products ofquercetifi®, generatone single peak in the form of a singlet aroump/in
water This peak is probably responsible for the asymmetdecreaseof signals
corresponding tgrotors noted 6 and 8 ofrigure 122, located in RO at around 6 and
6.2ppm, respectively Figure 125, A. and D), as itoverlapswith the first one Thus,the
decrease of theeakat 6.2ppm, namelyhe signal of proton &houldaloneclearlyindicate

the chemical modification ofjuercetin structure upon oxidatiofhis decrease ifairly
evident with NaOH as well as with meglumine in equimolar rddigure 125, A. and D),

but surprisingly is far less obvious with(%t1) meglumine to quercetin rati-igure 125,

B.), as both signals 6 and 8 appear to decrease rather simultaneously. The reasadn for that
not clear but it appeatat 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 guantification with HPLC

In order toachieve a precise quantification of the temporal degradation of quercetin and
the formation of its oxidation syiroducts, HPLC analyses were carried &igure 126
shows the chromatograms of the follayw of quercetin degradation over a period of 2 or
4h.
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Figure 126. Chromatograms for the temporal monitoring of quercetin oxidative degradatiém.

the presence of meglumirig. With NaOH.1. At pH 7.35.2. At pH 8.4.3. At pH 11. All spectra

wer e r e c=0370dhm.dPereehtages expressed represent the anfaunaitered quercetin.
Whether in the presence of meglumine or not, at physiological pH (around pH 7.4),
guercetin solubility is particularly low. In both cases, nevertheless, quercetin degradation
over a twohour period remains limited. Around pHvth just NaOH equivalents (see
Figure 126, B, 2), althoughthe low solubility of quercetirdecreases the precision of
guantification around 7®6 of unaltered quercetin remains aftdr.At the same pH value,

in the presence of meglumine,-29 % degradation is observed after 2 h, and®after
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4 h, which means that even with a probable predominance of-naododianionic forms

of quercetin, a nomegligible 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 wHmot require long

term stability. In any casejt would seem that quercetin is slower oxidized without
meglumine. However, it is delicate to compare the samples, as the concentfatio
guercetin solubilized with meglumine at that pH is significantly higher than without it,
probably resulting in a facilitated oxidatioRurthermore, at pH1, it is clear that the
degradation of quercetin in the presence of sodium hydroxide is particularly(seeaft
Figure 126, B, 3, yielding only about 24 to 256 of intact quercetin afterf2, 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 BHin meglumine aqueous solution)(tthe
concentration of quercetin obtained from the peak area method is Mb4ersus
0.462mM obtained with UWis 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 specificatlye secalled Ferrous Oxidation
Xylenol orange (FOX) method. The reactions on which this method is baseatktailed
in sectionl.3.2.4.4 The principle of the experiment is to measure thewB/absorbance
of the [Fé*-XO] complex formed in the presence o$®3 released byquercetinupon
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 quercetiihe formation of hydrogen peroxide being equimalpon
oxidative breaking of quercetithe rate of HO->directly represents the number of quercetin
molecules breaking each minukggure 127 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 127. H.O, formation rate of quercetin samples in aqueous solution with (orange) and
without (blue) meglumine at different pH values.

Several observations can be made. Firstly, af (ithe 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 ffsgare 126). However, i
is also important to bear in mind that because of experimental requirements, iBese H
rates are measured B0n after the beginning of the oxidation process, to ensure the steady
formation of the complex, and represent a rate calculated from the total amow.of H
formed after 30nin. The temporal evolutiaof these ratearecompared irFigure 128.

800

700 676.4
600
500

400 r 337.1

w
o
o

N
o
o

122.7
101.2 86.2

42.1

H202 formation rate (nM/min)

=
o
o

t =30 min t=3H

Figure 128. Temporal evolution of kD, formation rate of 0..InM quercetin samples in aqueous
solution at pH 8. Blue: quercetin alone. Grgdi®0:1) meglumindo-quercetin. Yellow: (1000:1)
meglumineto-quercetin.
It seems clear fronfrigure 128 that theoxidation rate of quercetin is dependemntthe
meglumineto-quercetin ratioln the absence of meglumine, the slight reduction of the
oxidation rate with time seems logical with the reduction of quercetin concentration upon
oxidation degradation. Thizehavior is also found with a large excess of meglumine (ratio
1000:1) but way stronger, with a reduction of th®kformationrateof more than 506
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between 30nin and 3h, 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 @, formation rate after 3thin more than two times smaller

than for the control sample, biitalso increases between 8(n and 3nh contrary to the

other ratios, suggesting that meglumine could hasight protective effect on quercetin
oxidation, but this effect reverses with time, maybe as the quercetin concentration
diminishes and the meglumite-quercetin ratio increases. As this ratio becomes too great,
the excess meglumine molecules supposactiyrimarily as base, increasing the oxidation

of quercetin.

|.6. Extensionof the scopeto other polyphenols

The enhanced solubility of quercetin obtained with meglumine prompts the question of
the generalization of this mechanism to oph&yphenolsTo this end, selected compounds
were tested at pH 8, where solubilization with meglumine was found to be the most
interesting for quercetims a compromise betwesatisfactory solubility enhancement and
reasonable oxidation. The idea was to confirm the criteria qrapé& on the accessibility
of the hydroxyl group$o ensure the solubilization, i.e. that the target compound should be
at least one or two times deprotonated easily approachabd working pH to interact
efficiently with meglmine.One particular compounaanthohumal meets these criteria
well, and is strongly resistant to oxidation, so it was investigated on a larger pH range.

[.6.1. Xanthohumol solubilization with meglumine

Xanthohumol (see structure kigure 129) is a major componemtf hop. Although the
biological properties of xanthohumol have recently been extensivedgtigated’, very
few studies have focused on the determination of its dissociation constants. Arceewska
al. reported the following values: pK= 7.4+ 0.3,pKa2 = 8.6+ 0.3,andpKa3=8.9+ 0.3,
attributedt o hydr oxyl groups 2Figu4l29¥nd 46, respect

Figure 129. Chemical structure of xanthohumol.

Figure 130 shows the maximum solubility of xanthohumol between6péhd 11 at
different meglumine concentrations.
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Figure 130. Maximum solubility of xanthohumol as a function of pH and meglumine
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water. Orange: 20hM 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 (seectionl.4.2) it can bealreadyobservedt pH8 that the highest
concentration of meglumine (200mM) hasignificanteffect on the aqueous solubilization

of xanthohumol (almost fbld). Then at pH 9 andabove the solubility enhancement

effect of meglumine at fixed pH is indisputable. Indeed, alppk ant hohumol 6s s o
increases by more than 27 times withmd® meglumine, andaround70 times with

200mM. 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 compoundsere chosen as representative of different familiggbfphenols,
such as flavanones (naringenin), dihydrochalcdpbk®retin), stilbenoids (resveratrol), or
simple phenolic acids (gallic acidjhe effect of meglumine on their watgsolubility was
investigated around pBl with roughly 50 and 206hM meglumine in ultrapurevater.
Table 14 presents the results of these tests, together with the values of the different
dissociation constants availalitethe literature, ofrom this workin the case of quercetin.
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Table 14. Watersolubility 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 pPKa 0 48 201

Solubilized polyphenol
concentration (mmol/L)

pKal = 7.4
pK2 = 7.9
O OH
Quercetin HOOH pKa3 =8.9 0.07 0.16 0.46
OH
e pKa4 = 9.8
pK5 =12.58
pKal (acid) = 4.6%°
(o]
HO o pKa2 = 8,719
Gallic acid 207 283 319
HO pKa3 =11.41°
OH
pK4 > 1319
pKol = 8.420, 7.7.8. 5121
o o~ pKa2 = 9.9% 8.5
i HO. OH
Curcumin 10.421 <0.005 <0.005 < 0.005
=
© © pKa3 = 10.5% 9.5
10.72
O oH pKal = 7.5, 7.136
HO (0]
Naringenin pKa2 = 8.4°, 8.6 15 1.7 2.0
OH © pKaS = ggo
(0] OH
Phloretin /‘/\)i pKal =7.322 7.6%3 1.1 4.8 9.1
HO O HO O OH
O oH pKol = 8.82%4 9,125
Resveratrol HO pKa2 = 9.8%4 9. 725 2.1 2.1 2.6
OH

pKa3 = 11.4%4 10.525

Y Calculated with COSMERS &ee sectioh4.3).
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Apart from gallic acigdwhich interacts strongly whit meglumine very probably because of
its carboxylic acid group, a few polyphenols seem able to interacinvatiuminein the
same fashion as quercetin and xanthohumol. Indeed, meglsegnes to be able to interact
efficiently with phloretin and to a lesser extent with naringemid resveratrol, and seems

to have minimal to none effeah curcumin athis pH. Degoet al.showed that meglumine
was able to facilitate the extraction of curcumin by enhancing its solulmlity
triacetin/ethanol/water system, and also in pure aqueous sétfitislowever, 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 extractio eeld.
first pKa of curcumin is too high to yield lot of charged molecules at8pHhis is
presumably the same case with resveratrol. Phloretin on the otheishiodghtto have

its first pKa around 7.37.6, which makes it an ideal compound for interaction with
meglumine. Finally, and more surprisingly, naringenin is also believed to be one time
deprotonated around p8] as its first pKis between 7.1 and 7.8ne hypohesisis that
naringenin and phloretin are not poorly wagetuble for the same reasoi$is will be
explored in greater detail in Chaptér.

[.7. Conclusiors

In this chapter, it was demonstrated that meglumine can effectively increase the
solubility of quercetinas well as other phenolic compoundsaqueous medjanotably
xanthohumol and phloretieven at a onlyvery slightly alkaline pHIn order to understand
the solubilization mechanism of quercetin, its state of charge as a function of the pH has to
be assessed. Howevagitherthe pks values nor the deprotonation order of its 5 hydroxyl
groups could be obtained with confidence from literature data, so no predominance diagram
could be formulatedTherefore, pl 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 fromstisioftware, resultingh the order of facility of
deprotonat i ®©h<7GH<B-OH d3c@iH.< 5-QH).

Together with the charge state of quercetin and shifts in megldriN®R 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 interschydrogen bonding

bet ween quer c e tstackingrae theaughtitd be decraased by the presence of
meglumine, possibly also due to a geometry modification of quercetitustdiom planar

to nonplanar through ketenol tautomerization. Thaigh solubilityof the complex could
thenbe 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 4% 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 ttsffirst) 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 hydrbgem d i nstackiog
should be considered.

When working at medium or strong alkaline pH, oxidation of polyphenols must be
accounted for!H NMR and HPLC are both relevantethodsto quantify oxidation
degradation. In the case of quercetin, a reasonable compromise was found between
acceptable degradatio(251 30% degradation after R and fairly increased water
solubility (around 0.45 mmol/L) around pHwith meglumine.

Moreover it should be noted that tHeehavior of meglumine is remarkable in that it
resembleshatof ahydrotrope (meaning solubilizingJhis is particularly surprisingghen
considering the absence ofraal hydrophobic part in its structuré.he means that
hydrotropy in its global sense of a waseubility enhancemenshould therefore be
enlarged beyonfls i mp | e 0 a nfgf. the workioflMiehring&?§*29.

Finally, in view ofthe structure ofjuercetin or the other phenolic compounds testethéor
generalizationof solubilization with meglumindgsectionl.6.2), it appears that it is not
necessarily trivial to establish a direct relationship between the structure of polyphenols
and their aqueous solubility. h& their chapterof this thesis will focus on other
solubilization techniques for polyphenolic structures, among which binary solvent systems
a n dstacking, in order tdetter understand th&ructuralfactors behind low aqueous
solubility.
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[1.1. 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 watdubility of quercetin is the use of lipid
carriers, including nanostructured lipid carriers (NLCs) and lipostintéswever, in order
to form the | iposomes and to | oad the I|ipo
they are often solubilized in organic solvents or solvents mixtures (methanol, acetone,
chloroform, etc.) during the proce€3ne solvenfree 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 struee directly in aqueus phase® and Pengpt al. adapted this
concept to develop a protocol for curcumin encapsulation into lipos#fineswy known as
t he -dirpiH e n 6 uomip ofi pmet hod. One major obstacl e
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 antioxidaractivity (seesection 1.2.3.3), it is interesting to preserve
guercetin in its native state until successful delivefythe 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
guercetin in water at moderate pH before loading it steamdardiposomes It must be

noted that, since here the pH is set to only slightly alkaline values, the liposomes that would
spontaneously form with the p#éftiven would not have optimal properties (size, size
distribution, etc.) due to the lack of phospholipid solubdityhese pH value¥he protocol

used here is, therefore, an adaptation of theftimimmethod (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
megluminerich aqueous solution at pH 9 with minimwmse 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

[1.2.1. Liposomes technology

Liposomes are sedssembling vesicles structured with a lipid bilafgseFigure 111),
commonly composed of phospholipids, which are amphiphilic compounds and can be
neutral, or positively or negatively charged. This allows liposomestiap hydrophobic
compounds (in the bilayegs well ashydrophiic 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 liposomstructure to stimuli such as pH,
temperature, or others enables a targatedi controlleddrug releaseFinally, liposomes
often allow for areduction of drug concentration, aadetter stability (for example for
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storage purposesiror these reasons, they have become one of the most successful drug
delivery system to dat&-
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Figure 111. Representation of the structure of a liposome. Reproduitbgermissiorfrom
reference 7.

Liposomes are classified according to their size and lamellantgll unilamellar vesicles
(SUV), large unilamellar vesicles (LUV), multilamellar vesi@l4_V), and multivesicular
vesicles (MVV}, or based on their preparation methafdyhich the two main categories
arereversephase evaporation or vesicle extrusion techniftieBhe thinfilm hydration
method is one of the most common process for liposomes synthesis and belongs to the
category of reversphase evaporation (s&ggure 112). In short, it consists in dissolving
the phospholipids in organic solvent, then évaporation 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-afiimity of its apolar lipidic chain towards water.

Aqueous buffer
Mixed phospholipids and
cholesterol in chloroform

Thinfilm formation
by Rota- Hydration with
evaporatoter buffer

. N
| == { |

¥ 1
Extrusion 13 times using 100 nm poly O
carbonate membrane

50°C 9

50°C, 30 min
S ——

l Vortex for 30 mii
¢ |

Figure 112. Thin-film extrusion method. Reproducedth permissiorfrom reference 3.
The structure of the phospholipids used influsrgreatly liposomes characteristics such
as size, stability, electric charge, 8tcMoreover, liposome surface functionalization is a
common approach tmprove or taconfer additional properties to liposomB&G, 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.

Quercetinloaded liposomes

As many polyphenols, and quercetin in particular, are bioldgipabmising butpoorly
watersoluble compounds, their delivery with liposomes and other NLCs has been
extensively studied. Indeed, liposomes have be provenwebasuitednot only for drug
delivery**+>put alsofor polyphenol$*¢137and quercetin encapsulatfdh'“. Liposomal
encapsulation of quercetin has been proven to be efficient for reduction of oxidative liver
damagein vivo (in rats)* and liposomal quercetin seems to be able to exhibit its anti
inflammatory properties successfufly:

I1.2.2. pH-driven methods

As green chemistry challenges are becoming increasingly releednting the use of
organic solvents in favor of water has become a major fesfmmulators.To avoid using
these solvents and to simplify the process of liposomes formation, Pan et al. introduced in
2014 a pHdrivenmethod (PDM) for loading curcumin into casein micef¢seeFigure
11.3), and Peng and coworkers tested it on resveratrol and quéitétimey 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 throygt reduction (drop in
solubility with re-protonation) In short, lipids and hydrophobic compound are put in
solution together at neutral pH, and lameltilamellar vesicle(MLVs) are formed by
mechanical agitation. A great increase in pH then inducedtaimeously the breaking of
the MLVs intosmall unilamellar vesicleéSUVs) or smaller multilamellar vesicles and
solubilization of the hydrophobic compound into the agueous phase. A final drop in the pH
causes the hydrophobic compound to migrate intobilayer of the liposomes and the
subsequent neancapsulated 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, resutitig i
breaking of the molecule into a multitude of quioducts(seesectionl.2.3.3.2. Pengand
coworkers thus reported that afteh at pH 9, only 4046 of quercetin remained, and this
amount dropped to 2 at pH 10 and virtually 8 at pH 11 after h'*°. This method is
therefore highly dependent on the compound to be encapsulated, and is not easily
applicable to oxidatioisensitive products.
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Figure I1.3. Top: principle of the first pHiriven method for encapsulating curcumin into
caseinate structures. Reprodueeth permissiorfrom reference 9. Bottom: application of the
pH-driven method for encapsulation of curcumin into liposomes. Reproavittedersmission

from reference .

