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RESUMO

“Quercetina e sua associacao a B-ciclodextrina: estudo de caracteristicas

fisicas, quimicas e biolégicas de interesse para permeacao cutanea”

No primeiro capitulo da tese, trés amostras de quercetina, obtidas de diferentes
fornecedores, foram caracterizadas no que se refere a suas propriedades fisico-
quimicas e sua estabilidade térmica em estado sélido. As amostras apresentaram
reduzida hidrossolubilidade e distinta estrutura cristalina, atribuidas a presenca de
diferentes quantidades de moléculas de agua de hidratacdo em seus reticulos
cristalinos. A estabilidade em estado sélido desses hidratos de quercetina foi
expressivamente dependente da temperatura. A amostra de quercetina que se
mostrou termodinamicamente mais estavel foi selecionada para ser empregada nas
proximas etapas desse trabalho. No segundo capitulo do trabalho, a quercetina foi
complexada com B-ciclodextrina a fim de aumentar a hidrossolubilidade da aglicona.
Porém, o complexo sélido que foi preparado em solucdo e seco por nebulizacao
apresentou uma baixa concentragdo de quercetina, denotando uma limitada
eficiéncia de complexacdo. Por outro lado, a obtencdo de complexo de incluséao pela
simples mistura fisica entre a quercetina e a B-ciclodextrina (relacdo molar de 1:1)
revelou ser possivel e vantajosa, uma vez que nem agua nem calor sdo necessarios
para formar o complexo sélido quercetina/B-ciclodextrina. No terceiro capitulo, a
estabilidade da quercetina frente a radiacdo UVA ou UVC, em mistura etanol:agua, e
a influéncia dos produtos de degradacao sobre o teste de lipoperoxidacdo foram
estudadas. Apesar da quercetina nao ter sido estavel frente a radiagdo UVA ou
UVC, o flavondide foi capaz de inibir a lipoperoxidagdo induzida por ambas
radiacdes. A identificacdo dos principais produtos de fotodegradacdo, todos
derivados polifendlicos, sugere que os mesmos podem ter contribuido para o efeito
biolégico. Finalmente, no quarto capitulo, o efeito promotor da B-ciclodextrina e a
influéncia do veiculo (hidrogel ou pomada contendo quercetina livre ou sua
associacdo a p-ciclodextrina numa relacdo molar de 1:1) sobre a permeacao
cutdnea ex vivo, bem como sobre o correspondente potencial antioxidante da
quercetina, foram investigados. O ensaio de permeacao foi avaliado usando células
de difusdo tipo Franz e pele de orelha de suino como membrana. A maior
concentracdo de quercetina retida na pele (epiderme e derme) e o maior potencial



antioxidante correspondente foram observados quando a pele foi tratada com a
mistura quercetina:B-ciclodextrina incorporada no hidrogel. Esses resultados
demonstram, portanto, o uso potencial de um hidrogel de HPMC contendo
quercetina associada a B-ciclodextrina para a prevencao e o tratamento de danos
cutdneos associados ao estresse oxidativo, especialmente aqueles que ocorrem na
camada mais superficial da pele, a epiderme.

PALAVRAS-CHAVE: quercetina, p-ciclodextrina, permeacdo cutdnea, potencial

antioxidante
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ABSTRACT

“Quercetin and its association to 3-cyclodextrin: study of physical, chemical
and biological properties of interest for cutaneous permeation”

In the first chapter of the thesis, three samples of quercetin raw materials, purchased
from different suppliers, were characterized in order to know their physicochemical
properties and thermal stability in solid state. The samples presented low aqueous
solubility and distinct crystalline structure, ascribed to the presence of different
amounts of hydration water molecules into their crystal lattice. The solid state stability
of these quercetin hydrates was highly dependent on the temperature. The quercetin
sample that was thermodynamically more stable was selected to be employed in the
next steps of this work. In the second chapter of the work, quercetin was complexed
with B-cyclodextrin in view to increase the aqueous solubility of the aglicone.
However, the solid complex prepared in solution and spray-dried presented low
quercetin concentration, denoting limited complexation efficiency. By the other hand,
the obtention of inclusion complex by simple physical mixture between quercetin and
B-cyclodextrin (molar ratio of 1:1) revealed to be possible and advantageous, since
neither water nor heat are necessary to form quercetin/pB-cyclodextrin solid complex.
In the third chapter, the stability of quercetin against UVA or UVC radiation, in
ethanol:water mixture, and the influence of the degradation products on the lipid
peroxidation test were studied. Although quercetin had not been stable against the
UVA or UVC radiation, the flavonoid was able to inhibit the lipid peroxidation induced
by both radiations. The identification of the main photodegradation products, all of
them polyphenol derivatives, suggests that they could have contributed for the
biological effect. Finally, in the fourth chapter, the enhancer effect of B-cyclodextrin
and the influence of the vehicle (hydrogel or ointment containing free quercetin or its
association to B-ciclodextrin at a molar ratio of 1:1) on the ex vivo skin permeation as
well as on the corresponding antioxidant potential of quercetin were investigated. The
permeation assay was evaluated using Franz diffusion cells and pig ear skin as
membrane. The highest quercetin concentration retained in skin (epidermis and
dermis) and the corresponding antioxidant potential were observed when the skin
was treated with the quercetin:B-cyclodextrin mixture incorporated into the hydrogel.

These findings demonstrate, therefore, the potential use of a HPMC hydrogel



xii

containing quercetin associated to B-cyclodextrin for the prevention and the treatment
of oxidative stress-mediated cutaneous damages, especially those occurring in the

most superficial layer of the skin, the epidermis.

KEY-WORDS: quercetin, B-cyclodextrin, cutaneous permeation, antioxidant potential
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APRESENTAGAO

De acordo com as normas vigentes no Regimento Interno do Programa de

Pés-Graduacdo em Ciéncias Farmacéuticas, da Universidade Federal do Rio

Grande do Sul, a presente tese foi redigida na forma de capitulos. Assim, este

exemplar encontra-se organizado da seguinte forma:

v

v

v

O

Objetivo geral;
Revisao de literatura;

Capitulos 1 a 4: introducéo, objetivos especificos e artigos publicados ou
submetidos a periddicos cientificos;

Discussao geral;
Conclusoes;

Referéncias bibliograficas;
Anexos

esquema apresentado a seguir sumariza o conteudo e as etapas

experimentais contidos nos quatro capitulos da presente tese.
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O CAPITULO 1, intitulado “Caracterizacdo fisico-quimica, termo-analitica e
espectroscopica de amostras de quercetina de diferentes procedéncias”, é
dedicado a caracterizacdo de quatro amostras de quercetina, de diferentes
procedéncias (trés apresentando grau farmacéutico - Deg, Galena, SPFarma - e
uma substéancia de referéncia - Sigma), quanto as suas propriedades:

v’ fisico-quimicas, no que se refere a hidrossolubilidade intrinseca; fisicas, no
que se refere ao tamanho e a forma das particulas (utilizando difracéo a laser e
microscopia eletrénica de varredura); quimicas, no que se refere a pureza
(utilizando cromatografia em camada delgada, espectrofotometria no
ultravioleta/visivel, cromatografia liquida de alta eficiéncia com deteccdo por
arranjo de fotodiodos e cromatografia liquida de alta eficiéncia com deteccao por
espectrometria de massa);

v' termo-analiticas, utilizando difratometria de raios-X com variagdo de

temperatura, calorimetria exploratéria diferencial e termogravimetria;

v’ espectroscopicas, utilizando espectroscopia no infravermelho com

transformada de Fourier e espectroscopia por espalhamento Raman
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O CAPITULO 2, intitulado “Quercetina/ciclodextrina/polimero  hidrofilico:
preparacao e caracterizacdo de sistemas binarios e ternarios”, contempla as

seguintes etapas:

v" Desenvolvimento e validacdo de método analitico por espectrofotometria no
ultravioleta para a quantificacdo de quercetina em estudos de associacao com
ciclodextrina e/ou polimero hidrofilico;

v' Avaliacdo da influéncia das condicbes operacionais envolvidas na
preparacado, em meio liquido, de complexos quercetina/B-ciclodextrina sobre a

hidrossolubilidade da aglicona, utilizando delineamento fatorial;

v' Determinagao da relacao molar quercetina:p-ciclodextrina a ser utilizada para
a obtencdo de associacées (complexo em estado sélido, obtido por meio da
secagem por nebulizagcdo de complexo preparado em meio liquido, e mistura
fisica), utilizando diagrama de solubilidade;

v" Obtencao de complexo quercetina/B-ciclodextrina, em estado sélido, por meio

da secagem por nebulizacao de complexo preparado em meio liquido;

v' Avaliagdo da possibilidade de obtencdo de complexo quercetina/j-
ciclodextrina, em estado sdlido, por simples mistura fisica entre as duas
substéancias;

v Caracterizagao das associagdes quercetina/p-ciclodextrina quanto ao teor do
flavonoide, bem como utilizando espectroscopia no infravermelho, calorimetria
exploratéria diferencial, microscopia eletronica de varredura e espectroscopia de

ressonancia magnética nuclear;

v' Comparacédo do efeito da complexagdao da B-ciclodextrina natural ao de um
derivado mais soluvel, hidroxi-propil-B-ciclodextrina, na auséncia ou presencga de

um polimero hidrofilico, hipromelose, sobre a hidrossolubilidade da aglicona;

v Comparacao do efeito da complexacdo de trés amostras de quercetina
apresentando grau farmacéutico, de diferentes procedéncias - Deg, Galena,

SPFarma, com B-ciclodextrina sobre a hidrossolubilidade das mesmas
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O CAPITULO 3, intitulado “Avaliagdo da fotoestabilidade da quercetina em meio
aquoso e sua influéncia sobre a atividade antioxidante in vitro da aglicona”,

contempla as seguintes etapas:

v' Avaliagao do efeito do periodo de exposicao de dispersdo de gema de ovo a
radiacao UVA ou UVC sobre a inducao da peroxidacéo lipidica, utilizando técnica

gue se baseia na medida de espécies reativas ao acido tiobarbiturico;

v' Avaliagcao do efeito da concentracdo de quercetina, dissolvida em etanol:agua
(1:1), sobre a inibicao da peroxidacao lipidica;

v Desenvolvimento e validacao de método analitico por cromatografia liquida de
alta eficiéncia com deteccdo por arranjo de fotodiodos para quantificacdo de
quercetina em estudos de fotoestabilidade;

v' Avaliagdo da estabilidade da quercetina, dissolvida em etanol:dgua (1:1),
frente a radiacao UVA ou UVC;

v Determinacao da cinética de degradacao da quercetina;

v ldentificacdo dos produtos de degradacdo da quercetina, utilizando
cromatografia liquida de alta eficiéncia com detecgao por arranjo de fotodiodos e
cromatografia liquida de alta eficiéncia com deteccdo por espectrometria de

massa
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O CAPITULO 4, intitulado “Avaliacdo ex vivo da permeacdo e do potencial
antioxidante cutaneo de formulagdes contendo quercetina ou a mistura fisica

quercetina/B-ciclodextrina”, contempla as seguintes etapas:

v' Desenvolvimento e validacdo de método analitico por cromatografia liquida de
alta eficiéncia com deteccao no ultravioleta para quantificacdo de quercetina no
estudo de permeacao cutanea;

v' Determinacgao do coeficiente de particdo octanol/agua com vistas na avaliacao
do potencial de penetragdo cutanea da quercetina;

v" Preparacgao de formulagbes (hidrogel e pomada) contendo quercetina, sob a

forma livre ou de mistura fisica com B-ciclodextrina, e avaliagdo da estabilidade;

v' Determinagao da solubilidade da quercetina na solugao aceptora (etanol:agua
1:1) e avaliacdo da estabilidade;

v' Avaliagdo da permeacgdo cutanea intrinseca da quercetina, por meio da
aplicacao do flavonéide dissolvido em depdsito volatil (acetona) sobre pele de
orelha de suino, utilizando células de difusao tipo Franz;

v Investigacao da influéncia da base das formulacées e do efeito promotor da -

ciclodextrina sobre:

e a penetracado cutanea da quercetina, por meio da avaliacdo da concentracao
do flavondide retida em cada camada da pele (epiderme e derme);

e 0 potencial antioxidante da quercetina, por meio da avaliagdo do potencial
antioxidante reativo total (TRAP) e da reatividade antioxidante total (TAR) do
flavondide em cada camada da pele (epiderme e derme)



OBJETIVO GERAL

O objetivo geral do presente trabalho consiste em estudar caracteristicas
fisicas, quimicas e biologicas de interesse para a permeacado cutanea da

quercetina e sua associacao a B-ciclodextrina.

Os objetivos especificos estao apresentados em cada capitulo.
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1. CICLODEXTRINAS

Complexacao de substancias bioativas com ciclodextrinas

As ciclodextrinas sao oligossacarideos ciclicos produzidos a partir da
degradacao do amido pela acdo da enzima ciclodextrina-glicosiltransferase (BIWER
et al., 2002).

As ciclodextrinas apresentam a forma de um cone ao qual os grupos hidroxila
primarios encontram-se ligados na por¢ao externa mais estreita, enquanto os grupos
hidroxila secundarios estao localizados na porgcao externa mais larga (Figura 1a). A
orientacdo desses grupamentos define uma estrutura que se caracteriza por uma
superficie externa hidrofilica, que confere a hidrossolubilidade da molécula, e uma
cavidade interna hidrofébica, formada por esqueletos de carbono e oxigénios
etéreos (DEL VALLE, 2004).
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Figura 1a. Configuragdo geométrica espacial da B-ciclodextrina (CAL;
CENTKOWSKA, 2008).

Em solucdo aquosa, a cavidade das ciclodextrinas é ocupada por moléculas
de agua de elevada entalpia e, portanto, seu deslocamento € termodinamicamente
favorecido. Um estado de menor energia, portanto mais estavel, é alcancado quando
as moléculas de agua sao substituidas por moléculas-h6spedes que possuem maior
afinidade pela cavidade hidrofobica das ciclodextrinas do que pelo meio aquoso
(PEREIRA et al., 2007).



Para que ocorra a formacado de complexos de inclusdo, além da natureza
lipofilica da molécula-héspede, é necessario que a dimensao e a configuracao
espacial da mesma seja compativel com a cavidade da ciclodextrina. Da mesma
forma, o estado ndo-ionizado de ambas moléculas ou a ionizacdo das mesmas com
cargas contrarias é importante para conferir maior estabilidade aos complexos
(CHALLA et al., 2005).

A complexacdo €& um fendmeno estequiométrico molecular em que,
geralmente, uma molécula-héspede interage com uma molécula de ciclodextrina
(Figura 1b). No entanto, para moléculas-h6spedes de baixa massa molecular, pode
ocorrer a inclusao de mais de uma molécula na cavidade da ciclodextrina, assim
como, para moléculas-hoéspedes de alta massa molecular, a interagao pode ocorrer
com mais de uma molécula de ciclodextrina (DEL VALLE, 2004).
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Figura 1b. Formagéo de complexo de inclusdo entre uma molécula-h6spede e uma
molécula de ciclodextrina (STELLA; HE, 2008).