11.3. Experimental part

[1.3.1. 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, 00laNs, pH 7.5), and HMS
buffer (10 mM HEPES, 250 mM Meglumine, 70 mM NaCl, ®%0INaNs, pH 7.0) were
homemade.

[1.3.2. Liposomes preparation

Anionic liposomes were prepared following a modified version of established
protocol*2143py the thinfilm method and inspired by the pitiven methodf®141144 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 1389, 4412¢ mo | ) , DPPG
(9.04mg, 12.14e mo IDMRE-PEG2006biotin (340mg, 1.17¢ mo, land cholesterol
(1.22mg,3.16e moih 3mL chloroform and 0.5nL methanoin a round glass flaskhe
solvents were then removed slowly with a rotary evaporator until a thin film formed on the
glass.Concurrently 7.50mg of quercetin(5 mM), 219.6mg of neglumine(250mM), and
13.15mg NaCl (50 mM) were precisely weighted in 4%Q HEPES buffer (200nM, pH
7.5) and 3.1%nL double distilled HO. 900uL HCI (1.0 M) was added to adjust the pH to
9. Then2 mL of thequercetirsolutionwas added to the glass flagk syringe and septum
and the flask was vortexed and sonicated until complete dissolutidme dflm. This
operation was repeated with anotheni of the quercetin solution.
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Extrusion

Liposomes were extruded 21 times successively through tr#hd0.4em 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 Sephadéx (SigmaAldrich)
column (20 x 1.Zm) with HMS or HSSbuffer as eluent.

Dialysis

Liposomes were dialyzed over two days (buffer exchanged twice) at room temperature with
a dialysis membrane from Spectra/Por® (exclusion sizé4RDa) in HMS(pH 7.0)and
HSShbuffer (pH 7.5) respectively.

Precaution for quercetin oxidation

In order to minimize quercetin autoxidation as much as possible, the first steps of the

|l i posomeds synthesis were carried out wunde
containers until the pH was dropped to physiological value and quercetin coigurre
encapsulated. The temperature on the method was also reduced from typical 60°C to 35°C

as a high temperaturie a catalysto the autoxidation reaction of quercetin. It was found

out that this reduction of the temperature had no effect on the pespeftthe obtained
liposomes.

11.3.3. Liposomes characterization and quercetin concentration assessment

Total Lipid concentration

Liposomesd tot al | i pid concentration was
Optical Emission Spectrometry (IGPES) using a SPECTROBLUE TI/EOP (SPECTRO
Anal ytical I nstruments GmbH, KIleve, Ger man)

determind with Dynamic Light Scattering (DLS) measurements using a Malvern Zetasizer
NancZS (Malvern Panalytical, Germany).

Detection of quercetin

The successfulencapsulabn of quercetin was assessed using a Differential Pulse
Voltammetry (DPV) method adapted from Arvaeal*®. This method is based on the
controlled redox reaction of querceby imposing precise voltaggepsIn short, a home

made lasemduced graphene (LIG) electrode was used to conduct DPV measurements with
minor adjustments from Arvanet al. range 0.20.5V, Estep 0.01V, Epuse0.025V, and
tpuise0.05s. Liposomes samples were each diluted 1:2 or 1:4 in HMS buffer witid 0.1
glycine. DPV measurements were conducted once before and once after lysis of the
liposomes via treatment by sonication fan. 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 gee sectioh2.3.3.9 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 mElilgbd,
Performance Liquid Chromatograpfyantification was carried odPLC was performed

on a Waters system equipped with a-BEPACE Equivalentcolumn (250 x 4.6nm,
250m) with a Waters 2487 Dual eanmAThemobilbeance De
phase consisted in two solvents, Millipore water with%.TFA (A) and methanol (B).

An isocratic 50:50 mixture was applied for thatal duration of the sample analysis
(25min). The mobile phase flow rate was inQ/min and the injection volume was Q.
Liposomes samples were each diluted 1:10 or 1:5 in pure methanol and treated by
sonication for 3nin to ensure lysis before the injection. Each sample was analyzed 3 times.
A calibrationcurve of quercetin in methanol was previously prepared based on peaks area.
A sample of quercetin in highly basic aqueous solution (pH > 11 obtained wii 0.1
NaOH) was also prepared and analyzed repeatedly to identify the retention times of
guercetin oxidatiorproducts. In addition, certain known oxidation products of quercetin
(phloroglucinol and phloroglucinic acid)were analyzedn their pure statein agueous
solution using the same method, to further validate the ability of the established method to
effectively separate native quercetin from degraded derivatives, andahaigain a
guantification accounting for the oxidative state of quercetin.

[1.4. Quercetin-loaded liposomes formulation

I1.4.1. Liposomes characterization

Liposomes samples were analyzed by DLS and@&ES 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) (segectionll.3.2). Furthermore, two fractions of each sample were
collected after Size Exclusion Chromatography (SEC), a medamoentrated fraction
(M) and a higkhconcentrated one (H). If not otherwise mentioned, results are shown for the
high-concentrated liposome fragti. Both HMS and HSS samples yielded total lipid (tL)
concentrations aroundrdM (4.54+ 0.06mM for HMS and 5.53 0.02mM for HSS).
Average diameters were measured 2@6145 nm for HMS sample and 173#41.3 nm for
HSS and a polydispersity index (Pl @27+ 0.01 and 0.23 0.01 was determined for
HMS and HSS, respectively. Liposomes size is generally comprised betwasna3@l a
few micrometers depending on the synthesis process, mostly the extrusion step. Here they
were extruded through a Qun membrane (i.e. 20@m), so their size and distribution are
fairly suitable. Finally, as negatively charged liposomes should be formed with this
particular synthesig-potential was measured. Both HMS and HSS were indeed negatively
charged as expected, with0.6x 1.3mV for HMS and-9.0+ 0.9 mV for HSS.Overall, it
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can be stated thttte adapted Thufilm protocol modified with pH adjustment and presence
of megluminesuccessfully yieldetiposomesin line with what might be expected given
the proportions of lipids used

I1.4.2. Liposomal quercetin detection

After the SEC step in the synthesis, it could already be visually assessed that some
guercetin had been entrapped inside the liposomes, as both samplgsligareolored
(seeFigure 114). However, HSS liposomesere excludedafter a few tens of minutes to
allow the column to be cleaned of the quercetin left by the HMS passadjélSS sample
color turned slightly darker, suggesting the probable oxidatigart of the quercetin.

Non-
encapsulated
guercetin

Quercetin-loaded
liposomes

Figure 114. SEC and dialysis steps from the HMS liposomes synthesis. A. SE@aBEC after
a few minutes, the separation between-encapsulated quercetin and liposomes is clearly visible
in the middle of the column. C. Dialysistaafter the SEC

However, conventional quercetin detection techniques such agidpectroscopy
proved unsuitable, probably due to the low concentration of quercetin inside the liposomes
An electrochemical process basedifierential Pulse Voltammetr{DPV) measurement
adaptedrom Arvandet al.was then carried otfwith ahomemade electrodésee section
I1.3.3 for experimental detailsYhe detection method was fitssted on oxidized and fresh
guercetin solutions between 0.01 andud®in HMS buffer. The oxidized solutions were
made by direct addition of NaOH before neutralizing again with HCI. The results of the
DPV measurements dmth HSS and HM3iposomes solutions are displayedHRigure
II.5.

55



: Applicationof quercetin-solubilizationwith meglumineliposomes encapsulation at moderate pH using modified pH
driven method

0.25 - Quercetin-HMS-liposomes 0.25 - Quercetin-HSS-liposomes
0.20 4 0.20
S 0154 < 015
= oy
° i)
0] ©
< 0104 < 0.104
x> X
@ [\]
(] [
o o
0.05 1 0.05 i
0.00
0.00
T T T T T T T "
BI 2.04 mM 2.04 mM tL 4.08 mM tL 4.08 mM L ' 2.32 ;nM tw 232 ;nM tL 4.63 r:qM tL 463 rInM L
lank Blank
unlysed lysed unlysed lysed unlysed lysed unlysed lysed

Figure II5. 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 fromFigure 115 that for both liposomes samples, quercetin is detected with a
higher intensity after the destruction of the liposomes (lyskd)eby demonstrating that
guercetin was indeed encapsulateside. However, as mentioneid sectionll.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. Forthatns not known
if these oxidation products yield the same intensity, so that the total concentration of native
and oxidized quercetin [gardly quantifiable using this methddterestingly, HSS unlysed
sample also exhibited a signalthoughmuch weaker that lysed liposomes. This could
mean that a portion of quercetin or more probably one or several oxidation products of
guercetin leaked through the bilayer of the liposomes. From this methad,be assumed
that concentrationsr quercetin and st oxidation productare within the range of 0.25
2.5uM permM tL of the respective liposomgBowever a more precise quantification is
needed. Moreoveeven though HMS liposomes exhibited a visibly stronger yellow color,
HSS liposomes yielded higher signals in the electrochemical measurelheotgd thus
be hypothesized thatMS liposomes contain more unoxidized quercetin compared to HSS
ones as oxidized querceticould yieldlargersignals.

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
guercetin in solution at neutral pH, and the superposition of signals of native armedxidi
guercetin in the most common measurement methods. Indeed, classical protocols for
Entrapment Efficacy (EE) measurement in liposomes consists in measuring the
concentration ohon-encapsulated product at the end of the process and thus determining
the anount 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
guercetin in the solution drops as well, and it partially precipitates, makiagy difficult
to measure with classical spectroscopic measurement methadlsermore the tested
electrochemical method proved to toebe only semqguantitative with respect to native
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guercetin.The samples were thus analyzed via HPLC after the liposomes had been lysed
by dilution in MeOH and brief sonicatiofkigure 116 shows one chromatogram for the
high fraction of HMS and one for HSS.
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Figure 116. 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 retentipn time R
of quercetin was around 20in, where phloroglucinol, phloroglucinic acid, and
protocatechuic acid exhibited signals arouralriin. As it is evident irFigure 116, both
HMS and HSS liposomes samples exhibited oxidation of quercetimvHilet it accounts
for approximately 2@% of the peaks area for HMS, it is the only signal visible with HSS,
confirming the assumption that quercetin was oxidized in this sarmpelly, the
concentration of nativenprnroxidized) quercetin in HMS liposomes was determined around
17.9uM, corresponding to 4.AM/mM tL, higher than expected with DPV measurements
alone.

[1.5. Conclusions

In this section,the feasibility of encapsulating the watersoluble flavonoid quercetin
in liposomal formulationswas investigaté following the good solubilizationresults
obtained with meglumineAn alternative protocolvas experimentenh the framework of
green chemistryusing 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. Indekaround 1R uM of native quercetin could be encapsulated inside HMS
liposomesThis protocol could beptimizedby screening differergH valuesand the initial
amount of quercetin in solutiofror the synthesis of functionalized liposomes, it would
also be necessary to test the feasibility of this method and the influence of meglumine on
their propertiesThis studyserves as a proof of concept of the potential use of meglumine
in practical formulationgparticularlyin the field of drug deliverpr dietary supplen. It
should be noted thatonclaims regarding the drug delivery properties or the biological
activities bothin vivoor in vitro of these formulationare made in this work
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[11.1. Introduction

One of the challenges in addressing the issue of low watability 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
t heir Amain hydr op h oabdifferéenteyg between these aompouhdse st
seem to exclude the possibility to find or design a versatile solubilizing agent that could be
used under similar conditions with all of thefurthermore, & understanding of the
solubilization mechanisms for these polyphenols could help extraction processes or even
support the design of simpler drugs for oral absorption or nutracetidssince one goal
could be to improve pharmaceutical and possibly edible formulations, the use of
biocompatible solvents or even direct solubilization in water is prefédiadry mixtures
of solvents and cgolventsthat independently should be effective on a specific part of the
target moleculgas well as hydrotropes, have been tested to provfiakenation on thgpoor
solubility of these compoundi this perspective, the solubilization of studied polyphenols
was investigated in mixtures of triacetincinnamaldehyde and ethanol. All these solvents
are approved for food applicatiomasid cinnamaldehyde, an aromatic derivative mainly
found in cinnamon bafk®is reported to have moderate antioxidant properties but also to
reduce cholestertf®14 Furthermore, the use of a therapeutic agent in combination with a
solvent exhibiting a biological activity may be additive, but also synertfisticBesides,
Degotet al. successfully used binary mixtures of triacetin and ethanol to solubilize the
notorious polyphenol curcumii® The influence of structure geometry, hydrogen bonding,
and polarization was assesgedcomplete this view on this enlarged set of polyphenols
Additionally, theoretical calculations could help predict solubility test and potential
synergetic effects, and to that end COSIRO 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 hggist 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

t hus we ak e nstatkingdnderd, estackihg is a phenomendhat plays a major

role in many biological activities because of its implicatiorprotein aggregation and
polyphenol solubilization. However, the stacking of several pheooiigpounds with one

another as an obstacle to solubilization is far less investigated. It is therefore vital to
understand at | east qualitativel ytackilge 1 nf |
intensity. Furthermore, the major importance of this phenon in the solubilization
mechanisms of natural molecules drives the $eé&oc efficient antistacking agents.
Phloroglucinol (benzeng,3,5triol) is one of the oxidation bgroducts of many flavonoids

(they are sometimes r ef er roesee sdacton288.2.ftp h!| or o
results from the degradation of phloroglucinic acid. In this perspegineroglucinol 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.

[11.2. Bibliographic background

[11.2.1. Definitions and concepts of hydrotropy
What is ahydrotrope?

The concept of hydrotropy was introduced by Neuberg in 1916 as a new terminology to
describe the striking and powerful solubilizing effect of several watikible aromatic salt
(anionic) compounds on a variety of hydrophobic molectife's® 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 loypthile 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 attenguicount 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 detdit sectionlV.2). However, Neuberg already
pointed out the differences between hydrotropy aalfingin effect of ions such as
thiocyanate in solubilizing aliphatic/ hydrophobic compounds, although the difference was
more unclear regarding protein solubilizatéh

Furthermore, and setting aside the vatlldied 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, esateents. Ethanol for
example is often referred to as a hydrotrope, but the denominatswivant 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, ascasthwith the water
ethanoln-octanol systedt! and so does not fulfill the property A mentionieelow!>2

Short hydrotropic amphiphiles like i, GP, CGly; (see sectionlll.2.2) are also
somet i mes nsaumefda®ioshmhlighbtheir volatility as opposed to ionic
hydrotropes such as sodium xylene sulfonate (NaSX or $X3)ould be pointed out that
although hydrotropes are not easily defined, they are clearly different from surfactants in
that they do not exhibit a wedtructured selhssembly such as micellization, and the
amount of hydrotrope to reach in order for udubilization effect to effectively occur is

in gener al InM) thdn fohsurtadtamts (CNI@&1021 10° M). Finally, some
studiesnow prefer the term Ahydrotropic agento r a
that the solubilizing agent exhibits similarities in its properties with hydrotropes without
necessarily entarg the debate of the mechanidimked definition for example with
aggregation.