As interacdes estabelecidas entre as ciclodextrinas e as moléculas-hospedes
durante a formagdo de complexos de inclusdo ndo sao do tipo covalentes e, por
isso, as moléculas livres encontram-se em equilibrio dindmico com as moléculas
complexadas. Dentre as principais interacées estdo ligacdes de hidrogénio, forcas
de Van der Waals e interagdes hidrofébicas (DEL VALLE, 2004). A magnitude da
interacao estabelecida é representada pela constante de estabilidade aparente do
complexo e tem influéncia significativa sobre a velocidade e extensao de liberacao
da molécula-héspede da cavidade da ciclodextrina (STELLA et al., 1999).

A liberacdo da molécula-héspede da cavidade da ciclodextrina, por sua vez,
pode ocorrer a partir dos seguintes mecanismos: diluicao, deslocamento competitivo,



ligacdo a proteinas plasmaticas, transferéncia a tecidos por meio da extragdo de
componentes lipofilicos das membranas biolégicas, eliminagdo por meio de filtracao
renal e variacoes de pH e temperatura (STELLA et al., 1999; STELLA; HE, 2008).

A preparacdo de complexos de inclusdo entre moléculas-hdspedes e
ciclodextrinas pode ser realizada em meio liquido (solugcdo aquosa, co-precipitacao,
co-evaporacao, pasta fluida ou slurry e camada delgada), semi-sélido (em pasta,
também conhecida por kneading, damp mixing and heating e extrusdo) ou sélido
(mistura seca, comumente denominada mistura fisica). A selecdo da técnica a ser
utilizada esta relacionada com as propriedades da substancia de interesse a ser
complexada, bem como com os objetivos propostos para a formulacao (DEL VALLE,
2004; MILLER et al., 2007).

Os complexos de inclusdo entre moléculas-hdspedes e ciclodextrinas, por sua
vez, podem ser caracterizados utilizando diversas técnicas, destacando-se estudos
de solubilidade, difratometria de raios-X, técnicas espectroscédpicas (espectroscopia
no infravermelho, espectroscopia de ressonancia magnética nuclear, espectroscopia
de dicroismo circular), técnicas de analise térmica (calorimetria exploratéria
diferencial, analise térmica diferencial, termogravimetria) e microscopia eletrénica de
varredura (MILLER et al., 2007).

A formacdo de complexos em que a molécula-héspede ndo esteja inclusa na
cavidade, a formagdo de agregados além da capacidade de formacdo e a
estabilizacao de solugbes supersaturadas também tém sido apontadas como formas
de solubilizacdo de substancias lipofilicas pelas ciclodextrinas (BREWSTER,;
LOFTSSON, 2007).

Ciclodextrinas naturais

Dentre as ciclodextrinas naturais destacam-se a a-, a B- e a y-ciclodextrina,
constituidas, respectivamente, por 6, 7 e 8 unidades de glicose unidas por ligacdes
do tipo a-(1,4) (SZEJTLI, 1998). A tabela 1a apresenta algumas propriedades fisico-

quimicas das principais ciclodextrinas naturais.



Tabela 1a. Propriedades fisico-quimicas das principais ciclodextrinas naturais™.
Ciclodextrina natural

Propriedade o B v
Férmula molecular C36H60030 C42H70035 C48H8()O40
Massa molecular (g.mol™") 972 1135 1297
Diametro da cavidade (A) 47-5.3 6,0 - 6,5 7,5-8,3
Volume da cavidade em 1 mol de

ciclodextrina (mL) 104 157 256
Altura do cone (A) 7,9 7,9 7,9
Hidrossolubilidade (%, 25 °C) 14,5 1,85 23,2
pKa 12,33 12,20 12,08

* adaptada de SZEJTLI (1998)

A a-ciclodextrina é usada, principalmente, em formulacdes destinadas a via
parenteral. Entretanto, por apresentar uma cavidade de didmetro reduzido, é capaz
de formar complexos de inclusdo apenas com moléculas relativamente pequenas
(DEL VALLE, 2004).

A y-ciclodextrina, por outro lado, apresenta uma cavidade de diametro
elevado e, por isso, é capaz de formar complexos de inclusdo apenas com
moléculas relativamente grandes. E usada principalmente em formulagdes
destinadas a via parenteral. Seu alto custo, entretanto, tem limitado a sua aplicacao
(DEL VALLE, 2004).

A B-ciclodextrina, por sua vez, € amplamente utilizada pois apresenta baixo
custo e, por apresentar uma cavidade de diametro intermediario, é capaz de formar
complexos de inclusdo com varias moléculas, como anéis aromaticos e
heterociclicos. E usada principalmente em formulagdes destinadas a via oral,
especialmente sob a forma de comprimidos. Por ndo ser metabolizada pelas
enzimas intestinais, sua absor¢do € minima, o que explica a auséncia de toxicidade
quando administrada por via oral. Porém, quando administrada por via parenteral,
produz efeitos hemoliticos e nefrotéxicos. Outra limitacdo da B-ciclodextrina refere-
se a limitada solubilidade em agua, a qual resulta da sua estrutura cristalina, bem
como da formacdo de ligacbes de hidrogénio intramoleculares entre os grupos
hidroxila secundarios dos carbonos C2 e C3 de unidades de glicose consecutivas
(SZEJTLI, 1998).



A limitada solubilidade em agua e o potencial hemolitico e nefrotéxico da B-
ciclodextrina, quando administrada por via parenteral, tém limitado o seu campo de

aplicacao, o que levou a sintese de derivados mais solluveis e menos téxicos.

A substituicdo dos grupos hidroxila secundarios por outros grupamentos
quimicos, além de levar a amorfizacdo da estrutura da [B-ciclodextrina, também
promove o rompimento de suas ligagdes de hidrogénio intramoleculares. O grau de
substituicdo molar, ou seja, o numero de grupos hidroxila substituidos em cada
unidade de glicose, bem como a posi¢do dos grupamentos substituintes, influenciam
as propriedades fisico-quimicas dos derivados de B-ciclodextrina (LOFTSSON;
DUCHENE, 2007).

Os derivados de B-ciclodextrina sdo classificados em hidrofilicos, hidrofébicos
e ionizaveis. Os derivados hidrofilicos compreendem as ciclodextrinas metiladas,
como a metil-B-ciclodextrina, hidroxi-alquiladas, como a hidréxi-propil-B-ciclodextrina,
e ramificadas, como a glucoronil-glicosil-B-ciclodextrina. Os derivados hidrofébicos,
por sua vez, sao utlizados principalmente na modulacdo da liberacdo de
substancias hidrofilicas e compreendem as ciclodextrinas etiladas e aciladas. Por
fim, os derivados ionizaveis sdo subdivididos em aniénicos, como a sulfobutiléter--
ciclodextrina e a carbdxi-metiletil-B-ciclodextrina, que sdo capazes de formar
complexos de inclusdo com moléculas de natureza bésica, e catibnicos, como a
hidréxi-propiltrimetilaménio-B-ciclodextrina, capaz de formar complexos de inclusao

com moléculas de natureza acida (UEKAMA, 2004).

Aplicacoes das ciclodextrinas

A capacidade de formar complexos de inclusdo sem alterar a estrutura
quimica e as propriedades biolégicas de substancias de interesse tem atraido a
aplicacdo das ciclodextrinas como adjuvantes no campo farmacéutico. Além de
substancias bioativas, sua complexacdo com peptideos, proteinas e
oligonucleotideos também tem sido relatada. Diversos produtos contendo
ciclodextrinas ja se encontram disponiveis no mercado (BREWSTER; LOFTSSON,
2007) para aplicagdo sob as mais diversas vias de administragdo: oral, bucal,

sublingual, intravenosa, intramuscular, ocular, nasal, cutanea e retal.
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As ciclodextrinas também sdo amplamente empregadas em biotecnologia, em

cromatografia, no meio ambiente e nas industrias cosmética e alimenticia.

Dentre as aplicacbes das ciclodextrinas, em geral, destacam-se (SINGH et al.,
2002; UEKAMA, 2002; DEL VALLE, 2004; UEKAMA, 2004; VENTURINI et al.,
2008):

v solubilizacao de substancias lipofilicas em veiculos aquosos;
v isolamento fisico de substancias incompativeis;

v estabilizacdo quimica, frente a oxidacéao pela luz, calor ou oxigénio, e

enzimatica;
v modulagéo da liberacdo de substancias;

v vetorizacao a sitios especificos como, por exemplo, liberacao génica e

colénica;
v alivio da irritacao da pele e da mucosa gastrica;

v promocao da difusdo através de membranas biolégicas como pele,

mucosas e cornea;

v solubilizacdo de substratos lipofilicos e detoxificacdo de meios de

fermentacao;
v catdlise de reacdes quimicas;
v separacao de isdbmeros e enantibmeros;
v remocao de contaminantes do solo, da agua e da atmosfera;
v remocao de colesterol de produtos de origem animal;
v mascaramento de sabores e odores desagradaveis;

v controle da volatilizacdo de flavorizantes, em alimentos, e fragrancias,

em perfumes
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Solubilizacao de substancias lipofilicas em veiculos aquosos

O principal interesse farmacéutico no uso das ciclodextrinas estd na
solubilizacao de substancias lipofilicas, destacando-se a formacao de complexos de
inclusdo hidrossoluveis. Esses complexos sao considerados verdadeiros
carreadores e, por isso, quando inseridos em veiculos aquosos, ha a referéncia de
maior biodisponibilidade da substancia de interesse (LOFTSSON et al, 2005;
BREWSTER; LOFTSSON, 2007).

Entretanto, a eficacia da complexacao é freqlientemente baixa. Por isso,
quantidades relativamente altas de ciclodextrinas sdo necessarias para solubilizar
pequenas quantidades da substancia de interesse no veiculo aquoso. Além do
aumento de custo e do potencial toxico, o uso de ciclodextrinas em excesso também
pode deslocar o equilibrio da reacdo para a forma complexada, de tal forma a
resultar na reducao da biodisponibilidade da substancia. Considerando-se, ainda, a
elevada massa molecular das ciclodextrinas (entre 1000 e 1500 g.mol™), o uso em
quantidades altas pode limitar a sua incorporacdo em formulacées (LOFTSSON et
al., 2005).

A medida da eficdcia da complexacdo pode ser realizada por meio da
determinacdo do incremento da solubilidade aparente da substancia complexada
e/ou da constante de estabilidade aparente do complexo substancia/ciclodextrina
(LOFTSSON et al,, 2005). Esses dois parametros sao obtidos por meio da

construcao de diagramas de solubilidade, conforme ilustrado na figura 1c.
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Figura 1c. Diagramas de solubilidade (HIGUCHI; CONNORS, 1965).

Os diagramas de solubilidade podem dar origem a dois tipos de isotermas: a
isoterma tipo A, que indica a formacao de complexos solluveis, e a isoterma tipo B,
que indica a formacao de complexos com solubilidade limitada. Essas isotermas, por
sua vez, podem ser de diferentes tipos: AL, Ap, An, Bs € B;. No tipo A., observa-se
um constante incremento linear de solubilidade da substancia complexada em
funcdo do aumento da concentracdo da ciclodextirina. No tipo Ap, observa-se
inicialmente um incremento linear de solubilidade da substancia complexada,
seguido de um desvio positivo que reflete a formacédo de complexos de maior ordem
molecular. Na medida em que a concentracado de ciclodextrina aumenta, mais de
uma molécula de ciclodextrina é complexada com uma molécula da substancia. No
tipo An, observa-se inicialmente um incremento linear de solubilidade da substancia
complexada seguido de um desvio negativo na medida em que a concentracao de
ciclodextrina aumenta, que indica o aparecimento de interacbes soluto/soluto e/ou
soluto/solvente. No tipo Bs, observa-se inicialmente um incremento linear de
solubilidade da substancia complexada, seguido de um platd e posterior diminuicdo
de solubilidade da substancia em altas concentragdes de ciclodextrina, que reflete a
formagédo de complexos pouco soluveis. No tipo B, ndo se observa incremento de
solubilidade da substancia complexada. Inicialmente ha um platd seguido de
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diminuicdo de solubilidade da substancia em altas concentracdes de ciclodextrina,
que indica a formacgéao de complexos insoluveis (HIGUCHI; CONNORS, 1965).

Varias estratégias vém sendo empregadas na tentativa de aumentar a
eficacia da complexacéao. A principal delas é a formacao de sistemas ternarios entre
a substancia de interesse, a ciclodextrina e um terceiro componente que pode ser
um polimero hidrofilico, um ion metalico, um acido ou uma base orgéanica
(LOFTSSON, 1998; REDENTI et al., 2000).

Promocao da penetracao de substancias bioativas na pele

O emprego de ciclodextrinas como promotores de penetracdo cutdnea de
substancias bioativas esta relacionado a sua capacidade de extracdo de
constituintes do estrato coérneo, como lipidios intercelulares e/ou proteinas
intracelulares, formando complexos. A desorganizagdo da estrutura bilamelar do
estrato cérneo promove sua fluidizacao, diminuindo a funcao barreira. Neste caso, a
ciclodextrina pode ser simplesmente incorporada a formulacdo sem prévia
complexacao com a substancia de interesse (CAL; CENTKOWSKA, 2008).

A extracdo de constituintes do estrato cérneo parece estar relacionada ao
potencial efeito irritante cutdneo das ciclodextrinas, especialmente quando
empregadas em altas concentracdes (CAL; CENTKOWSKA, 2008).

As ciclodextrinas também sao capazes de aumentar a disponibilidade topica
de substancias lipofilicas, por meio da formagao de complexos de inclusdo, uma vez
que a dissolucao é um pré-requisito para a penetracdo cutdnea. Esta caracteristica
deve-se ao fato das ciclodextrinas atuarem como verdadeiros carreadores, liberando
as moléculas da substancia complexada para a superficie cutdanea e, assim,
disponibilizando-as para difundir através da pele. Além disso, a possibilidade de
incorporacdo de uma maior concentragdo da substancia de interesse no veiculo, por
meio da complexagdo com ciclodextrinas, resulta no aumento da atividade
termodinamica da substancia, promovendo sua particdo para a superficie cutanea
(LOFTSSON et al., 2007).
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Por apresentarem uma elevada massa molecular e uma superficie externa
hidrofilica, a penetracdo cutanea das ciclodextrinas e de seus complexos é
dificultada. Portanto, para que a substancia complexada possa penetrar a pele é
necessaria a dissociacao prévia do complexo (CAL; CENTKOWSKA, 2008),

conforme ilustrado na figura 1d.

substancia (sgiigo) <> substancia seiavel + ciclodextrinasoiavery <> complexo substancia/ciclodextrinasoigver)

l a b l C l d
estrato cérneo

epiderme viavel

derme

Figura 1d. Representacao esquematica da difusdo de substancias bioativas através
da pele: a) auséncia de penetracdo; b) permeacéo; c) e d) minima penetracéo.

Ainda, para se alcancar o efeito desejavel das ciclodextrinas, € importante a
escolha de um veiculo adequado. Em emulsdes, por exemplo, pode ocorrer uma
competicao entre a substancia bioativa e os componentes lipofilicos do veiculo pelo
espaco ha cavidade da ciclodextrina (DUCHENE et al., 2003).
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2. PERMEACAO CUTANEA

Anatomia e fisiologia da pele

A pele é o maior 6rgdo do corpo humano. E dividida em trés camadas:
epiderme (subdividida em estrato cérneo e epiderme viavel), derme e hipoderme
(WALTERS; ROBERTS, 2002). A estrutura da pele é ilustrada na figura 1e.