Nowadays, the definition commonly found describes a hydrotrope as a compound that does
not selfaggregate in aqueous solution, but increases the solubility of hydrophobic
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compounds in water by clustering around them and thus compensating for the hydrophobic
effect'>2 However, the diversity of chemical and physical effects involved in hydrotropy,
and the diversity of structures recognized as hydrotropes $ectiorlll.2.2), greatly
complicate the establishment of a unified and coherent concept to describe hydfStropy.

In an attempt to clear the ambiguity of the hydrotrope definition, and inspired from other
works on hydrotropic solubilizatidef* 16, and to account for the specificity of hydrotropic
effect in water compared to organic solvent, Ketzl. proposed in 2016 a twpoint
definition'®?

¢ "A hydrotrope is a substance whose struc
of a third, watei mmi sci bl e compound (property A)
¢ ihHydrotrope i s then a substance, whose

enforced by the presence of water (prop:

This definition is deliberately vague about the nature of hydrothypeotrope and
hydrotropesolute structuringo 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 detaithe 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 smouatually exclusive hypotheses
have been put forward in an attempt to explain this phenomenon. These hypatteese
commonly classified as seiggregation of hydrotropes (i.e. a powoperative
aggregation), preferential hydrotrepelute interaction (i.e. a cooperative association),
and water structure alteration (dégure I11.1).

Self Aggregation Hypothesis : Water Structure Hypothesis :
o9

e e, B30 san s 33
ISR € G éﬁ-‘ﬁ”

Solute Hydrotrope Hypothesis:

PEA &5 e

Hydrotrope @ Drug @ Water

Figure lll.1. Schematic representation of the mechanisms of hydrotropic drug solubilization
according to théhree main hypotheses. Reproduced with permission from refdféfice

The hypothesis of neoooperative 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 simulatiol and osmometry studié¢$® 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 strustuoccurs spontaneously, has been
reported to be slightly lower than another concentration, the Minimum Hydrotropic
Concentration (MHC) already suspected by Sadehall®®, which is defined as the
concentration above which the hydrotropic solubilization takes place, suggesting that
aggregation of hydrotropes drives the solubilization €ffécthe MHC is also considered

to be only dependemin the hydrotrope, and therefore not influenced by the hydrophobic
compoundt®t

On the other hand, this was shown mainly for conventional anionic aromatic hydrotropes
such as sodium salicylate (NaSal), nicotinamide, or sodium xylene sulfonate. Other
compounds which are not prone to saifgregation, such as ethanol, urea, or shqtatic
amphiphiles, have been shown to exhibit hydrotropic activity, so theaggiegation
hypothesis needs to be complet&dn fact, it is now welknown 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
phenomenod®? Shimizuet 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
thermodynamic$? in agreement with Balasubramanieinal®®, The solutenydrotrope
preferential association as major force for the solubilization is also believed to apply to a
multitude of drug molecules, similar to a complexation phenomé&tdaven if there is

still no consensus on the main driving force of hydrotropy, it is fairly accepted that
hydrotropes form weak aggregatésgure 1112 depicts the idea of a soluteduced
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 bl ue
permission from referendé™?.
Finally, through the use of tHeluctuation Theory of Solution (FT3) has beesuggested
that selfaggregation of hydrotropes hinders solubilization, ratit@nincreasing 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 soli}®41°¢1>0One way of combining these views is to see the
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hydrotropesolute association as a wateediated interaction between the hydrophobic
parts of both hydrotrope and soltf¥ftas depicted ifFigure 111.3.
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Figure I11.3. Schematic representation of the hydrotropy mechanism with varying degrees of
hydrophobicities. Reproduced with permission from refer¢ide
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 agentassich t- h e
stacking of aromatic compounds, can influence these contributions, making comparison
between different hydrotropes families difficult and sometimes irrelevant.

Facilitated hydrotropy

Finally, one | ast concephydrootadodpryeds.s lits
increasing the watesolubility of the chosen hydrotropic agent by addition of another
hydrotrope or a csolvent!®® 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 cesolvent 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 soldf@ Durandet 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 Ill, with benzyl alcohol
as the facilitated hydrotrope érdimethyl isosorbide acting as the-smlvent'®® They
observed selfssociating nanostructures, however they also reported a decrease in the
overall hydrotropic solubilization efficacy at high-solvent concentration, interpreted as
a hinderance of the sedfssociation process.

65

c



: Solubilization of polyphenols with biocompatible hydrotropes: on the rolestéicking in hydrotropy phenomena

In the literature, a phenomenon similar to facilitated hydrotropy is also found and referred
to as fimixed 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 peicularly used to solubilize poorly watspluble drug®% 18 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 onsiblebilization of a welknown
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 intstremainly in the pharmaceutical field as

an alternative to classical drug delivery systems.

[11.2.2. 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 (& and GP,), which have been widely recognized as hydrotrdpes
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 (Gly and [x.y.z], respectively)>1’%171 or from sugars such as
alkyl glucosides (lu) or even sometimes short alkyl polyglucostd&APGs), or mono
alkyl ethers of isosorbidé1’* (Ci-Iso), have emerged as ksourced hydrotropic
compounds. Indeed, they can be synthesized partly from compounds recovered or derived
from biomass, mostly acting as precursgfs >17>1"However, largescale industrial use
of these compounds remains limited to a handful of alkyl polypentosidaXyl) and
alkyl polyglucosides (@5lu, C;Glu).*®® The chemical structures of the main classes of
hydrotropes and are presentedFigure Il14. 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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[11.2.3. Pharmaceutical and biochemical literature research strategy

To find compounds with potential hydrotropic actidhe strategy adopted was to
browse the biological and pharmaceutical |
little or no known mechanism of action. In fact, a large number of studies focuses on the
biological activities of active ingredientsné watersolubilization remains a secondary
issue. Others, notably in drug delivery, focus primarily on the solubilization of hydrophobic
active ingredients, but are mainly empirical in their searcthBomost suitable solubilizing
agent(s) (surfactants, cage molecules, hydrotropes,? &hére 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 micellizati@m encapsulation can be easily rooted out, or the
hydrophobic effect appears less obvioMeglumine for example has been reported as
hydrotropic agent for a small number of drug molecuse® (sectioh.2.4.1), however it
was seen that this description does not really reflect its solubilization mechdahism.
literature research approach also applied to food chemistry and aroma research, where
familiar phenomen a-stacking play dnringportara rolg for snstande ina s
the altering or preserving of flavor and color upon solubilization process

Keywor ds such as Asolubilizero, Asol ubi | i
Ahydrotropic agento were used to scan most
such as the Chemical Abstracts database (CAPLUS) and MEDLINE from SciFinder, or
PubMel 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

[11.3.1. Materials

Nar i ng edBd)n transOe s v e r ®39%),0 phlorogli@inol (>99%), and
meglumine (39%) were purchased from 90®)fronChemical
Symrise, mor i rB5%o, n ophyrd®@8ad), einmgiraldéh@e (98 %),
triacetin (99%), quercetin monohydrate (HPLC gradeply r o g | ut a9d¥)cancaci d ( O
Disperse Red 13 (DR3, >95%) from Merck. Deionized water from MillQ Millipore
equipment was used to prepare all solutions (1BI¥0 r esi st i vi ty) .

[11.3.2. Methods

111.3.2.1. Solubilization measurements

Solubilization experiments of DR3 and polyphenols were carried out by -uig
spectroscopy. UWis spectra were recorded on an Agilent Technologies Cary 60i8JV
spectrometer in tm pathlength 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. &hgles were
saturated by adding stepwise hydrophobic test compounds (polyphenotti3)RRder
constant stirring until visible precipitation occurred. The samples were then magnetically
stirred for about 3@nin to ensure proper saturation. Unsolubilized compound was removed
by filtration (PTFE, 0.4%m). Dilutions with organic solvents (methanothanol, or
acetone) were carried out prior to WS spectroscopy measurements. Blesmmbert
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 cosatwther
and overlapped (with cinnamaldehyde for instance), a mathematical deconvolution was
per f or medmultiplé peaksfi heumficti on of Origin softwar
val ue WwiaDflthe givere polgphenol. 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 sttmwn oxidation phenomena. Aluminium foil was

used to protect samples from light, and -\ 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 calcditation

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 antioxidaf’, 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-U¥ spectra were not modified (i.e. no new signal
appeared, differences were only noticeable on the intensity of the chatiacperaks of

each compound).
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[11.3.2.2. Solubilization behavior modeling with COSMO-RS

COSMORS software gee section.3.3) was used to predict solubility profiles and
potential synergies of solubilization of binary solvents mixtures. For each compound, its
chemical potential of solvatiomsoy Was calculated for each ratio of ethatr@cetin and
ethanoicinnamaldehyde mixtures. A minimum pfow is interpreted as a maximum of
solubility. For solubilitieprediction, equatiof) ¥)is commonly used’®

o Co i Aa@fvo
I I Cw —
G TVh T ) )
with @ the molar concentration of the solytat infinite dilution in solvent,*  the

chemical potential of pure solute thechemical potential of solujen solventi, and

Y'O the Gibbs free energy of fusion. As the solute is a solid, the Gibbs free energy of
crystallization or fusion, respectively, has todoasideredHowever, the solubilities of the
polyphenols were quite high in the binary solvents mixture that the approximation of
infinite dilution could not be applied anymore. Therefaguation() #;)waspreferred to
calculate solubilitied’®

® i A @O
YYpm

| T Co

) 8)

The solubility of the solutgis then calculated in the solvent (or solvents mixtuia)a

mole fraction concentration @b (which was obtainedia eq.) #) to consider the
non-negligible concentration of the solute in the mixture. This equation is solved iteratively
until the differencew w is below a given threshold and was used for the
calculation of solubilities in this work.

All calculations were performed on the TZVHINE level with compounds from the
COSMObase TZVPEFINE 19.0 database. If the molecule was not part of the database,

the charge distribution (COSMeurface), was calculated via COSMOconf, also on
TZVPD-FINE levd (i.e. full geometry optimization and extended basis set).

[11.4. Solubilization in binary solvents mixtures: study of polyphenols
structure-low solubility relation

[11.4.1. 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 exhib#.ax sufficiently distant from the one of
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cinnamaldehyde afax=275nm) to be quantified precisely enough with -A4sible

spectroscopy without the need for tho@ensuming separation techniques, and were
consequently the only ones solubilized in cinnamaldehyde/ethanol mixEigase 1115

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 606 instead of 30, whil e nnatri ngeni i
completely conjugated (sefigure 1115), which makes it noplanar. Xanthohumol,

phloretin, andtransresveratrol (referred to as resveratrol in the following) were also
selected because of their di fferent- struct
stacking), and the relevance of the comprehension of their solubilization mechanism, as

they all exhbit potential beneficial biological activitiesde sectioh?2.3.3.)).

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 iRigure 111.6. 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 I11.6. Solubility profiles of studied polyphenols in triacetin/ethanol mixturesti. A)

Blue (squares): xanthohumol. Dark yellow (diamonds): tragseratrol. 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 (moregtban%) @n the
mixture compared to each pure solvent, where for xanthohumol and phloretin this is less
pronounced (seEigure I11.6). 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 0.0@0l/L), and it also the least soluble polyphenol for almost every
solvent mixtue compositionNaringenin 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 thearercetin and morin (séégure 111.18
andFigure A5 in AppendixA.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 cogdiadatin
their structures are highly similar. The only structural difference with quercetin is the ortho
and parasubstituted B ring of morin, which could lead to the formation of an intramolecular
hydrogen bond with the hydroxyl group in position 3 or ¢tkkggen atom in the pyranyl

ring, or the one from the ether group (&égure 111.5 andFigure 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
concertration of around 206, after which the absorbance of cinnamaldehyde is such that
even at very high dilution it is experimentally difficult to obtain accurate restifiare
[1l. 7 shows the solubilization profieof the three tested compounds.
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Figure II1.7. 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 cleadyrelated to the solubility enhancement of
both quercetin and xanthohumol compared to pure ethanol, at least over a concentration
range up to 2Wt% (seeFigure II.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 octanclwater partitioncoefficient (log kw or log P), around 1.80.90 (estimated)
against 0.2@.25 for triacetinestimated) This greater hydrophobicity of cinnamaldehyde
may partially explain why it is able to better solubilize xanthohumol compared to triacetin
(around 0.7mol/L at 20% cinnamaldehyde and around é8I/L with 20% triacetin, see
Figure 1116 and-igure 1l1.7) which is very hydrophobic (log P around éstimatejl
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 estimateyl 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, bt is only a secondary factor, or at least not unique regarding quercetin and
morin.

Another phenomenon to consider is the formation of hydrogen bonds (HBs). 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 shouttebease

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 natrusff condition to obtain
successful solubilization. It also depends on the stability of the crystalline forms, among
others. Thus, solutsolute intermolecular HBs can lower solubility. In addition, strong
intramolecular HBs can inhibit the formationiofermolecular 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, whiddexplain

the high pk of this hydroxyl group?® (see structures iRigure 1115).
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F i n adsthcking should also be considered. This phenomenon has alreadysicessed

in the first part of this workCinnamaldehyde could interact with theriadg of flavonoids
(seeFigure 1115). However, one can see Higure 1ll.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.

[11.4.2. 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, CFSMO
software was used to predict chemical potenfigl, and solubilities of the studied
polyphenols in both triacetin/ethanol and triacetin/cinnamaldehyde mixtigsd 111.8
andFigure I11.9).
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Figure 111.8. Chemical potentials of solvatiqn.y in triacetin/ethanol mixtures of all studied
compounds (left) and comparison of chemical potentials of solvatigin triacetin/ethanol and
cinnamaldehyde/ethanol mixtures of xanthohumol, morin, and quercetin (right) calculated with
COSMORS software. Oranggrcles: quercetin. Purplgars: naringenin. Gredriangles: morin.
Blue squares: xanthohumol. Yellodiamonds: transesveratrol. Rethverted triangles: phloretin.

Lighter colors represent triacet@tharol mixtures while darker colors represent
cinnamaldehyde/ethanol mixtures.

Solubility results from COSMERS are tdbeconsideedin comparison with experimental
results shown ifrigure 111.6 andFigure II1.7. Firstly, it is obvious fronfigure 111.8 that

Usolv Of all studied polyphenols are predicted to be lower in ethanol than in triacetin. The
opposite is observed with cinnamaldehyde, which according to COGRSIQ@alculation,
solubilizes quercetin, morin and xanthohumol better than ethanol. At high
cinnamaldefide/triacetin concentration however, one can observe that the difference of
Msolv IS significantly more pronouncedith xanthohumol compared to the other two
flavonoids. This is consistent with experimental solubility profiles Begire 111.7),
showing a growing solubility gain with increasing cinnamaldehyde concentration for
xanthohumol compared to quercetin and morin abovéo l€ilnnamaldehyde. Due to
experimental limitations discussed above, cinnamaldehyde concentrations were limited at
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20wt%. The COSMGRS calculations indicate, however, that an even greater increase in
solubility could be expected at higher cinnamaldehyde concentrations.

The comparison between COSMRS predictions and experimental data can also be
further examined by looking at possible synergies. Indeqakov calculations for
triacetin/ethanol mixtures show a synergy for all studied compounds reflected by a
minimum of psov for a nonextreme concentration of one solvent ($egure I11.8).
However, observed solubility synergies upon experimentation showed significant
magnitude differences in the synergies between the investigated polyphenols, which are
much less pronounced [row calculations (se€igure 111.8). In fact, usowv is a weltsuited
criterium to investigate the existence of solubilization synergy between sobtymetgies

in terms of molecular interactions, but reflect poorly the intensity of the synergy. To further
study this behavior, solubility values were predicted with COSRED accordingto
equation() ¥ ) (see sectionll.3.2.2 for explanations)Figure 1119 shows the solubility
predictions for all studied polyphenols in triacetin/ethanol mixtures.

—o— T/E, querc
0 —O— TIE, resv.
1 —A— T/E, mor
—E-E-g- OO0, ! :
./<'>/<.>/5 ﬁ\l\.K> <>\<>\<>\ —m— T/E, xantho.
wo” m o —v— T/E, phior.
SO n S —m— T/E, nar.
8 - \\ <>\<>
~N
[ | po
< -0-0-0-g N\
% O/O/O/OBQ\ \O\Q\O
_o~ L}
é 61 O/O/O/ J/A/AX.\A\A e
=) o0 a4 A
c © /A/A/A/ n \
g A/A/A N\ A O
o 44 aat V-V-V-V- -
o v-vY -5 By A
o - E v\
_m-B N EN
2{ wu®" O\
\v -
v
0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Weinn

Figure 111.9. COSMORS predictions for the solubility in molar fraction of studied polyphenols in
triacetin/ethanol mixtuie Colors are the same as feigure 111.8.

Again, COSMORS predicted synergies for all the investigated compounds, however this

time the magnitude differences between them are more clearly visible. Indeed, it can be

seen inFigure 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 resitguisee

1. 6).

Moreover, although the predicted solubility values themselves are theoretithéesfdre

cannot be considered as such (see below CO®8O0limitations), the solubility
enhancement factors predicted with COSIRGO are still relevantor instance, resveratrol
is predicted to have an increased solubility by a little oveé¥Zih mol%) at the highest
solubility compared to the one in pugthanol(seeFigure 111.9), while the experimental
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increase is from approximately 0.5®I/L to 0.68mol/L (~12% increase in mol%see
Figure 111.6). Similarly, the highessolubility in a binary triacetin/ethanol mixture of
naringenin is predicted to be almost@igher (in mol%) than in pure ethanol, whilst the
experiment shows an increase from 3dl/L to 0.53mol/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 agliimegsional
regular intermolecular hydrogen bonds network. The idea of the disruption of that
somewhat stable network is that, when triacetin is added, ethanol molemdekeds
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 byebagovho
reported that a mixture of triacetin and ethanol has the ability to solubilize curcumin, and
that this phenomenon is maximized in a range of6@ 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 ranyget(680% 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 explanafimme is not sufficient to fully
elucidate the differences in synergies observed at howadr triacetin concentration with
resveratrol and xanthohumol (degure 111.9). Indeed, this view is based on COSANRS
calculations made at infinite dilution, which removes the influence of the solute. The
addition of the solute could indeed significantly impact the struxwf the solvents,
which makes the phenomenon even more challenging to understand.

To understand the origin of the solubilization synergies between ethanol and triacetin,
COSMORS is once agai n a -puwfdes of studied congpbundsdnd t h a |
sol vent s wer epr efail lc esudaanddf triagetin, ethanol, and
cinnamaldehyde are presentedFigure 111.10, a n dp rt chfei |Gsusfaces mfdhe G

studied polyphenols are found AppendixA.4. Aprofile represents a histogram that

displays the amount of surface segments with a spscifeeninggc h ar ge idfeus,si ty
it indicates to which extent a certain polarity can be found on the COGSM@ce of a

molecule. The surface segments can beman! ar ¢ @erA®) errexhibitiLewis base
(red00l1eh? or Lewi s <dmohelr) ciatadteu (for thelcolors, see

Figure 117in chaptern).
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Right: ethanol (red) ancinnamaldehyde (green).
As can be expected from its molecular structure andiseen -grdile, friacetin can form
multiple HBs with polyphenols by offering hydrogen acceptor surface segmenisgigee
[1l. 10). In addition, significant van der Waal#teractions are possible due to a broad peak
inthenorp o | ar r e ggroilemaroorfd @A+ e H w e v -profile ofttriacetin
does not show any surface segmehOlesA?wo th a sc
triacetin lacks the ability to act as a Lewis a&thanol, on the other hand is a very polar
molecule exhibiting a smaller amount of Apolar surface segments while offering both
surface segments with Lewis base and Lewis acid character relatively balanced. Ethanol is
able to form strong HBs with polyphels, 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 etlwhithan in pure triacetin (séegure 111.6). However, when
looking att h eprofiles of the polyphenols (séégure A4 in AppendixA.4), it appears
that they are signi f i c-profite lofyethana. sndactstheyrathe t r i ¢ a |
show quite strong Lewis acidpcofbeleA?®r (pres
e v e F0.022.A?) due to their hydroxyl groupsyhile the Lewis base character is less
pronounced with almost none surface segmentslgerA2. 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 Wagdsactions and also balances
out the polar andiydrogen bonding interactions by providing almost exclusively polar
surface segment with Lewis leasharacter. 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 COGMannot 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 niflected in the theoretical calculations as
guercetin is predicted to be more soluble than naringenin, phloretin, and morin over the
entire triacetin concentration range (§&gure 111.8 andFigure 111.9). This example clearly
highlights some of COSM@®&S limitations. This can most likelge attributed to the
inability of COSMOR S t o pstadkidgi whith is’especially evident when comparing
theoretical and experimental results for the three structurally very similar flavonoids
guercetin, naringenin and morin (see structurdsgare 111.5). Indeed, experimental data
show that the trend in solubility is naringemimorin > quercetin, as in the COSMRS
predictions this trend is inverted. It has also already beeniisdba first chapter of this

wo r k -stdcking cah be a major hinderance for flavonoids solubility, especially the
highly conjugated and flat one, such as quercetin and morin. Naringenin on the other side

bel i eved t-stackingduedetsnenplpnargeometrys@eFigure A4in

AppendixA.4) . Wi t h-stacking breaking agent, it is then reasonable to tthiak

the solubility trend observed for these structurally similar flavonoids can be explained
mo st | y isthcking deppite the additional HBs donor/acceptors hydroxyl groups of
morin and quercetin compared to naringenin. COSREDcalculations, howevedo 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
estimate (seeq.) ¥land) ¥). Technically, literatur”  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 vali¥8of) is extremely scarce for

all studied polyphenols. Thu¥, 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 potentialllgad to an overall poor prediction of solubilities in terms of
absolute values, like for xanthohumol. It should be stressed that an inaccurate value of

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
guercetin, are sensitive to oxidation phenomena. Yet, theoretical calculations are based on
impurity-free mixtures. The possible presence of oxidation products of thgsdeools,

which are structurally close to their native compounds, can influence total polyphenol
solubilities, for example by acting as astacking agents. This potential effect will be
discussed in further details for the oxidation products of quar(see sectiofil.6).

In summary, COSMERS calculations correctly predict the existence of synergies for all

studied compounds, enhancement factors for most polyphenols and overall solubility
ranges- given the (mostly) alinitio nature of the calculations quite well. However

limitations can clearly be observed with regard to the calculated relative solubilities of the
polyphenols studied, e s p e c istdkihgy Nedertheeless, 0t h €
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COSMORS 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.

l11.5. Quercetin hydrotropic solubilization investigation

It was previously seen that different techniques can be used to solubilize quercetin in
agueous solution. Apart from classical drug delivery methods involving entrapment or
encapsulation of quercetin into the hydrophobic core of highly structured aggregate
molecules (liposomes, micelles, cyclodextrins, etc.), the effective solubilization
mechanism of quercetin had to involve the deprotonation of at least one or two hydroxyl
gr oups an dstadking. The usel af meglumine was investigated to tichisze
sectionl.4), but classical hydrotropes and compounds exhibiting hydrotropic properties
could be an alternativeordert o enhance quercetin aqueous sol
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
hydrotropesas well as some potential hydrotropic agents found in the pharmaceutical
literature were investigated.

[11.5.1. Solubilization trials with classical hydrotropes

The hydrotropes candidates were first tested for the solubilization of Disperse Red 13
(DR-13, see structure iRigure 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 131BR

Quercetin solubilization was investigated with sodium salicylate (NaSal) and nicotinamide
in comparison with ethanol. Solubilization profiles are present&thure 111.12.
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Figure 111.12. Solubilization profilesn waterof 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 seeRigure 11112 that all three tested compounds

behave as hydrotropes for querceltmaddition, over a hydrotropic concentration range of

up to around 406, where the three compounds can be compared, sodium salicylate appears

to be the most effective.

[11.5.2. Extension to potential hydrotropic agents

The compounds prselected as potential hydrotropic agents were the folloviNing:
dimethylbenzamide (DMBA) andN,N-diethylnicotinamide (DENA), that have been
reported to act as hydrotropes albf@r as functional groups providing polymers with
hydrotropic  properti¢d®, thymine, Dl-tryptophan, ethenzamide, matrine, and
oxybuprocaine. The structures of these compounds are presefigdria 111.13. Among
these, oxybuprocaine and matrine were ruled out for the investigation as there were not
easilycommercially available or very expensive, and ethenzamide was finally not selected
as its poor watesolubility (less than §/L) prevents it from qualifying as a hydrotrope.

o (0] HN/I HN \ ';‘HZ
N~ NN OZ\N o OH
| ~ W H o

N,N-dimethylbenzamide N,N-diethylnicotinamide

DMBA DENA Thymine Tryptophan
[e] o (
&NHz \/\/Ojij)ko/\/N\/
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 and quercetin with DENA,
DMBA, thymine, and tryptophan.

35 100
—A— DENA —A— DENA
e DMBA 1—¢— DMBA
809 Thymine : g0 /" Thymine
—*— Tryptophan —*— Tryptophan
2.5 -
g 3
© IS i
£ 2.0 1 £ 60
£ =
— <
154 S 40
x @
Q‘ >
1.0 <4
4 20
05 /
0.0 reest e Ao 0 e e +
1ET 4  0.01 0.01 0.1 1 10 1ET 4  0.001 0.01 0.1 1 10
[Hydrotrope] (mol/L) [Hydrotrope] (mol/L)

Figure I11.14. Solubilization curve of Disperse Red 13 (left) and quercetin (right) with potential
hydrotropic compounds DENA, DMBA, thymine, and fiyptophan.

It can be seen ifrigure 111.14 that both DENA and DMBA exhibit a classical sudden
solubility enhancement at aroundVl 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 DR3 (seFigure 111.14, left), indicating the probable existence of a
plateau. Thymine and tryptophan however appear too poorly -a@lidrle to reach a
concentration high enough to assegsotential influence on either DIR3 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
suplement, and its sodium salt is used as humectant in the cosmetic industry. As a
pharmaceutical ingredient, it was already used to enhance-sehibility of drug
molecules, such as Vonopraz&ror as cocrystal build&?. However, to the best of our
knowledge, PCA was never reported as a hydrotropic afenire I11.15 shows the
solubilization trials of quercetin with PCA at two different pH values.
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Figure 111.15. Solubilization profiles of DRL3 with L-pyroglutamic acid (PCA) at twdifferent

pH values. pKof PCA was experimentally determined at G8eFigure A5 in AppendixA.5).
PCA seems able to increase B watersolubility only significantly when fully
protonatedi.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 solubilftye®,
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Figure 111.16. Solubilization profiles of quercetin with-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 @@%, see

Figure 111.16). It can be hypothesized that at pH 5, when PCA is negatively charged, the
interaction with the fully protonated quercetin (seetionl.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 DRS, it is the flly protonated PCA that shows seemingly a
hydrotropic behavior towards quercetin. PCA could therefore be able to hinder quercetin
" -stacking (concentratiedependent phenomenon), but this property seems itself weaker
than an electrostatic interaction.
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.6. Smal | p h esmcking aggnedation influence on quercetin
solubility: phloroglucinol and pyrogallol

[11.6.1. Solubilization enhancement comparison betweephloroglucinol 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 studyfitrence of two
si mpl e phenol i estackinglokequeucetia and raonin, s lvell as naringenin,
which served as a reference flavonoid that should display less stacking as its structure is
not entirely conjugated. Pyrogallol (benzeh@,3triol) and phloroglucinol (benzene
1,3,5triol) 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 poadjuble even though numerous hydrogen
bonds between the hydroxyl groups of polyphenols and water molecules should, on the
contrary, all ow a good s ol udlacking ih water. Thei s
Figure 11117 displays the solubilization profiles of the three selected flavonoids in water
with different phloroglucinol concentrations.
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Figure I11.17. 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 inFigure 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 watepluble and recognized as a hydrotiépe
phloroglucinol appears too weakly soluble (abowit®% or aroundLOmg/mL8® which
corresponds roughly to 0.@80l/L) to qualify as a hydrotrope. In this experiment,
phloroglucinol was successfully solubilized up to approximately Mal2L in pure water
(0.20mol/L was tlus 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 (degure 111.17, right).

Geometry

Another key factor for the solubility of polyphenols is their geometry. It is-kredlwn
that the conformation of ar o mastadking. Indeed,p o un d s
thepl anarity of a conf or mstackind, manly foitwoaeasers. (i nt
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 &mylgimust not
be further apart than X! (at least in the case of theshape arrangement, but a minimal
di stance is stil |l -srteagcukiirnegd) .f oS e ceovnedrlyy ,k iinnd tc
stack (i.e. parallel displaced), the flatness of the overall structure of a conformer alows th
aggregation of several molecules on top of each other, forming piles or clusters. In other
wor ds, t he aggregati on o fstaggihgainlass stegigally mat i c
hindered. This could explain the differences observed between morin ancktiojuerc
Indeed, the two most energetically stable conformers of morin calculated by C&SVIO
(seeFigure 111.18) both feature an intramolecular HB of the hydroxyl group in positon 2
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Figure I1118.St r u c t u-sudases af thel mo8dt stable conformers of quercetin (left) and
morin (center and right) calculated with COSNR3 software. Dotted line represents predicted
hydrogen bonds.
This bond can be established either with the oxygen atom of the hydroxyligioasition
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 sugugsit tvould be
interesting to investigate the astacking activity of phloroglucinol at higher

SInthissection,an t ac ki ng r ef er s-stacking of quercetin molécelesavithc e o f
one another. This mechanism is probably due to the somewhat preferential stacking of quercetin
molecules with pyrogallol (or phloroglucinol) molecules, resgltin smaller aggregates easier to
solvate, similar to the classical hydrotropic action with aromatic compounds.

83



: Solubilization of polyphenols with biocompatible hydrotropes: on the rolestéicking in hydrotropy phenomena

concentrations. For this purpose, binary mixtures of ethanol and water were prepared to try
to optimize phloroglucinol solubility.

I11.6.2. Facilitated hydrotropy inspired enhancement of phloroglucinol
water-solubility

Ethanol as coesolvent

Ethanol was firstly used as an obvioussodvent to try to improve phloroglucinol water
solubility. Figure 11119 shows the quercetin solubilizing ability of the ternary system
phloroglucinol/ethanol/water against ethanol/water binary mixtures as control.
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Figure [11.19. Solubilization of quercetin as a proof of concept of facilitated hydrotropy of
phloroglucinol with ethanol as esplvent. Blue: reference solubility of quercetin in ethanol/water
binary mixture. Orangeajuercetin solubility in phloroglucinol/ethanol/water ternary mixture.
It can be seen that up to ca. @86 ethanol, the ternary system, i.e. the one containing
phloroglucinol, shows better quercetin solubility than the ethanol/water reference system
(seeFigure 111.19). The logical next step was therefore to test the influence of the binary
mixture phloroglucinol/pyrogallol on quercetin wataslubility.

Pyrogallol/phloroglucinol combination

Since pyrogallol is structurally very close to phloroglucinol and much more -water
soluble, it might function as a hydrotrope for phloroglucirféigure 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). Percentagalicate 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
qguercetin better than the pyrogallol controls. Interestingly, at a high pyrogallol
concentration (ca. 2%, seeFigure 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
agueous solutionit 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. Tl added mass of phloroglucinol needed to reach precipitation was
registered, so the concentration of phloroglucinol has an upper lifi2 (¢). Moreover,
even i f both compounds anxs 28nm), the UVvidible s a me
absorbance begnadditive, 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 resulevertheless, 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 ugétto 10
pyrogallol. At 20%, it seems that the total phenol concentration (pyrogallos pl
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 @) 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 Fsgpere 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
pol yphenol s. The conf or mer so calcul ati on:
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trinydroxybenzenes (sdeigure V4). 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.