/ Pélo
/ Camada cdrnea
3 (queratinizada)

: Glandula
Corpusculo sebacea
de Meissner

Poro
sudoriparo

Epiderme -
|
Terminagao
nervosallivre
Derme- \ f : - Glandula
- I sudoripara
Musculo eretor
do pélo

Tecido subcutaneo
(adiposo)

Foliculo piloso
Figura 1e. Estrutura da pele (A Pele e o Sentido do Tato, 2009).

O estrato corneo, a camada mais externa da epiderme, possui 10 a 20 um de
espessura. E constituido por 15 a 25 camadas de células mortas, anucleadas e ricas
em queratina, chamadas cornedcitos, que se encontram interligadas por meio de
desmossomas. Os espacgos intercelulares sdo preenchidos por lipidios (acidos
graxos livres, ceramidas, colesterol) que se encontram organizados em bicamadas.
O estrato corneo, devido a sua natureza impermeavel, atua como uma barreira que
protege o organismo contra a entrada de agentes externos, como substancias
quimicas e microorganismos, e a perda de agua por evaporacao.

A epiderme viavel, por sua vez, € subdividida em outras trés camadas:
granulosa (mais externa), espinhosa (intermediaria) e basal (mais interna). E
constituida por queratindcitos em diferentes estagios de diferenciacdo celular,
melandcitos (envolvidos com a produgdao do pigmento melanina), células de
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Langerhans (envolvidas com a resposta imune) e células de Merkel (envolvidas com

a percepgao sensorial).

A derme, ou tecido conectivo, possui 1 a 5 mm de espessura e é constituida
por células (fibroblastos) e proteinas fibrosas (colageno, elastina) envolvidas por
uma matriz mucopolissacaridica. Também fazem parte da derme vasos sanguineos
e linfaticos, terminacdes nervosas e anexos cutaneos (foliculos pilosos, glandulas
sebaceas e sudoriparas). E uma camada altamente vascularizada, atuando como
um sistema sink envolvido com a regulacdo da temperatura do organismo, o
fornecimento de nutrientes para a pele, a remoc¢ao de produtos de metabolizacéo e a
absorcéao de substancias.

A hipoderme, ou tecido subcutaneo, é constituida por tecido conjuntivo frouxo
preenchido por células adiposas que atuam como reserva energética e na protecao

do organismo contra choques mecanicos.

Vias de penetracao de substancias através da pele

A figura 1f ilustra as duas possiveis vias de penetracdo de substancias
através do estrato corneo: a via transepidérmica e a via que utiliza os anexos
cutaneos (MOSER et al., 2001).

A via transepidérmica € classificada em via transcelular (ou intracelular) e via
intercelular. No primeiro caso, a penetracdo de substancias ocorre através dos
cornedcitos e, no segundo, entre os mesmos. Substancias polares atravessam o
estrato cérneo preferencialmente pela via transcelular, enquanto substancias

lipofilicas o fazem principalmente pela via intercelular.

Os anexos cutaneos, por sua vez, compreendem os foliculos pilosos, as
glandulas sebaceas e sudoriparas. Representam uma fracdo desprezivel da
superficie cutdnea, ocupando apenas 0,1 % da area total da pele, ndo se
configurando numa via significativa para a penetracdo para a maioria das
substancias. Entretanto, essa via parece contribuir para a penetracdo cutdnea de
eletrolitos e moléculas polares grandes.
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Transcellular route Intercellular route

Plasma
membrane

Aqueous
Cell cytoplasm
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Lipid %
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Keratin

Figura 1f. Estrutura do estrato cérneo e vias de penetracao de substancias (MOSER
et al., 2001).

A pele como via de administracao de substancias

O desenvolvimento de formulagdes destinadas ao uso topico, tanto para fins
cosméticos como terapéuticos, tem suscitado interesse crescente no campo
farmacéutico nos Ultimos anos, pois constitui uma boa alternativa as vias
convencionais de administracédo (oral e parenteral), quer direcionada para uma acao
local, quer para uma acgao sistémica. Por tratar-se de uma via ndo-invasiva e de facil
acesso, a aplicagcdo cutanea possui boa aceitacdo pelos usuarios. Além disso,
previne disturbios gastrintestinais, evita o metabolismo de primeira passagem e
diminui os riscos de toxicidade, restringindo os efeitos aos tecidos desejados
(BARRY, 2005).

Entretanto, a eficacia de uma substancia aplicada topicamente depende nao
s6 de suas propriedades biolégicas, mas também da sua capacidade de penetrar a
pele e alcancar o sitio de agcdo numa concentracdo em que € ativa. O sitio de acao
pode ser o estrato corneo (emolientes, queratoliticos) ou uma das camadas mais

profundas da pele, a derme ou a epiderme (antiinflamatérios, anestésicos,
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antioxidantes). Neste caso, 0 processo € ainda mais complexo, pois depende da
particdo da substancia do veiculo para a superficie da pele e da sua particédo e
difusdo no estrato cérneo, na epiderme viavel e, finalmente, na derme. No caso de
filtros solares, por outro lado, a penetracdo cutdnea nao é desejavel, devendo
permanecer sobre a superficie da pele (BARRY, 2005).

O grau e a extensdao com que o processo de difusdo cutdnea ocorre sédo
controlados por diversos fatores, sobretudo pelas propriedades fisico-quimicas da
substancia bioativa, pelas caracteristicas do veiculo e pelas condigées da pele na

qual é aplicada.

Dentre as propriedades fisico-quimicas relacionadas a substancia bioativa
estdo a massa molecular, a solubilidade, o grau de ionizagcdo e o coeficiente de
particdo octanol/agua (log K) (HADGRAFT, 2004). Substancias que apresentam
baixa massa molecular (inferior a 600 Da), que se encontram na forma dissolvida e
nao-ionizada e que, ao mesmo tempo, apresentam equilibrio hidrofilico/lipofilico (log
K entre 1 e 3) tém sua penetracado favorecida através do estrato cérneo. Para
penetrar o estrato cérneo, as substancias tém que difundir através de dominios
hidrofilicos e lipofilicos e, por isso, precisam apresentar uma solubilidade 6leo/agua
adequada. Uma estratégia bastante empregada para substancias que apresentam
baixo coeficiente de particdo € o desenvolvimento de pro-farmacos. Na epiderme
viavel, o pré-farmaco é metabolizado por enzimas que o convertem em uma espécie
ativa (YAMASHITA; HASHIDA, 2003). A superficie da pele possui um pH que varia
de 4 a 5, tolerando variacgoes entre 4 e 7 (HADGRAFT, 2001).

O emprego de veiculos com caracteristicas apropriadas também é de grande
relevancia, visto que interagdes entre a substancia e o veiculo no qual encontra-se

incorporada podem afetar suas caracteristicas de liberacdo (HADGRAFT, 1999).

No que tange as condicoes da pele, deve-se ressaltar que a difusdo de
substancias através da pele danificada ou acometida por um processo patolégico €
maior do que pela pele integra ou saudavel. Ao mesmo tempo, a pele hidratada é,
em geral, mais penetravel do que a pele ressecada. A hidratacao da pele promove o
intumescimento da estrutura compacta do estrato cérneo, diminuindo sua funcao

barreira. Um maior grau de hidratacdo pode ser obtido por meio da aplicacdo de
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filmes oclusivos, como pomadas e adesivos transdérmicos, pois previnem a perda

de agua por evaporacao (BARRY, 2005).

Promocao da penetracao de substancias através da pele

A impermeabilidade do estrato cdérneo constitui a principal limitagdo para o
emprego de substancias destinadas a aplicacao tépica (HADGRAFT, 2001; MOSER
et al., 2001).

Segundo a primeira lei de Fick, o transporte de substancias através da pele é
controlado por um processo de difusao passiva e pode ser descrito pelo esquema 1a
(MOSER et al., 2001).