Chenget al. showed the ability of simple phenols to adsorb onto ethylene ggybsttituted
aromatic rings (polystyrengj’ The adsorption of 1;8ihydroxybenzene (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
a n dstacking. But this @sorption also occurs without any substituents on the substrate,
suggesting that h y d rstagkingare ithe primaryt deiverafortces.ons an
Furthermore, they demonstrated that in the presence oeadd&ptor groups on the
polystyrene rings (ethigne glycol units), multsubstituted phenols (di and
trinydroxybenzenes) whose hydroxyl groups are separated by one carbon on the ring
(resorcinol and phloroglucinol) adsorb better than those with adjacent hydroxyl groups
(catechol and pyrogallptespectively)®’ Thus, two main hypotheses can be made about
the superior results obtained with phloroglucinol over pyrogallol as astacking agent

for quercetin. Firstly, the positioning of the hydroxyl groups of phloroglucinol is optimal
since it prevents the formah of intramolecular HB that could occur in pyrogallol.
Secondly, the repartition of the phloroglucinol substituents enables two possible geometries
(assuming sandwich or paraldisplaced stacking, which seems to be a realistic
assumption for quercetif), 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 consigration alone does not fully explain the phenomeaselectrostatic
interactions arenot necessarilyp r e d o mi nstaocking. Hawever, this hypothesis
remains reasonable when considering that the other interactions should not differ
significantly from phloroglucinol to pyrogallol. As stated by Wheelér:l n st acki ng
interactions in which both rings bear substituents, the substituent effects depend on the
relative position oft h e s u b8 tt is therefanet pessible that this allows for better
adsorption of phloroglucinol onto quercetin molecul€Bis could also mean that two
phenotsubstituted 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
(seeFigure 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 mee 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, howeyver,
increase generated by the latter declines with increasing pyrogallol concentration (see
Figure 11120). 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 seraegrasf

of concept of the facilitated hydrotropy towards it. Furthermore, at high pyrogallol
concentration, the decrease of quercetin solubilization Bgere [11.20) could be
explained by a drop of the overall wasalubility of the pyrogallephloroglucinol
aggregate, si mophemometom a fsalting out

[11.7. Conclusions: outlook for the search of hydrotropic compounds

In this chaptey 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
polyphenas is weltknown, choosing the appropriate solubilization stratesged on their
structuredoesnot yet seem to be standard practicéhe pharmaceutical literature, where
the search for solubilizing agents in often based on trial andpooess.

Combinations of ethanol with triacetin or cinnamaldehyde and CO&8@alculations

were used to highlight the effect of structural differences regarding apolarity, hydrogen
bonding (intefand i ntr amol e c u-stacking, agveelpas to detqiodsiple a n d
synergetic behaviorResveratrol 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 betweér 40d 60%, presumably by breaking the
structuing of ethanol, in agreement with Degot and coworkéralthough thesynergetic

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 cinndipdile
concentrationsin addition, triacetin, cinnamaldehydmdethanolbeing foodagreed 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 tri hydr ox ystaekimgotheflav®noidsnaringer@marin, and quercetin.

It showed promising results as it seems able to efficiently break the stacking of quercetin,
provided it can be sufficiently solubilized in watelf 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 cbeldonsider as a hydrotropic
agent for quercetin and similar compounds, like mdthioroglucinol is also an oxidation
subproduct of many polyphenols, so this astiicking capacity could give an insight into
why oxidized polyphenols tend to be more wateluble than their native form.
Furthermore, one can imagine how quercetin or laimflavonoics could be used in
formulations as antioxidants which could then act as solubility enhancers upon degradatio
a behavi or o nsacriicamlrantoiéast/solubilizes. a s i
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To summarize, the polarity of solvents and solutes plays a key role. Software like GOSMO
RS can be wuseful to predict trends and syne
stacking can also constitute a strong obstacle and the design-sfaaking agnts must

be carefully considered as it is challenging to fully understand the effects of each
substituent in the case of aromatic structures for exarfplally, although’ -stackingis
ubiquitous in biological research, in phenomena such as proteingatigre ce
pigmentation, cerystallization and others, it seems to be less considered when hydrotropic
behavior is suspected, perhaps becaustckingis sometimes regarded as an organized
structuing, in opposition with the conventional naenganized aggregation view of
hydrotropes.tithusappears that there should be further research focusing on hydrotrop
solubilization mechanism from the perspective of jared antistacking.
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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. Furthesmoraddition 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 cosmetid§®1® However, they suffer multiple limitations as they are irritant,
especially to the eyeand givea bad taste to food formulatiéff. Moreover,their weak
solubility in water at room temperature, reflected by relatively high Krafft péiifs
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 poihsorfactants with long
carbon chains. For sodium laurate (NgCthe Krafft point is still about 25°C but it
increases rapidly with longer alkyl chains and is about 71°C for sodium st&std&et:s).

To increase their solubility, fatty acids are oftdremically modified (mostly ethoxylated

and sulfonated methyl esters derivatiVdut 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 surfactadft Tetraalkylammoniums for example have proved to

be efficient to lower the Krafft point of carboxylat&s'®> Tetrabutylammonium (TBA) in
particular can decrease Krafft temperature down to less than 3°C for carboxylates soaps
with chain length up to &'** However, the known toxicity of tetraalkylammonium
prevents them from being usedimdustry. Cholineformerly known as vitamin B is
another interesting lead. Choline is a quaternary ammonium but with a hydroxyl group that
allows its physiological degradation. Choline soaps have the advantdgeing low

Krafft temperature$5 1% while being totally biocompatibt€®. Nevertheless, despite their

fine properties, these systems still suffer from several limitations, e.g. their unpleasant
smell.Further, he 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 formationHere we propose the study of meglumine and metformin as interesting
aminccounterion for fatty acids soaps. Meglumine is already known to form adducts with
carboxylic acids through salt formatiosegsectionl.2.4) and has the possibility to form
multiple hydrogen bonds with water. Metformin is particularly interesongrug delivery
applications, where it could benefit from being associated with hydrophobic fatty acids to
possibly enhance itsioavailability.

I\VV.2. Bibliographic background

IV.2.1. Surfactants: definition and applications

Surfactants (or surfaeactive 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 tensianthe case of a watair systempetween 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 sallnéaecalled
Critical Micellar Concentration (CMEJ’?°! Surfactants are often classified firstly
according to their polar head, the main classes of surfactants thus being ionaniopn

and zwitterionic surfactants, functional and structural groups accounting for the
subclassé&$. 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 resourcE$2%%201 However, the pertinence of the opposition between
fisyntheti® and finaturab surfactants is still subject to much debate, as it does not
necessarily reflect an opposition in either their properties or their environmentaldthpact

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?®2%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 (@\M0*i 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
watersoluble compound®’,

IV.2.2. Surface tension, micelltation, 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 exam@le)sequently, 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 pgPfa3é)s excess of free
energy per surface is called interfacial ten
can be assimilated to a force per unit length. Another representation is to consider surface
tension as the minimum work required to exghahe 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 pdlead of the surfactant on the one hand and between the
nonpolar phase molecules and the hydrophobic tail on the other are stronger than the one
between the two phases (polar and-potarf®. This weaker repulsion between the two
phase translates into lower surface tension.

Micelli zation and CMC

Upon concentration increase and subsequent saturation of the interfacsusfatttant

molecules, formation of aggregation structures occurs spontaneously. It results from the
Ahydrophobic effecto, which arises from posi
cavity creation in water that breaks strong hydrogen bonds, andstroaturing of water

surrounding the hydrophobic group, resulting in negative enthalpy and positive entropy that

partially offset each oth&¥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 groujgurfactant aggregation and hydrophobic interactions
between notpolar solutes in water are thus primarily due to strong cohesive interactions
between water molecuf®s

Many physicechemical properties of aqueous surfactant solutions are concentration
dependent and undergo a sharp change at®@Ng2eFigure 1V1). 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.

Solubilization

CMC
capability
// Turbidity

Surface tension

Osmotic pressure

Conductivity

Surfactant concentration

Figure IV1. Schematic representation of physical properties of aqueous solution as a function of
surfactant concentration. Inspired froeferencg?®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 surfactanerpesp and is

mainly characterized by the stacking parampigescribedn equation ) )2,

0
W a

n ) ®

wherev is the volume of thénydrophobic part of theurfactantaits lengthandw the
polar headsurface (at the equilibrium at the interface).

a0
Vo

=

Figure IV2. 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, \abeve-like aggregates will

generally tend to form hexagonal phase when patkdda me |l | ar phases (LU)
common and originate from bilayers packing. All in all, a typical phases sequence for

solution with increasing surfactant concentration igetropic micellar (L), cubic,

hexagonal () , | amellar (LU) and reverse phases.
are highly temperaturdependenin the case of noionic surfactantsand 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 temperaiependent. For
nortionic surfactants (for instance ethoxylated or propoxylated ones), hydrogen bonds with
water molecules are greatly responsible for the aqueous solubility. As temnperat
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 motioA®, has an effeabnthe ion pair dissociation of the surfactant. A greater
dissociation due to increased temperature enhances surfactant hydrophilicity. Furthermore,
the aqueous solubility of ionic surfactant increases significaatipve a certain
temperature, known as Krafft temperature or Krafft point (named afteprofessor
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 ifdarsect
of the curves of solubility versus temperature and CMC versus tempefstaifegure
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 greate
hydrophobic tail increases a surfactant's solubilizing capacity, but at the same time leads to
lower water solubility and a higher Krafft temperatd?é’ It should be noted that the
Asol ubility temper at urimrdépenadnt. Isfach pveas dbservedot c on
t hat at |l ow soap concentrations, the Asol ub
concentrations of soaps, therefofer does not exactly correspond to the solubility
temperatur®’. 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 measur@k: always at the same soap concentration for this red®pn.
convention, Krafft temperature is assessed as the clearing temperaturet®b 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 IV3. Schematic representation of the relation between surfactant solubility, CMC, and
Krafft point. Based omeferencg?*.

IV.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 cthoidal droplet 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 hindereé®. 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 thir surface of solid particles of various kinds (silica, clay, proteins,
polysaccharides, etc2j'?12

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 tteat for
water/oil system, the watéo-oil-ratio (WOR) is the predominant factor determining the
nature of the emulsion if it is far from unity, independently of the surfactant affihity

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 @ntury*4?'> 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 balar(HLBY!®?1” This semi
empirical scale uses the contributions of the various groups in the surfactant structure to
estimate its ability to act as an-oikwater or watein-oil emulsifier, for examplesge

Figure IV4) . Mor e advanced charact er mai&® thon met
HLD theory’'® or the phase inversion temperafd®e(PIT) and PIFslop&?! 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 IV4. 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 mamade surfactants initially derived from animal fats, ansl still today
the most consumed surfactant class in the Wdrldlthough soaps have lost much of their
appeal since the second half of th& 2entury in favor ofitechnicab surfactants (derived
from petrochemicals, mostly sulfates and sulfonates), notably because they are #tating
and sensitive to pH and s8k 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 tackledhrough careful synthesis and formulafi$hn 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 taik{Gwill have a great solubilization
capability but a reduced solubiljityeflected bya high Krafft point (71°C for sodium
stearat®®?). The length of the carbon chain can also influence other properties, like foaming
generation capacitgr 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 propersies gectiohV.2.6). One example
is the frequent substitution of sodium for potassium to improve aqueous solefifilitywer
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 pR4sEor 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 surfactantdeeFigure IV5). This is particularly important for salts, which are easily
disrupted by the presence of electrolytes sudklg® or C&* 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 wagetubility of Mg?* or C&* carboxylate (high
TKr)225.

H,0

Na o

Na
R/\/‘L()Q g o N / R/\)Loe e cl
" ; o

Figure IV5. 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 aqueosslution (>9 typically for longchain carboxylat&®)

and are sensitive to pH change. At low pH values, it has been extensively reported that
lamellaror crystalline phase formation for example disrupt the solution, making it unstable
and turbic?®"??622'This pH dependemprevents 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 soapwhich correspond to a macroscopic wdilez clear solution with fatty

acids acting as surfactants as the main components.

IV.2.6. Counterion influence and Hofmeister series

Counterionto-headgroup association plays a major role in the properties of ionic
surfactantsThe nature of the counterion is known to influence for instance the surfactant
solubility**° as already mentioned with N&*, Mg?* or C&* carboxylates with significant
differences in theiffk:, as well as may other propertiesThese salts effects anbiquitous
and of considerable importance in biology, chemistry and pharaadybelong to the
broad field of A $l@meecsterf and covorkers pienéefed dhie s 0 .
rationalization of these effects at the end of th& d@ntury. In a series of publications
entittedi About t he science ZorfLehre wvan dez Wirkang tder o f S
Salz&??822y, they thoroughly investigatedthe influence of different salts on the
denaturation and solubility of proteirsndium oleate and colloidal ferric oxide, which was
generalizedtoiongear s | ater to become what IS now
s er i e Bigure (VE)&% This empirical classification linked the hydration of salts to
their solubilization (saltingn) or precipitation (saltingput) 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 IV6. Hofmeister seriegnging from saltingout to saltingin for cations and anion8ased

onreference [128:2%,
The initial vision of the Hofmeister seriesnsisted of rankingns based on their influence
on bul k water structur e, by opposing fAwate
breakerso in their ability to solubilize a

structure is now though to only be involved in thedi vicinity of the ion, and not the bulk
itself.204228.230|ndeed, instead of loagange electrostatic interactions, it is now fairly
accepted that sherange iorion interactions are predominatit 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
Afconcept of mat cthat ardgr iowsaatcerding éoftheii imerattions with
water molecules, in respect to wavester interactior’s2 In this model, the size of the
(monovalent) ions is crucial, as the charge density is believed to be the dominant force at

play. 1t therefore predicts a strong-interac
sized water molecule) ions of high chardensity highly hydrated (kosmotropes) referred
to as Ahardo (li ke sodium or carboxylate), a

weakly hydrated ( ch aFigtre lv§?&%3)Thearmdel setds thats o f t 0 (
the association dfimilar-sized ions willspontaneousliead to the formation adn inner

sphere ion pajwhereas the combination of tvians of different size causes dissociation

due to the tendency of each ion to keep its own hydration, shrepective 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 &tlathy

and is represented Figure V7.
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Li* Na* K* Rb* Cs* NH/*
~ W
hard f f soft
RCOO™  R,PO; RSO,  RSO;

Ly

carboxylate phosphate sulfate sulfonate

Figure IV7. Ordering of anionic surfactant headgroups and counterions regarding their
capabilities to form close pairReproduced with permission from referefié§.

IV.2.7. Guanidines and metformin
Guanidinium and guanidines

At the end of the 18 medicinal planGalega officinalisvas used to treat symptoms of
diabeteqthirst and frequent urinatiofff 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 struckigure IV8) has first been
identified and synthesized in the middle of theé"k®ntury by Strecké®. 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 &ffimals

NH NH NH

NH,
~Nn
HN" N7 NH T R
H2N NH2 2 H 2 NH NH
Guanidine Biguanide Biguanidine
~
~ N NH
H NH, . . | H 2 |
1-methylguanidine . ' 1,1-dimethylbiguanide -
i =metformin
NH O T
N7 ONH,

|
' 1,1-dimethylguanidine !

Figure IV8. 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 Xonjugated quasiromatic compound. Its very high pKL3.6°*") makes

it fully protonated in aqueous solution. Its symmetry and conjugation create a uniform
charge distributionGu" 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 hydrophobié

Figure IV9. Chemical structure of the guanidinium cation.

Vazdar ancco-workersstudied the countentuitive pairing oftwo Gu' cations that they
describeda@ wea k|l y t her mody-ohai gal ¥ gandispessibrtasdd | i k e
cavitation forces could overwhelm the Coulomb repulsion. They propose that this
phenomenon could be responsible for the argianggnine pairing or the frequently
observed interaction between positively charged peptides and proteins.

Arginine Amagico, guanidinium ion

Arginine is an amino acid bearing a guanidinium cation as functional (isme
structure inFigure IV10), thereby exhibiting several of the interesting properties, the most
remarkable being the ability of arginineh peptides (so highly positively charged
compounds) to penetrate cellulmembrane with ea$€-2%8 This phenomenon is known as
ar gi ni né&%* Thimakepnomenonis essential to better understand biological
mechanisms and to design effective delivery methods able to penetrate biological barriers.

@
H3N HMOH
NH,

Figure IV10. 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 cengaimitro
atom (sed-igure IV8). Among this group, there is one particularly interesting compound,
1,1-dimethylbiguanide, commonly known as metformin (see stru¢ignere IV 8), which
has become central in typediabetestreatment. The first synthesis of biguanidine was
made in 1879 by Rathk® and metformin was synthesized by Werner and Bell for the
first time in 19224! but not used for diabetes treatmentthie1940s, academic interest for
metformin raised again in the search of -anéilarial agenfé? but it was not until 1957
than metformin ability to lower blood glucose level was firstly reported by Jean Sterne
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In 2015 metformin had become the most prescribed gldoessring agent for treatment
of type 2 diabetes worldwid®. In addition, metformin and other biguanides have been
studied for several years for their demonstrated-teng cardiovascular benefifé and
possible antcancer propertié®. Metformin also exhibits chelating properties thanks to
its imine groups. Furthermore, as reported by Badewl, it does not appear to work

according to one single pathway but rather impacts biological functions through multiple
mechanisms®,

Metformin is a very highly watesoluble compound, with pi around 2.2.8and11.5
11.6%?4"s0 it is positively charged at physiological pH. Its high hydrophily fog
-1.43%) but low bioavailability mostly due to the lack of hydrophobic part in its structure
makes it a BCS class Il compou#fti(seesectionl.2.3.3.3. Furthermore, metformin has
adosedependent uptak® and aquite rapid excretion mechanism (see pharmacokinetics
of metformin inFigure 1V11) which makes it impractical to deliver alone, and metformin
often requires drug delivery methods to be efficiently administ&i@dnore details about
the pharmacokinetics of metformin, the reader is referred to the work of GedreA°.

Researcliocuses now on more lipophilic derivatives of metformin to overcome this issue.
Moreover, other biguanides suffer the same limita&tns

) e N
Planar molecule with Imino groups confer r_| L
single protonation chelating properties, \-\1I - -',.-'l
between imino groups e.g. with copper L rlj
5001000
Lo i
CHs NH NH 7 N
~ 11 11 HCI — ™
N—C—NH-C—-NH,, | - / [/ N\
e / / /
CH, II / *r;
! [ WS |Coa~2Hgmi
e ||' / |V, ~100-300 1
il s T Tye~B-7h
|, Crystal structure stabilised with inter-molecular hydrogen bonds ) = | & 3 |' | A\
_ - II 1 'I
/ Hydrophilic cationic base at physiological le: "I ‘\ ||
L \

Excreted unchanged
(~20% filtered; ~B80%
secreted by kidneys)
|

Figure IV11 Metformin hydrochloride chemical structure and pharmacokinetics in human.
Reproduced with permission from refereifi€g.
This may seem all the more surprising given that, as previously mentioned, argihine
peptides (and therefore guanidiniuioh peptides) easily permeate cell membranes. This
can be understood as that the guanidinium group is partially responsible foritha r gi ni n €
magi co phenomenon, but etal haveoestablisked thd rgle of u f f |

fatty acids and gradient pH in the cell membrane cellular in the penetration mechanism of
guanidiniumrich molecule$®
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Interactions between fatty acids and guanidines

Guanidiniumrich peptides are able to cross directly cellular membrane in a non
endocytotic manner (without killing the cell), therefore the mechamsist consist in the
reversible formation of a channel of some kik@rceet al. have highlighted the role of
deprotonation of cell membrane fatty acids in the passage of guarichneeptide$® In
fact, this @protonation facilitates interaction with the positivelyarged Gt 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 é&l 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 memin#ne

However, positive chargef Gu® groupis necessary but not sufficient, as lysine monomers

or other polycations were shown to have poor cellular uptake in compafison
Furthermore, anothesurprising property of thismechanisnis the apparent lack of cell

type specificig?®. It has been hypothesized that hydrogen bonding and membrane potential
are major factors for the uptake mechanism of guanidumiam peptides. Thus, the
bidentate chargassisted hydrogen bonding occurring betweeri Guup and -
acceptors such as fatty acids has been demonstrated to be crucial for the partition of the ion
pair into the membrai®. A representation of this particular ion pairing is showfigure

V.12

Figure IV12. Representation of the guanidinium---carboxylate synthon with cresgjsted
hydrogen bonding. Blue dashed lines represent hydrogen bonds. Inspired from réféflence

IV.3. Materials and methods

IV.3.1. Materials

Naringenin (93 %), phloroglucinol anhydrous (&9 %), docosanoic acid (behenic
aci d o r999%)Aguanidin® hydrochloride (GUHCI) @8%), 1-methylguanidine
hydrochloride (mGuHCI) (®8%), N,N-dimethylbiguanide hydrochloride (metformin
hydrochloride or MetHCI) (9®8%), creatine monohydrate (> 98), and Lhistidine
( ©9%) were purchased from TCI Chemicals. Meglun(id89%),py r o g aB%)p | ( O
dodecanoic acid ( 9986) sadiom naydstate (NaQ14) @8Rg), ( O
tetradecanoic acid (myristic acid or MAD99 %) sodium pal ®%),ate ( Na
hexadecanoiacid (palmitic or PA)(099%), s odi um st e ar%®%)ecis-NaC1l8) [
octadecanoicacid ©leic acid or OA) 909%), L-ar gi ni n e99%)Al-lgsine ( O
monohydr aB%),triacetis (9P0f, Sopropyl myristate (IPM) (98 %), andn-
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0 ct a B9%%) wef@ purchased from Merck (Sigmédrich). Octadecanoic acid (stearic
acid oB85®A) af® sodi um [1994) weaetperchgseddraniFuka, ( &
paraffin oil (PO) from Cooperp h | o r 80t%) from Syimrisetransresveratrol (98%6)

from Evolva, and xanthohumol (96) was kindly provided biAHV GmbH.

IV.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 conventbomapoundsanalyses
such as NMR or IR spectroscopyt thermal analyst$? 115252 whereasin situ soap
synthesigy bringing together the deprotonated fatty acid with a new counterion lends itself
better to solutiotehavioranalyses

Protocol ex situ

Megluminecarboxylic acid salts and metformaarboxylic acid salts were synthesized
according to the modified version of protocol of Cassinairal!'®. Equimolar quantities
of counterion (meglumine or MetHCI) (2.5dmol for MegG>) and carboxylic acid were
solubilized separately in a solvent mixture composed of ethyl acetate/methangi/)1:1
under constant stirring with moderakeating (-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 pastas dried 72 hours under high vacuum at 50°C.

Protocol in situ

Forin situsoap formation of amino carboxylates, gnetocol of Doulieandcoworkers
was applieé?? 2%, 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 concentrati¢thO or 20g/L, corresponding to % and 2%, respectivelyand
adapted volume of an aqueous solution of metformin (MetHCI) or meglumine was added
to reach equimolar ratio. According to a wetiown dispersion technique for lipid
compound$®32%5, the solutions were energetically stirred and hetied70°C until the
fatty acids were completely dissolved (at leastr0), then the solutions were frozen at
- 20°C. This operation was repeated 3 tortes. After the last heating phase, samples were
cooled down at room temperature. Poorly dispersed fatty acid soaps were heated at 60°C
for about 5min prior to be used.

IV.3.2.2. Soap synthesis assessment id NMR

The effective preparation of soap samples was confirmetHbMMR. Spectra were
recorded on an Avance |l 3 (Bruker, US) at 300MHzYdrand*3C. DO was used for
metformin and adducts solubilized in agueous phase and D#§3@ pure carboxylic
acids analysis.
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IV.3.2.3. Krafft point measurement

It is commonly accepted to determine the Krafft point of a surfactant by measuring the
temperature at which avit% surfactant solution becomes clear, as the CMC is usually
much lower than 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.

IV.3.2.4. Surface tension and CMC measurement

Surface tension was measuneih a Kriiss K100 tensiometer equipped with an RI01
Du Nouy ring probend results were statistically analyzed vittiiss LalmratoryDeskop
software version 3.1.0.261A&ll measurements were carried out at 25°C regulated with a
Huber water bath directly connected to the tensiometarCMC measurements, a highly
concentrated solution of each studied surfactant was prepared, then an automatic dilution
was carried out with Dosino 700 from Metrohmi\ppropriateagitation and regime were
applied between each dilution to ensure equilibribach CMC measurement was carried
out in duplicate with freshly prepared stock solution.

IV.3.2.5. Micellar solubilization
Solubilization procedure

Curcumin and quercetin were chosen as test compounds for solubilization experiments
with aminccarboxylates which were soluble in water at room temperature. MegC
MegCis, GuGo, mMGuG2, mGuGs, and MetG, were tested with curcumin and GuC
mGuG2, mGuG4, and MetG2with quercetin. Concentrations were selected based on CMC
of amino carboxylates, below the CMC value, at around the CMC value (ranging between
0.4 and 1.0mmol/L) and in excess at around 20 times the CMC value (ranging between 0.8
and 2.0mmol/L), and 3mL samples were prepared in triplicate. Hydrophobic test
compound curcumin or quercetin was then added to the solutions under continuous stirring
until saturation was reachédsually assessgdAfter filtration of unsolubilized compound
(PTFE, 0.2um) and dilution with methanol (dilution factor between 10 and 100 depending
on the sample), the amount of solubilized test compound was asserted wils UV
spectrophotometry.

UV-Vis spectrophotometry

A UV-vis double beam spectrophotometer (Lambda 18, Perkin EImer) was used to quantify
curcumin in micellar solutions. Samples were analyzed in 1 cm path length quartz cells at
2=426n m a n3V0nan for curcumin and quercetirgspectively. Calibration curves of
curcumin and quercetin in pure methanol were used to calculate the concentrations of
solubilized compound.

IV.3.2.6. Emulsification process

To assess the surfactant ability of M@g€mulsions were designed with a-50w/w
oil-to-water ratio at W% of MegCn.n-octane paraffin oil (PO), olPM were chosen for
the oil phase, as-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
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aminccarboxylate were prepared situ according to the protocol described earlier (see
sectionlV.3.2.1) with prior deprotonation of fatty acids via the additiorpodper amount
of sodium hydroxide Two different protocols were tested for the emulsification with
MegG, (summarizedn Table IV 1), one using a classical mechanical hegeed dispersing
device, an Ultralurrax®, the second usingpnication The first emulsification protocol
was realized with an Ultrdurrax® (IKA T 25) at 125000pm at room temperature for
2 min. 10g of sample were prepared, at a&Dwaterto-oil ratio and Iwt% MegCn as
emulsifier. The second emulsification process used a Hielscher UP200St ultrasonic
processor (Hielscher Ultrasonics GmbH, Germany) equipped with an S26d2D titanium
sonotrode (@ ¥ mm, L=95 mm). The sonotrode was set for continuous running
(frequency of 2&kHz), with an immersion depth ofrBm. The emulsification time was
calculated for optimal emulsion stability in accordance with the other settings and
following the recommendations of Sahetaal.for an optimized dispersion and emulsion
stability?>®. Quickly, the power is defined by the device itself and the amplitude, and the
target volumetric energk is set at 80V.s/mL according to recommendations Saleita
al. The emulsification timé was thus calculated at around®&om the sample volumes
accordingo equation) &).
08
K3y

) &

Table IV1. Sumup of the two emulsifications protocols used in this wbtkgCis*refers to
meglumine stearate amdegCi° to meglumine oleate.

Characteristics Protocol 1 Protocol 2
Emulsification process  Ultra-Turrax (12000 pm) Sonication
Emulsification time 2min 25s
MegCn MegGs®, MegGe®, MegGz  MegCiz, MegGs®, MegGe:
Preparation of MegGC In sity, 10:1 and 1:1 In sity, 1:1
%MegCn 1 1
Non-polar phase n-octane or IPM Paraffin oil(PO) or IPM
WOR 0.5 0.5

IV.3.2.7. Emulsion properties assessment

IvV.3.2.7.1. Emulsion morphology analysis
Laser granulometer

The granulometryof the obtained emulsions (droplet sizeze 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 (480D and analyzed with
Mastersize 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 MA00UR/WI/T lens and analyzed using
KEYENCE 1.6.1.0 software.

IV.3.2.7.2. Stability measurement
The stability of the emulsions was assesgatatic Multiple Light Scattering (SMLS)

using an AGS Turbiscan® from Formulaction. This device measures the evolution of the
transmittedT and backscatteredBS light (detected at 180° and 45°, respectively) sent
through the sample over timgize and concentration of scattered objects, typically droplets
in the case of emulsions, directly influericandBSlight. The variations of the transmitted
o Tand backscatterag B §ignals can therefore be usdollow the different destabilization
phenomena that can occur such as cregmoajescenceor Ostwald ripeningThe device
scans the full | e2fmnt). hA schématit hepresentatiorp of ¢he ( a
measurenent principle is given ifrigure 1IV13. Every sample was analyzed in glass tubes
at 25°C during 4 weeks with one scan evely 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

8BS (%)

Height (mm)

Figure IV13. Representation of the evolution of transmitted Bnd backscattered lighp B S
measured with Turbisc@&nfor a partially sedimented dispersidteproduced with permission
from referencg®’.

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

Following the protocol established by Cassimiferreira,andcolleagues (see section
IV.3.2.1), megluminecarboxylategMegG,) were synthesizedith different alkyl chains
in organic solventdHowever, unlike Cassimiret al.who exploited meglumine's ability to
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make multiple hydrogen bonds with watéa its hydroxyl groups to form hydrog€élsat

high MegG concentrationwith diverse propertiesour focuswas primarily directed
towards the surfaeactive characteristics of these Megdeed, the formation of these

Ais u-pamphi pas desceltedby Cassimiebal., is based on iofairing interaction,

as the acidase interaction between the carboxylic acids and the alkaline meglumine being
the driven force.lrrespective of hydrogel formation, the association of the highly
hydrophilic meglumine with fatty acids provide a simple and effective way ofibhgng
these fatty acids into aqueous solutidhis approach has also allowed the ionic strength
influence to be removed the formation process, as Megiterecrystallizedhen isolated.

The feasibility of this combination naturally leads to the concept of sdapgever, Mege

with shorterchain fatty acidgCi2, 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 ¢9.5), the use gdure carboxylic acid is possible
without having to first use a sodium salt, for examplais in situ formation follow the
procedure developed by Famesial. (see sectiofVv.3.2.1).

O 4, OH OH
Fe® A
O~ oH
" OH OH

Figure IV14. Chemical structure of meglumine soaps 10, MegGz; n=12, MegGg4, n= 14,
MegGi;, n= 16, MegGs®, n= 20, MegGo.

Guanidine derivatives asounterion

As previously mentioned, the guanidinium group's ability to penetrate cell membranes
does not extend to pure metformiurthermore, 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, metformircarboxylate formationusing the same approach asth
megluminecould be a way of increasing metformin bioavailabjlishich remains low
because of the highly hydrophilic nature of metformin, which is highly veatierbility.

As metformin has a very specific structure (Begure 1V 8), it was decided to compare the
MetC, obtained with other soaps formed with guanidine hydrochlo(@eHCI) or
guanidine derivative as counterion.Methylguanidine hydrochloride (mGuHCI) was
selected in this sense, as it is a fairgxpensive andommonlyavailable compound
Furthermore, since the charge repatrtition in biguanidine is not as straightfasvarthe
guanidinium cation, although metformin is also thought to be one time protonated at
physiological pH, as its p§ were reported at 2.8 and 12#/5In orderto better characterize

the ionic interaction between metformin and the carboxylic aid9yMR was conducted.