_ DbxCsb « Cv
L Csvy

J

(Esquema 1a)

onde:
J = fluxo (massa de substancia transportada por unidade de area e tempo);
Db = coeficiente de difusdo da substancia na membrana;
Csb = solubilidade da substancia na membrana;
L = espessura da membrana;
Cv = concentragao da substancia dissolvida no veiculo;
Csv = solubilidade da substancia no veiculo

A forca condutora para a difusdo de uma substéncia através de uma
membrana é o gradiente de concentragao entre os dois lados da interface. Sendo

assim, a difusdo ocorre do lado de maior concentracdo para o lado de menor
concentragao, até que se estabeleca o equilibrio dinamico em ambos lados.

De acordo com a primeira lei de Fick, o incremento do fluxo pode ser obtido
tanto pelo aumento do coeficiente de difusdo como pelo aumento da solubilidade da

substancia na membrana. Da mesma forma, o fluxo pode ser incrementado tanto
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pelo aumento da concentracdo como pela diminuicdo da solubilidade da substéancia

no veiculo.

O aumento do coeficiente de difusdo ou o aumento da solubilidade da
substancia na membrana pode ser obtido por meio do uso de promotores de
penetracdo, uma das estratégias mais empregadas atualmente no sentido de
maximizar a penetracdo de substancias através da pele. Estes podem atuar por um
ou mais mecanismos: interacdo com os lipidios intercelulares do estrato cérneo,
interacdo com a queratina dos cornedcitos e/ou modificagdo das propriedades
solventes do estrato cérneo. Dentre a vasta gama de promotores de penetracéo
relatada na literatura, destacam-se o dimetilsulféxido, a azona, a uréia, o miristato de
isopropila, ciclodextrinas, acidos graxos (acido oléico), tensoativos (lauril sulfato de
s6dio), glicéis (propilenoglicol, polietilenoglicol), alcoois (etanol) e terpenos
(HADGRAFT, 2001; MOSER et al., 2001).

O aumento da concentracdo ou a diminuicdo da solubilidade da substancia no
veiculo, por sua vez, resulta num maior grau de saturacao da substancia no veiculo
e, consequentemente, numa maior atividade termodinamica, promovendo sua
particdo para a superficie cutdnea. Condi¢cées cuja atividade termodinamica é
maxima sado obtidas por meio do uso de solugbes saturadas. O uso de sistemas
supersaturados, por outro lado, é limitado, pois sao termodinamicamente instaveis,
havendo o risco de cristalizagdo da substancia ao longo do tempo (HADGRAFT,
2001; MOSER et al., 2001).

Ensaios in vitro e ex vivo de penetracao/permeacao/absorcao cutanea

Os ensaios in vitro e ex vivo de penetragdo, permeacdo e/ou absorcao
cutdnea sao, em geral, utilizados na investigacdo do comportamento difusional de
substancias através da pele, no desenvolvimento de formulagbes destinadas a
aplicacéao tépica e na avaliacao do potencial téxico das mesmas.

Para isso, alguns parametros relevantes precisam ser considerados, como o

modelo de membrana e de célula de difusdo a serem empregados.
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Modelo de membrana

As membranas podem ser de origem humana, animal ou sintética (GODIN;
TOUITOU, 2007).

A disponibilidade de pele humana para a realizacdo de ensaios é limitada,
podendo ser obtida de cirurgias estéticas, amputacdes ou autdpsias. Além disso, o
uso de pele humana envolve questdes éticas, o que torna o emprego de pele animal
uma opgao amplamente empregada em estudos preliminares. Outras alternativas
sao o uso de tecidos obtidos a partir de cultura de células humanas ou de sistemas
lamelares que mimetizam os lipidios intercelulares do estrato cérneo. Esses
modelos, entretanto, além do elevado custo, ndo sado tdo complexos quanto a pele
humana (os anexos cutdneos, por exemplo, encontram-se ausentes), o que limita o

extrapolamento dos resultados para situacoes clinicas.

As fontes de pele animal sdo suinos, roedores (rato, camundongo, porquinho-
da-india), cobras, cdes, macacos e coelhos. O modelo de pele animal mais
empregado € a pele suina, pois é facilmente obtida em frigorificos e suas
propriedades bioquimicas e histologicas sdo as que mais se assemelham a pele
humana. Dentre as espécies de roedores, a pele de rato é a mais semelhante a pele
humana. A pele de camundongo, por ser mais fina, em geral é mais permeavel
(tabela 1b). O uso de pele de ratos e camundongos sem pélos (hairless) é preferivel,
pois ndao ha necessidade de remocao de pélos, diminuindo o risco de dano ao tecido

cutaneo.

Tabela 1b. Variagcdes de espessura da epiderme entre humanos e diferentes
espécies de roedores™.

Pele Humana Rato Camundongo
Espessura do estrato cérneo (um) 17 18 9
Espessura da epiderme viavel (um) 47 32 29

* adaptada de GODIN e TOUITOU (2007)

A permeabilidade da pele varia de acordo com a idade e o sitio de aplicagéo.
A pele de adultos, por exemplo, em geral € menos permeavel que a pele de jovens e

idosos, da mesma forma que a pele da palma das maos e da planta dos pés, onde o
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estrato cérneo é mais espesso e ocorre auséncia de foliculos pilosos nem glandulas
sebaceas. Podem, ainda, ocorrer variagdes interpessoais e inter-espécies na
espessura e na composicao lipidica do estrato corneo, bem como na quantidade de
anexos cutaneos, o que limitam a comparacao do comportamento difusional de uma

substancia entre os diferentes modelos de membrana.

As membranas sintéticas, ou artificiais, face a auséncia de interferéncia da
espessura, sdo empregadas principalmente em estudos de triagem. As mais
utilizadas sao as de polimetilsiloxano e as de acetato de celulose.

Modelo de célula de difusao

Diferentes modelos de células de difusdo sado relatados na literatura.
Entretanto, o principio de funcionamento € o mesmo. As mais utilizadas sdo as
células de difusao tipo Franz (HADGRAFT; LANE, 2005). O modelo empregado no
presente trabalho é ilustrado na figura 1g.

Figura 1g. Modelo de célula de difusao tipo Franz. A. compartimento doador, B.
membrana, C. compartimento aceptor.

No compartimento doador (A), uma formulacdo contendo a substancia de
interesse é aplicada sobre uma membrana (B) que serve como interface com o
compartimento aceptor (C), no qual uma solucao sob condicdes sink € mantida sob
agitacdo constante, simulando a circulacao sanguinea. A formulagdo pode ser um
sélido dissolvido em solvente volatil, um liquido, um semi-sélido ou um filme. A

membrana, por sua vez, pode ser pele humana ou animal dissecada ou uma
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membrana sintética. Esse sistema é mantido sob temperatura controlada (32 ou 37
°C) por um determinado periodo de tempo e, ao final do ensaio, a substancia é
quantificada na solucdo aceptora, no estrato cérneo, nas camadas mais profundas
da pele (epiderme e derme) e/ou na pele total.

A determinacdo da concentracdo da substancia de interesse na solugéo
aceptora, em funcdo do tempo, é realizada especialmente para sistemas
transdérmicos. A analise dos resultados permite a determinacdo de parametros
cinéticos importantes, como fluxo (ug.cm?.h™), tempo de laténcia (h), coeficiente de
difusdo (cm?h™) e quantidade total permeada (ug) (MOSER et al., 2001). O fluxo,
que corresponde a inclinacao da porcao linear da curva, e o tempo de laténcia, que
representa o tempo necessario para a substancia alcancar o estado estacionario de
difusdo e corresponde a projecao da intersecdo da reta com o eixo da abscissa sao
determinados graficamente, plotando-se a quantidade cumulativa de substancia
permeada por unidade de superficie em funcao do tempo. O coeficiente de difusao
(D), que representa a velocidade de difusdo da substancia através da pele, é

determinado a partir do esquema 1b.

2
D= h
6xT,

(Esquema 1b)
onde:
h = espessura da pele (cm)

T, = tempo de laténcia (h)

A determinacdo da concentracdo da substancia de interesse no estrato
cérneo €, em geral, realizada pela técnica conhecida por tape-stripping, que consiste

na remogao do estrato corneo com o auxilio de fitas adesivas.

A separacao das camadas mais profundas da pele, epiderme e derme, é
geralmente realizada com o auxilio de micrétomo, por meio de imersdo em agua a
60 °C por um curto periodo de tempo (aproximadamente 1 min) ou em solucéo de
tripsina. A quantificagdo da substancia retida em cada uma das camadas pode ser
posteriormente realizada por extragdo da mesma com um solvente adequado. Outra
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técnica bastante empregada € a microdialise, através da qual sondas sao inseridas
na derme e perfundidas com solucao tampéo. As moléculas da substancia passam
do fluido extracelular para o interior da sonda por meio de poros e, entao, é coletada
e analisada.

A quantificacdo da substancia de interesse na pele total € geralmente
realizada por meio de extracao com solvente. Outra alternativa é a determinacéo da
diferenga entre a quantidade inicial de substancia aplicada e a quantidade final de
substancia remanescente sobre a superficie da pele. A principal limitacado dessa
técnica é o fato do veiculo poder sofrer modificagcbes em virtude da evaporagédo ou
diluicdo com suor ou agua transepidérmica, € ndao simplesmente pela particdo da
substancia na pele.

A avaliacdo da localizacdo da substancia penetrante, em diferentes
profundidades, pode ser realizada por meio de andlise histolégica de sec¢des de
pele obtidas em micrétomo utilizando microscopia confocal, para substancias
fluorescentes, ou microscopia de forca atbmica. Para substancias radiomarcadas é
bastante relatado o uso de cintilografia.

Uma revisdo detalhada a respeito das técnicas descritas acima, empregadas
para a determinacédo da concentragdo e da localizacdo de substancias penetrantes
na pele, é descrita por TOUITOU e colaboradores (1998) e SCHNETZ e FARTASCH
(2001).









CAPITULO 1. Caracterizagao fisico-quimica, termo-analitica e espectroscépica de
amostras de quercetina de diferentes procedéncias
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A quercetina (3,3,4°,5,7-pentahidroxi-flavona) é uma substancia natural
pertencente aos flavondides, uma das classes mais importantes de compostos
naturais biologicamente ativos e amplamente distribuida no reino vegetal. E um dos
componentes encontrado frequentemente em plantas medicinais e produtos
derivados como, por exemplo, solugcdes extrativas hidroetandlicas de sumidades
floridas de Achyrocline satureioides, espécie popularmente conhecida como
marcela, utilizada pela populagdo na regido meridional da América do Sul e,
principalmente, no Rio Grande do Sul (BETTEGA et al., 2004; POLYDORO et al.,
2004; DE SOUZA et al., 2007).

A quercetina € um dos flavondides mais abundantes na alimentacdo humana,
estando presente em bebidas, como o vinho tinto e o cha verde, em frutas, como a
maca, e em vegetais, como a cebola. A sua presengca em bebidas e alimentos
comuns a dieta pressupde seu consumo diario pela populacdo. Entretanto, isso nao
garante que o efeito bioldégico desejado a saude humana seja alcancado, face a
concentragdo variavel ingerida e as limitagdes de absorcdo atribuidas a esta
molécula por via oral (MUROTA; TERAQO, 2003).

Em vegetais, assim como em bebidas e alimentos, a quercetina encontra-se
geralmente na forma de glicosideo (quercitrina, rutina, dentre outros) (HARWOOD et
al., 2007). No mercado, é disponivel tanto na forma de heterosideo como de
aglicona.

O emprego da quercetina no desenvolvimento tecnolégico de formas
farmacéuticas tem sido foco de estudo no Programa de Pds-Graduacao em Ciéncias
Farmacéuticas desta Universidade (VINADE, 1995; WEBBER, 2003; COSTA, 2005;
DE MORAES, 2007; FASOLO, 2007; WEISS-ANGELI, 2007; DE MARCO, em

andamento).

A molécula da quercetina € constituida por um anel benzeno condensado a

um anel pirano, o qual possui um anel fenila ligado a posic¢ao 2 (Figura 1.1).
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Figura 1.1. Estrutura quimica da quercetina.

A quercetina apresenta massa molecular de 302,24 g.mol”, na forma anidra
(C15H1007), e 338,24 g.mol™, na forma diidratada (C15H1007.2H:0).

Em analise por espectrofotometria no ultravioleta, a quercetina apresenta
duas bandas de absorcdo maxima, localizadas em 258 e 375 nm, correspondentes,
respectivamente, aos anéis A e B da molécula (MABRY et al., 1970).

A quercetina apresenta trés valores de constante de dissociacdo, sendo o
pKa1l igual a 7,7; o pKa2 igual a 8,7 e o pKa3 igual a 9,8; correspondentes,
respectivamente, a desprotonacdo das hidroxilas em C3, C4’ e C7 da molécula
(KUNTIC et al., 2003; MILANE et al., 2004).

A atividade antioxidante da quercetina esta fortemente relacionada a estrutura
da molécula, sendo atribuida a presenga das hidroxilas livres em posi¢cdo orto em
C3’ e C4’ (grupo catecol) no anel B, da ligagdao dupla entre C2 e C3 em conjugacao
com a carbonila em C4 e das hidroxilas livres em C3, no anel C, e em C5 e C7, no
anel A (BOOTS et al., 2008).

Diversos estudos descrevem as caracteristicas fisico-quimicas, termo-
analiticas e espectroscopicas da quercetina, 0os quais estdo sumarizados na tabela
1.1. A existéncia de cristais de quercetina nas formas anidra e diidratada, bem como
a influéncia do grau de hidratacdao do reticulo cristalino sobre a configuracao
molecular do flavonoide é relatada por OLEJNICZAK e POTRZEBOWSKI (2004).

A importancia da estrutura e da configuracdo molecular do flavondide para as
suas propriedades farmacotécnicas e biologicas representa a principal motivacao
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para o estudo de amostras de quercetina de diferentes procedéncias, em especial
no que se refere a sua estabilidade térmica em estado sélido, fato ainda nao

investigado na literatura. Este estudo constitui o capitulo 1 da presente tese.
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Tabela 1.1. Relatos da caracterizagao fisico-quimica, termo-analitica e espectroscépica da quercetina na literatura.

Analise

Referéncia

Calorimetria Exploratéria Diferencial / Termogravimetria

ZHOU e colaboradores (2001)

DA COSTA e colaboradores (2002)
OLEJNICZAK e POTRZEBOWSKI (2004)
KOONTZ e colaboradores (2009)
ZHENG e CHOW (2009)

Difratometria de Raios-X

OLEJNICZAK e POTRZEBOWSKI (2004)
PRALHAD e RAJENDRAKUMAR (2004)
KALE e colaboradores (2006)

SRl e colaboradores (2007)

WU e colaboradores (2008)

SCALIA e MEZZENA (2009)

ZHENG e CHOW (2009)

Espectroscopia no Infravermelho

ZHOU e colaboradores (2001)

DE SOUZA e DE GIOVANI (2005)
FERRER e colaboradores (2006)
BUKHARI e colaboradores (2009)

Espectroscopia por Espalhamento Raman

CORNARD e colaboradores (2005)
TESLOVA e colaboradores (2007)

Espectroscopia de Ressonancia Magnética Nuclear

ZHOU e colaboradores (2001)
OLEJNICZAK e POTRZEBOWSKI (2004)
DE SOUZA e DE GIOVANI (2005)
BUKHARI e colaboradores (2009)