™ hydrogels based on amino compountéraction with fatty acids are widely reported, even
without numerous HBs donor/acceptor gro#is.
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Figure IV15 shows the spectra of pure metformin hydrochloride and MétMD-0, and
Table IV 2 theshifts in the signals upon association with the carboxylic acid.

NH NH
3 H—CI
\T 4 H 7 "NH,
4,7 . 13
j ) }
MetHCI
% 180 170 160 150 140 130 120 110 100 %0 8 70 0 50 40 30 20 1o
1 (ppm)
H_ _H
NH \Nl/ _-o 3 5 7 9 1
° P ’)\/\/\/\/\/\
~ )J\ /)\* H 07
T ! ’}‘ ’]‘ 2 4 6 8 10 12 10 3
H H
1 1,3 4-9
N 12
4 7 2\\ N
|
I

]r \ ‘/ 500
MetClZ 0

T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

Figure IV15. Chemical structures of studied amino acids.

Table IV2. 13C NMR Chemical shifts of MetHCI and Met{n D-O. Red refers to metformin
and blue to sodium laurate. The carbon atoms numeration is baBeglion |V 15.

Met HCI Me t, C
Peak ShlfAssignPeak Shl.AssignShlftS/
(ppnm (ppr (ppm)
/ / / 1 13.° 12 /
/ / / 2 22 . ! 11 /
/ / / 3 26 . . 3 /
/ / / 4 29 . « /
/ / / 5 29 . ! /
/ / / 6 29. ¢ *° /
/ / / 7 29 . ¢ /
/ / / 8 31. ¢ 10 /
1 37. 3 1, 3 9 37. ¢ 1, 3 +0. 01
/ / / 10 37.° 2 /
11 158. 7 -1.56
2 160. 4, 7 12 159. 4 -0.18
/ / / 13 182. 1 /

The strong shift-(L.56) of the central carbon of the guanidine group without methyl groups
suggests that it is the one bearing the positive charge axteame pH values (between
2.8 and 11.5), and the charge representatiéiguare IV15 can be deemed realistic.

MegG,, GuG, mGuG, MetG, 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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guercetin and curcumin or to form stable emulsions in the case of MEyE3e tests served
primarily as proof of concept for these applications with tipesgcular aminesoaps.

Amino-acids as counterion

Finally, asthe choice of counterions had focused on amino compoiinias decided
to test amineacids as counterions as well. A few were selected for a series of quicker tests,
notably on the Krafft temperature (see structurdSigure 1V16). 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 aminacid.

X i X i i
OH N HoN
HoN H/\/\‘)J\OH HoN N/\"/ </ j/\‘)J\OH 2 OH
NH, e HN NH, NH,
arginine creatine lysine

histidine

Figure IV16. Chemical structures of studied amino acids.

IV.4.1. Krafft points determination

Table 1V3 lists the Krafft temperatures of soaps for the classical counterions (sodium
and potassium), for tetrabutylammonium, known to have very Tewbut which use
remains very limited due to its toxicity, as well as for choline chloride and the counterions
studied in this work.

Table IV 3. Krafft temperatures of classical fatty acid soaps and fatty acid soaps prepared in this
work. TBA refers toT etrabutylammonium and Ch to Choline chloride. Mged&uG, mGuG,
and MetG were prepared in situ using the sodium salts of correspondenkglictaids.

Counterion Cu Cus Cis Cis Cxo Ca Reference

Krafft temperature (°C)

Na 25 45 60 71 >100 >100 191

K 10 30 46 57 / / 190
TBA <0 <23 / <23 <23 ~12 195

Ch <0 1 12 40 / / 196
Meg <5 16 <x <2 / ~70 / / This work
Met ~67 40<x<5( / >70 / / This work
Gu <23 30<x<4( 40<x<5( >70 / / This work
mGu <0 20<x<3( 40<x<5( ~7075 / / This work
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Some compounds have lowe;t han what coul d be predicted
Amatching water af fyiasndhdline easian js evierosofteraharafNihip | e Ch C
and should not be able to bond so efficiently with the very hard carboxylatEi¢see

IV.6 andFigure IV7). Wolfrum explained this behavior as thesymmetrical and bulky

structure of cholinenost likely increases the free energy of the crystal structure of ChCn

and thereby decreas@s?°’. Guanidinium on the other hand is a very hard cation and
Sshould therefore interact strongly with <car
seems to be true for Gu£ mGuGo, and MetG. which all haveTk: below the one from

potassium geeTable IV.3), but from G4 and longer chain th&: do not seem to differ

strongly from the sodium reference (apart for m@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 grealk: decrease compared to Na except for MetThe Tk, of MetCie was

not reportedeither, as the sample remained unclear but not crystallized over the entire
temperature range. Megluminegsite different from other counterions in that it is capable

of forming numerous hydrogerobds with water, which could explain its relatively low

Tkr for MegCi214 as crystallization is hinderedOn the other hand, increasing the
concentration of Megfeads, for the same reason, to rapid hydrogel formatiogr 20 %

MegCi2 for example) MegGs was also prone to the formation of mesophases and would

need further investigatiorigure 1V17 presents pictures of some transitions to illustrate

this section, anéfigure 1V18 shows some aminsoaps under polarized light to highlight

the formation of mesophases.

C12 % C14 % C16

12°C

Met

18°C | loke

mGu

Figure IV17. Photographs of MegMet, Gu, andmGuG_.16 at different temperatures. Gand
mMGuG4 and Gu and mGuGs are very viscous above 40°C and 50°C, respectively.
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GuC,, MGUC,4 MetC,, MegCq

Figure IV18. Examples of mesophases observatigth polarized light.
Amino-acids

For amineacids Krafft temperatures quick screening, aranms (see structures in
Figure IV16) were progressively added to a sodium salt carboxylate aqueous solution to
reach different ratios in order to assess their influence ofxilod the sodium carboxylate
referenceskigure IV19 summarizes the results from this experiment.

50
45 43
40
08 30
£ |25 252525
@
X 20 4
|_
10
0 -
& 0?5"\’ ~~| 4> | Ratio
12114 12 Cn
Na Crea Counter-ion

Figure IV19. Screening of the influence of the addition of amauids on the Krafft temperature

of sodium soaps. Arg refers to arginine, Lys to lysine, and Crea to creatine. Ratios represented are
the amineacidsto-carboxylate ratios.

Arginine and lysine were both able to somewhat decreasé@xthef 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 effectivgp@nng with another
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compound. Histidine results are not showikigure IV19 as they all yielded, superior

to 50°C and were subsequently not further determined. With a sidechasrqiad 6,
histidine is the only aminacids among those studied which does not possess a positively
charged sidechain at neutral pH (arginine sidechain=K.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 aliuthedamincacids,

lysine and arginine appear as the most promising, with a significant decr8asevith a
Ci2-Na ratio of 2:1 in comparison with Na£ A deeper studwith a proper synthesisf
LysCi2 and ArgG2 may therefore be interesting to better understand the influence of the
guanidinium group.

IV.4.2. Ciritical Micelle Concentrations

Critical Micelle Concentrations were measured for every amino soap with a sufficiently
low Tk, i.e. for MegGo14, GuG2, mGuGo, and MetG>with surface tension measurements
at 25°C.Table IV4 summarizeshese CMC as well as well as the values found in the
literature for other soap counterions.

Table IV4. 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 C14
Na 24.4 6.9 259
K 23.41 25.5 6.6 259
TBA 5174 1.7 260
Ch 25.5 6.4 261
Meg ~10 375 This work
Met ~9 / This work
Gu ~6 / This work
mGu 27 3 / This work

As a mean of comparison, one can cite the worgafget al, who reported on the self
aggregation properties afkylguanidiniumsurfactants (compounds where the alkyl chain

is covalently bound to the guanidium headgré®fp)rhey reported, for alkyl chains of 12
carbons, a CMC of M and 0.7mM for guanidinium and dimethylguanidinium
headgroups, respectively. All in all, the CMC valuesstfdied aminecarboxylates 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 m&wkich has a slightly lower CMC
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than GuG: (seeTable IV4). 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 solution$ MegCi2.14, GUG2, MGUG2.14,
and MetG> 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 dseton
1.2.3.3.]). Furthermorein the case of the micellar solubilization of curcumin with MetC
both are thought to have biological activities, and thus their combined solubilization could
be advantageous. THiest experiment consisted in comparing the solubilizatiorCof
with MetC;2 and MegG2 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 preparnedsitu as 2% stock solutions in water and
were diluted to chosen concentrations. The concentrations were selected around the CMC
(both MetG2 and MegG. have a CMC around 18M) and in excess (around 20 times the
CMC) and the dabilization proceduravas the same as in chapter | andske section
1.3.2.1). Table IV5 summarizes the amount of curcumin effectively solubilized with
MetCi2 and MegGo.

Table IV5. Amounts of solubilized curcumin with Met&€and MegG..

[Solubilizer] [Curcumin] (mmol/L)
(mmollL)  Met-Hcl MetC12 MegCi2
1 - 0.001 0.003 e
10 2 x10* 0.008 0.013 = .

200 6 x10* 0.586 ‘! 0.817 "

Both MetG2and MegG.were able to solubilize a fair amount of Cur at 20 compared
to MetHCI alone. Interestingly, Meg&seems to be able to solubilize Cur slightly more
efficiently than MetG.

The aim of the second experiment was to comparestla@s resulting from théree
guanidine derivativesGuCio, mGuG», and MetG, at around 2vt%, corresponding to
roughly 90mM. Cur and Quer were once again used as test solutes.
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Table IV6. Amounts of solubilized curcumin or quercetin with Gy@&GuG., and MetG..

[Solute] (mmol/L)

Solute
GuCz2 mGuCiz2 MetCi2
Cur 0.12 0.15 0.34
Quer 0.61 0.77 1.53

MetC.2 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 cdiseaf carboxylic acids
basedsurfactants, the length of their carbon ch&io, the natural next step would be to test
soaps with longer chaindowever, neither Gufz andMetCy4 were freely soluble at RT at

the chosen concentrations, so mG@uas only comparable with Meg& As the CMC of
MegCis measured at aroundM, concentration for this testas chosen as for the first
one, i.e. 20 times the CMC. As the CMC of mGaMas not assessed, it was subsequently
prepared at 8ehM as well.Table V.7 presentshe comparison of mGu@and MetGs for

the solubilization of Cur.

Table IV.7. Amounts of solubilized curcumin with mGu&nd MetGa.

[Curcumin] (mmol/L)

[Solubilizer] (mmol/L)
MmGuCia MegCia

80 0.092 0.641

Once again, Meg{ 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 ScatteHogeever, this
requires a more detailed and much longer study.

IV.5. Characterization of megluminecarboxylates 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 fieraslsifier® by
manufactureramost notablyn the food and cosmetics industrids 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 formulafithand wekknown surfactants like
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glycerides, caseinates, lecithor others are often preferr@ The same is trudor
cosmeticsbut in recent years there has been a resurgence in their appreciation by the
general public mostly driven byenvironmental considerationsndeed, 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
compoundsMeglumine is already used in cosmetics as an ingredient for hair conditioners
and is accepted in food produéfsin an attempt to establish the suitability of meglumine
soaps apotentialemulsifiers, and in order to compare the different soaps synthesized, the
emulsification and emulsion stabilization capacity wfeglumine fatty acidwas
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 ofDwas applied tavoid any specific
influence m the emulsion properties. Moreover, three differentpolar compounds were
selectedn-octane, isopropyl myristate (IPM) amaéraffin oil (noted PO, a commercial
mixture of Ci418 Saturated aliphatic alkanes and cyclic ones, and usgllairmaceutigs
n-octane is a classical linear saturated alkane, as IPM and paraffin oil both are very common
cosmetic oilsFatty acids of different lengths were uded the formation of Megg; and

the influence of saturation was assessed by comparing stearic and oleic adidgQoy.

In the following, MegGg’® refers to meglumine stearate and Meg@® meglumine oleate.
Emulsions of Meg@®, MegGe®, and Meg@: from the first protocol were compared with

Na derivatives as controls. More details about the emulsification process areiriound
sectionlV.3.2.6. It is well known that quantitative comparison of different emulsification
protocols is impossibleherefore comparisons of the two procedures for the same MegC
will necessarily remain qualitativét is also important to note that the emulsions were
carried out at a Wt% MegG, concentration for a total mass of §Owhich for MegG: for
example represents approximatelyna@l/L, way above its CMC (around DM, seeTable

IV.4). The CMC of Meg@s and MegG: could not be measuretle to their poor aqueous
solubility, but their concentration in emulsion samples is most probably much higher than
the value that might be expected &EMC of a surfactant with the same chain length.

IV.5.1. Emulsions characterization

The microscopic observations agthnulometry gize anddistributionsof droplets)of
the emulsions obtainedith Ultra-Turrax® are shown irFigure IV20 andFigure 1V21
and those from emulsions prepared by sonication are preserfgglire 1V22. Dio, Dso,
and Dy are given, where Pis the maximum patrticle diameter below whicBoxof the
sample volumeexists, also known as the voluragerage particle sizéonitoring these
three parameters helpstrack 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
examplé®. In addition, the average diameters weighted by surface greabd volume
Du,3) were also measurewvith a laser granulometeliAs the number of droplets is not
known, the measured diameters are influenced by the size of each popdatipis. for
instance more appropriate to characterize larger droplet®ihanThe evolution 0Dz 2
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andDy, 3 can reveal destabilization phenomena that arise from droplets size increase, e.g.
coalescence or Ostwald ripening.

MegCg®
0 oo oH oH
\(v)ko - . OH
16 OH OH

n-octane

Volume density (%;
Valime density (%)

T L L L e B R AR L B 1 e s B R
01 10 100 1000

Size classes (um)

IPM

Volume density (%)
Volume density (%)

n-octane

Figure IV20. Macroscopic and microscopic pictures ebectane/water and IPM/water emulsions
from MedCi¢°, MegGs?, and Meg@,, as well as granulometry analysis for Meg@nd MegGs°
emulsions. Emulsions prepared according to protocol 1.
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NaC,s NaCg®
o 0
I 0" Na M:Ml}oe N
0
n-octane
-t
20,0um
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Figure IV21. Macroscopic and microscopic pictur@sNaCe® and NaGg® n-octane/water and
IPM/water emulsions. Emulsions prepared according to protocol 1.

MegCig® and MegGg® both producedseemingly complete emulsianalso, asmight be
expected, emulsions obtained witfeglumine stearateroduce larger droplets than those
obtained withmeglumine oleate, regardless of the oil phaseshain saturation allows for
optimum chain lengthMegG.2 seems to produce even larger droplets, however its lack of
solubility at room temperature probabityakes emulsion formation less effectias it is
evident by macroscopic observations with IPMFigure 1V20. Another observation to be
made concerns thBroplet Size Distribution (DSD). All emulsions made wittUltra-
Turrax® seem to be quite polydisperse, which can be detrimental not only to the desired
applications (influencinghysicochemical and sensgmyopertiessuch as appearance and
texturefor examplé®) but also more directly to emulsion stability. High polydispersity
indeed promotes destabilization phenomena su€bsagald ripening. Th&atter accounts

for the passive diffusion of the dispersed phase from small to large droplets, and thus
contributes to the general increase in droplet dieeerthelesaiegCis emulsiors appear

to form emulsions more efficiently than their sodium countergadsFigure 120 and

Figure IV21). The influence of the nepolar phase is more difficult to unambiguously
evaluate for this protocol.
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Figure IV22. Macroscopic, microscopic pictures, and granulometry analysis of PO/water and
IPM/water emulsions frorMiegGCi2, MegGs® and MegG,. 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 patydigpcould be
described as monomodal, i.e. singkaked. Furthermore, the chd@mgth 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 inngetadty acids chain length. The
seemingly bimodal (doublpeaked) DSD of the PO emulsionsy be responsible for
difficulty in assessing the influence of chain length on emussstructure All in all,
meglumine soaps seem to be able to form standard emulsions quite efficiently. Emulsion
stability is crucial for any application, and meduienm stabilization capacity of MegC
was further investigated via Multiple Light Scattering.

IV.5.2. Stability measurement: Multiple Light Scattering

To characterize the destabilization phenomi#aé can occur over timsampledrom
the second protocolvere analyzed usindstatic Multiple Light Scattering with a
Turbiscan® The evolution of the transmitted Tand backscatteregh B Byht can provide
information on droplet migration and size, as well as otthilckness of the emulsion phase.
The evolution ofp Tandp B Sgnals over a oamonth period is shown iRigure IV23for
MegCio. Profiles for other emulsions ai@uind in AppendixA.7.
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Figure IV23. gp Tandp B Slgnals evolution for Megfz PO/water (top) and IPM/water emulsions
prepared according to protocol 2.
It is clearly visible inFigure 1V 23that creaming occurs, as ttglincreases at the bottom
of the sample ancp B 8ecreases simultaneously. Furthermore, some coalescence and/or
Ostwald ripening can be observed at the top of the sample, as increase in droplet size slowly
causespB ® drop (fewer and larger droplets scatter light less than many small ones).
Overall, almostno destabilization is observed in the middle of the emulsion over-a one
month periodand creamingOstwald ripeningand coalescence remain relatively limited
The emulsions from Mege and MegG: exhibit very similar profilesgee AppendiA.7),
demonstrating the possibility of using Meg@s emulsifiers. These systems could be
optimized by screening different WOR or testing other apolar phases, or by improving the
emulsification process.

IV.6. Conclusions

The preparation oéll thesesoaps, as well as their brief characterization in terms of
Krafft temperature, CMC, ability to solubilize hydrophobic compounds and emulsifying
capacityserved as a proof of concept for the use ofcammmon amino counterigrfor
soap formation and applicatioriBhase behavior and aqueous phenomena have not been
studied in deptlas it was not the main focus of this thesis. Furthermbesgombination
of metformin with fatty acids, in the form of salts or as miceltesild havean impact on
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metformin's ability to cross cell membranasd could therefore find applications in drug
delivery. It should be emphasized that this is purely conjecturaljramiro experiments
should be carried out to further explore this possibility.
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General conclusion

Theobjectives 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 agentsand to rationalize the hydrotropic action towgpod/phenols 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 oxidaiitve
polyphenols using the modeling software COSIRS. In the second chapter a practical
application of this solubilization was presented through the liposomal encapsulation of
guercetin directly from aqueous solution under optimized conditions. The stugly wa
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 kst 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 maguand
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 abovdahe amount of solubilized quercetin in aqueous solution at pH 8 was
indeed increased by a factor of almost 7 (Begure V1). In addition, he oxidation
monitoring via HPLC and D: titration showed that the presence of meglumine did not
affect significantly the rate of oxidation of quercetin, whatlows the solubilization of
guercetin in aqueous solution at mildly alkaline pH and applications based on short process
time.
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Figure V1. Left: maximum solubility of quercetin in water as a function of pH and meglumine

concentration. Blue: Ultrapure water (no meglumine). Gre@mM meglumine in ultrapure

water. Orange: 25MM in ultrapure water. Right: HPLC chromatogram of quercetin oxidative
degradation at pH 8.4 in presence of 89d 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. pgo 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 speosdped
method with the modeling software COSMRS. This method is based on the pK
predictionability of COSMGORS andthe selection of the hydroxyl group with the lowest
predicted pK for each charge state to identify the most likely successive deprotonation
path.This theoretical method, although not very accurate in terms of absolutelpi€s,
allows to overcome the oxidation constraints that make the determination, 8f pkand
5 for quercetin and other sensitive polyphenols virtually impossible using conventional
spectroscopic techniques. The order of deprotonation deterimitieid workis presented

in Figure V2.
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Figure V2. pK, calculations for the most probable deprotonation order of quercetin according to
the COSMGRS 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,transresveratrol, gallic acid, naringenin, and phloretin were solubilized at pH
8 in the presence of meglumine, and only the compounds exhihitgapies sufficiently

lower than 8 showed a solubility enhancement effect with increasing meglumine
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concentration. fiese results have been published inJignal of Molecular Liquidg¢see
AppendixA.8).

The deprotonation method appears ideal for many oxidagaositive compounds,
especially natural phenolic antioxidants, but has yet to be tested on a significant number of
compoundsLastly, the pk dependene of the solubilization mechanism of meglumine
could beexploited to enable selective solubilization of certain polyphenols according to
their pKs, which couldhave applications in extractiasf natural compounds in aqueous
solution in the context of green chemis®nce solubilized and separated, the compounds

of interest could be precipitatedice agairby reducingthe pH.

In chapter Il, the ability of meglumine was assessed in a practical application, for the
encapsulation of quercetin in liposomes. A modified version of the standartilrthin
method, inspired by the pHriven method, was applied to entrap quercetin insthpoes
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 damdttiposomes self
assembled. An electrchemicalmethodusing Differential Pulse Voltammetry wasedto
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 conductedoaad pr
perfectly suitable to quantify native quercetin as well as its oxidagee(gure V3).
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Figure V3. Left: photograph of the HMS (high fraction) liposome sample after dialysis. Center
left: DPV measurements signals of lysed (green) and unlysed (orangeliptig@nes as a
function of the total lipid concentratioRight: HPLC chromatograrmf the HMS liposomes batch
showing the clear signal for quercetin aaFound 20min.

As seen inFigure V3, unoxidized quercetin was successfully encapsulated into the
liposomes, proving that a fast process with a final step efgoidction was indeed well
suited for the solubilization of quercetin with meglumine. Moreover, the presence of

meglumine did not &ct the properties of liposomes, including size, size distribution, and
surface charge.
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The panel of investigated polyphenols was expanded in chaptty ificlude two
flavonoids structurally closed to quercetin, morin and naringenin, as well as phloretin,
transresveratrol, and xanthohumol. In orderndentify the factors behind the low aqueous
solubility of these compounds, and to establish a relation between their structtine and
efficacyof hydrotropic mechanism§OSMO-RSmodeling software was once again used,
this time for the prediction of chemical potentials, relative solubility, and potential
solubilization synergies between the studied bin@glvents. Comparison with
experimental data demonstrated that COSRI® predictions of synergies were fairly
accurate, and that calculations for relative solubility within the set of studied polyphenols
was also quite successfekcept for compounds prone testacking for which solubility
was significantly overestimated by COSMRES due to its inability to automatically predict
"-stacking e.g. quercetin and morin. Both solvents systgmoved to be prone to
solubilization synergies, which can be underdtofor example in the case of
ethanol/triacetin as amptimized balance of van der Wadtsces polarinteractionsand
hydrogen bonding compared to the respective pure soh&msdar 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 80 to 80% cinnamaldehyde, where xanthohumol
and resveratrol showed the opposite trend withreergyy 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 wohiibihe
flavonoi ds bstacking albr ngnotr lee probably by promot
stackinginteraction between flavonoid and the less bulky phloroglucinol or pyrogallol. The
combination of these two phenols was also assessed as a mean tmevbecpoor water

solubility of phloroglucinol ¢eeFigure V4).
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Figure V4. Left: comparison of solubilization of quercetin with pyrogallol (blue triangles) and
phloroglucinol (orange circles). Cemteft: solubility profiles of quercetin in water with
pyrogallol alone (blue) or with pyrogallahd phloroglucinol (red). Percentagedicate quercetin
solubility changes with combination of phloroglucinol and pyrogallol compared to pyrogallol
al one. -pRiod h tl -suddces of the miost stable conformers of quercetin (blue),
phloroglucinol (red), and pyrogallol (green) calcathtvith COSMGRS 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 elvent (e.g. ethanol) or a second hydrotrpeogallol),
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provides additional evidence tfe potentiahydrotropic propertiesf phloroglucinol. This
example could help the searfdr other aromatic compounds whose solubility is too low
to be considereds hydrotropes but which couldstill 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 oxidatioand could be uset 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 molecugethe antidiabetic agemietformin as well aguanidine
derivatives, to act as counterions for linear fatty gcidst her ef or e . Ther mi ng
double challengewas to increase both the aqueous solubility of fatty acids and the
permeability of amino compounds by increasing their hydrophobiciyaps of
meglumine, guanidine, methyl guanidine and metformin were therefore prepared according
to two protocols, onen situ and the otherex sity and characterized according to
conventional criteria for surfactantBhus, the CMCs of these compounds were shown to
fall within the standard order of magnitude of a few millimolar fez €hains.The Krafft
points of these compounds proved to be advantageous compared to sodium and potassium
soaps, upo a chain length of G, as summarizeth Table V1.

Table V1. Krafft temperature$°C) of classical fatty acid soaps and fatty acid soaps prepared in

this work.

Counterion Ci12 Cia Reference

Na 25 45 191

K 10 30 190
Meg <5 16 <x<20 This work
Met ~67 40 <x <50 This work
Gu <23 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; é&xample, 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, ensification 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 raisedatails inthis work is the importance of the amine

function, which is present in many solubilizing ageatsl could have a significant
influence on the hydrotropic action, particulazbnsidering their interactions with phenols.
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A.1l. List of Abbreviations
ABTS 2,2-azinobis(3-ethylbenzothiazoling-sulfonic acid
API Active Pharmaceutical Ingredient
Arg L-Arginine
BA Behenic acid
BCS Biopharmaceutics Classification System
BDE Bond Dissociation Enthalpy
BS, omBS Backscattered and variation of backscattered
respectively
CAC Critical Aggregation Concentration
Ch Choline
CHD Coronary heart disease
CMC Critical Micelle Concentration
COSMORS Conductorlike Screening Model, Realistic Solvation
Crea Creatine
D Distribution coefficient
D32 Average diameters weighted by area
D3] Average diameters weighted by volume
DENA N,N-diethylnicotinamide
DLS Dynamic Light Scattering
DMBA N,N-dimethylbenzamide
DMPE Dimyristoylphosphatidylethanolamine
DMSO Dimethyl sulfoxide
DMSO-ds Hexadeutero Dimethyl sulfoxide
DPPC Dipalmitoylphosphatidylcholine
DPPG Dipalmitoylphosphatidylglycerol
DPPH 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 Voltammetry

Disperse Red3

Droplet Size Distribution

Entrapment Efficacy

Volumetric energy

Food and Drug Administration

Ferrous OxidatiofXylenol orange

Ferric Reducing Antioxidant Power

Fluctuation Theory of Solution

Guanidine

Guanidinium cation

Hydrogen Atom Transfer

Hydrogen bond
4-(2-hydroxyethyl}1-piperazineethanesulfonic acid
HendersonHasselbalch

Hydrophilic Lipophilic Balance
Hydrophilic-Lipophilic Difference

HEPES, Meglumine, Sodium azide

High Performance Liquid Chromatography
HunterSanders theory

HEPES, Sucrose, Sodium azide

lonic strength

Inductively Coupled Plasm@ptical 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
MWV
NaSal
NaSX (or SXS)
NLC
NMR
NSAID
OA

P or Kow

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

Meglumine

Methanol

Metformin

Methylguanidine

Minimum HydrotropicConcentration

Multiple Light Scattering

Multilamellar vesicle

Multivesicular vesicle

Sodium salicylate

Sodium xylene sulfonate

Nanostructure Lipid Carrier

Nuclear Magnetic Resonance

Nonsteroidal antinflammatory and analgesic drug
Oleic acid

Octanewater partition coefficient

Packing parameter

Power

Palmitic acid

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

Polyethylene glycol

Polydispersity index

Phase inversion temperature

Negative logarithm of the acidic dissociation constant K
Paraffin oll

Polytetrafluoroethylene

Reacting Oxygen Specie

Retention time (HPLC)

Room temperature
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S Intrinsic solubility

SA Stearic acid

SDDS Supersaturation Drug Delivery Systems.

SEC Size Exclusion Chromatography

SET Single Electron Transfer

SLN Solid Lipid Nanoparticle

SOW Surfactant/Oil/Water

SPLET Sequential Proton Loss Electron Transfer

SUV Small unilamellar vesicle

T, oT 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

T™MC Transition Metal Chelation

TMSP-ds 3-(Trimethylsilyl)propionic2,2,3,3d acid sodium sal
TZVPD-FINE Triple Zeta Valence Polarized with Diffuenction refined
UV-Vis Ultraviolet-visible

\Y Volume

WH WheelerHouk theory

WOR Waterto-oil ratio

XO Xylenol Orange

o) Surface tension

P Gus Gibbs free energy of fusion

P Goiv Gibbs free energy of solvation

pp K pKa difference

P Ris Entropy of fusion
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6 potenti al Zeta potential

= Wavelength

Smax Wavelength of maximal UWis absorption
S Chemical potential

Msolv Chemical potential of solvation

G Charge density

A.2. pKacalculations for quercetin deprotonation order determination

Table Al. 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).
pK al
Protonated form Deprotonated form Calculated pKa
value
Anl_4' 7.4
Anl_7 7.6
Quer An1_3 8.0
Anl 3 8.0
Anl 5 10.2

Table A2. pK, calculations for the second deprotonation of quercetin.

pKa2
Protonated form Deprotonated Calculated pKa
form value
An2_4'3' 10.2
An2 4'3 8.2
Anl 4' —
- An2_4'5 10.0
An2_74' 7.3
An2_73' 8.0
An2 73 8.8
Anl_7 =
- An2_75 /
An2_74' 7.2
An2_4'3' 9.6
An2 35 9.9
Anl_3' =
- An2_73' 75
An2_33 81
An2_3'3 8.1
An2_43 76
Anl 3 =
B 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 A3. pKacalculations 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_4'3'5 10.2
An3_4'35 10.7
An3_73'5 11.0
An2_73' An3_73'3 8.4
An3_74'3' 9.4
An3_735 /
An2_73 An3_74'3 7.3
An3_73'3 7.6
An3_735 /
An2_75 An3_74'5 /
An3_73'5 /
An3_4'3'3 10.7
An2_3'3 An3_73'3 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_74'5 11.1
An2_74' An3_74'3 8.9
An3_74'3' 10.2

Table A4. pKa calculations for the fourth deprotonation of quercetin.

pKa4

Protonated form

Deprotonated form

Calculated pKa
value

An3_735

An4_3'357

/
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An4_3574' /
An4_3574' 10.2
An3_74'5 =
- An4_574'3' 9.7
And_3'357 9.9
An3_73'5 =
- An4_574'3' 9.0
And_4'3'35 /
An3_4'3'3 =
- And_74'3'3 6.6
An4_4'3'35 /
An3_4'3'5 =
- And_574'3' 7.9
An4_4'3'35 /
An3_4'35 =
- An4_3574' 7.8
An4_4'3'35 /
An3_3'35 =
- An4_3'357 8.1
An4_3'357 12.5
An3 733 =
- And_74'3'3 9.4
An4_74'3'3 8.5
An3_74'3' =
- And_574'3' 10.6
An4_74'3'3 9.8
An3_74'3 =
- An4_3574' 12.4

Table Ab. pKacalculations for the fifth deprotonation of quercetin.

pKab
Protonated form Deprotonated Calculated pKa value
form

And_4'3'35 /
An4_3'357 9.4
An4_3574' An5 9.9
An4d_574'3' 10.3
And_74'3'3 125
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A.3. HPLC calibration method for quercetin quantification
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Figure Al. Quercetin pure samples in MeOH for establishing the calibration curve of area under
the curve versus quercetioncentration.
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Figure A2. Quercetin calibration curve of peak area as a function of concentration.
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Figure A3. Chromatograms of two major oxidation products of quercetin ascoanpound. Left
phloroglucinol, right phloroglucinic acid. Both recorded = 2&0nm.
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A.4. COSMO-RS calculations for the polyphenols set
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