Espectrometria de Massa

BUCHNER e colaboradores (2006)
ZHOU e SADIK (2008)

Coeficiente de Particdo Octanol/Agua (log P)

ROTHWELL e colaboradores (2005)

Hidrossolubilidade

NN N N N N N N R N N A N N N N VN N N NN

AZUMA e colaboradores (2002)

LAURO e colaboradores (2002)

SAIJA e colaboradores (2003)
MONTENEGRO e colaboradores (2007)
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OBJETIVOS ESPECIFICOS

v Caracterizar quatro amostras de quercetina, de diferentes procedéncias (trés
apresentando grau farmacéutico e uma substancia de referéncia), quanto as suas

propriedades:

e Fisico-quimicas, no que se refere a hidrossolubilidade intrinseca; fisicas, no
que se refere ao tamanho e a forma das particulas; quimicas, no que se refere a

pureza;
e Termo-analiticas;
e Espectroscopicas;

v' Selecionar uma amostra de quercetina apresentando grau farmacéutico para

ser empregada nas etapas subsequentes do trabalho
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Abb.: Farbreaktion nach Emerson
1: d-Aminophenazon
2+ 4[N N-Dimethylamino)phenazon
K: Konuoelle

Tabelle: Trivial- und Handelsnamen der untersuchten Verbin-
dungen

4-Amimophenazon (1) 4N M-Damsethylansophenazon (2)

+-AAP
4-Aminoantipyrene
Aminoantipyrinie)
4- Aminoantipyrine
Ampyrane
Metapirazone

Aminophenazon{e)
Aminopyrine
Amidopynn(e)
Amidazophen(es)
Amidofebrin
Amidofen

Experimenteller Teil

Durchfithrung nach Emerson (1943 13 myg Fhenol werden in 10 ml H0
gelist und mit 3 Tropfen einer NH,OH-Lsg, (¢ =6 moll) versetzi, Die
Lasung wird in »wei gleiche Teile geteilt, von dencn der eine mit 2 Trop-
fen einer 24%igen Aminophenazon-Lsg, versetzt wird und der andere als
Kontrolle dient. Beide Losungen werden mit 3 Tropfen einer B%igen
KalFe(CN)|-Lsg. versetat,
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The present work was designed to compare four com-
mercial samples of quercatin, three of them presenting
pharmaceutical grade (QPGa, QPGh and QPGc) and
the other one pro-analysi grade (QPA) by means of
different techniques. Physical and chromatographic
characterization of these samples shows different pro-

perties following its origin, especially a clear evidence
of palymorphism occurrence.

Quercetin belongs to the MNavonoid class and its biological
activitics have been described extensively (Murota and
Terao 2003; Moskaug et al. 2004; Okamoto 2005). How-
ever, few studics concerning solid-state properties of quer-
cetin have been reported (Heneczkowski et al. 2001; Costa
etal. 2002; Olejniczak and Potrzebowski 2004; Costa
20035). In the present work, three samples of quercetin pre-
senting pharmaceutical grade were compared to a pro-ana-
lysis grade sample by means of Liquid Chromatography
(LC), Ultraviolet Spectroscopy (UV), Infrared Spectrosco-
py (IR), Differential Scanning Calorimetry (DSC), X-Ray
Powder Diffraction Analysis (XRPD), Scanning Electron
Microscopy (SEM) techniques and agueous solubility de-
termination,

The LC profile of all quercetin samples showed peaks
with very similar retention times (6.8 min). Considering
the peak area of QFA as 1009, the lower concentration of
QPGa (92.0% + 0.4) and QPGc (93.6% + 1.4} samples
could be due to the residual water content. The concentra-
tion higher than 100% in QPGh (105.5% + 0.4) sample
could indicate the presence of impuritics or lower residual
water content than QPA.

For all samples coincident UV spectra were observed.
Their maximum absorption wavelength values {256 and
372 nm) are in accordance with the spectra reported in the
literature (Mabry et al. 1970; Budavari 1996).

Coincident TR spectra of QPA and QPGa samples were
obtained, both presenting the main charactenstic bands of
the molecule: at 34086 cm ' (—OH deformation), 900
and 875 em™' (—CH deformation), 1260 and 1000 cm™
(—C0O deformation), 1150—1085 cm ! {(C—0—C deforma-

FPharmazie 61 (2006) 9
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Fig. 1: XRPD analysis of guercetin samples from different suppliers (A)
QPA, (B) QPGa , (C) QPGb and (D) QPGe

Fig. 1:
Photomicrographs of quercetin samples (A) OPA and
(B) QFGa

Pharmazrie 61 (2006) O

tion) and 1666.7 cm™! (=C0O sireiching). The IR spectra of
QPGb and QPGe samples also were coincident, but they
are not in accordance with the spectra related in the li-
terature (Pouchert 1991). Tn this case, the band relative o
—OH deformarion (3408.6 em ') presents different shape
when compared with the TR spectra of QPA and QPGa. The
band correspondent to the =CO stretching (1666.7 cm ™) is
in the same position in all recorded spectra. The main dif-
ference is found in the position and shape of the bands re-
lated to the —CO deformation (1260 and 1000 cm™!). Ad-
ditionally some differences in the bands related to the —CH
deformation (900 and 675 cm™!) were observed, These dif-
ferences could be related to the presence of hydration water
as well as differences between their crystal lattices.

In DSC analysis, the first endothermic event observed for
QPA and QPGa samples corresponds to the loss of the
bounded water. QPA and (QPGa samples presented onset
temperature  values for this evenmt of 114.20°C and
8561 °C, respectively. This peak is not present in the
QPGb sample and, in the case of QPGe sample, such a
peak is displaced to lower temperatures compared to QPA
and QPGa samples (31.26 *C), suggesting that this peak
cannot be related to the loss of bounded water. In the
same way, the peak corresponding ter the melting point of
the guercetin presented different onsel temperature values
for all samples. QPA, QPGa and QPGe samples presented
onset temperature wvalues of 32257 °C, 3218.96°C and
315.31 °C, respectively. The onset temperature differences
for QPA and QPGa samples, upon to the presence of an
cxothermic signal on about 200 °C in QPGa, which was
no detected in the thermogram of QPA, could suggest dif-
ferences in crystal lattice, size or marphology of particles
of both samples. QPGb sample, on the other hand, pre-
sented two endothermic peaks between 314 and 320°C:
the first one with an onset temperature of 314.54 °C (si-
milar to the value observed for QPGe sample) and the
other one with an onset temperature of 319.86 °C (similar
to the values observed for QPA and (QPGa samples).

The XRPD analysis (Fig. 1) showed that QPA and QPGa
samples present the same XRPD pattern and, conse-
quently, identical crystal lattices. QPGb and QPGe sam-
ples, on the other hand, presented two different XRPD
patterns. These results indicate the occurrence of three difl-
ferent polymorphic forms of quercetin. Distinct crystal lat-
tices of QPGb and QPGe samples, when compared (o
QPA and QPGa, could explain the resulls observed in
DSC analysis. Nevertheless, the results obtained in ther-
mal analysis of QPA and QPGua samples cannot be ex-
plained by XRPD data.

The aqueous solubility values observed for QPGa, QPGb
and QPGe samples were, 1.69 +£0.02, 1.22 £0.05 and
297 + 0.27 ng/ml, respectively. These values were higher
than that observed for QPA (0.48 £ 0.03 pg/mL). The dif-
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ference in aqueous solubilities among QPA, QPGb and
(QPGe samples is probably due to their distinct crystal lat-
tices. MNevertheless, comparing QPA and QPGa samples,
the aqueous solubility differences could be caused by dif-
ferent particle morphology.

Effectivelly, the SEM photomicrographs of QPA  and
QPGa samples demonstrated the existence of differences
in particle morphology and size between both samples
(Fig. 2). In the QPA sample it is possible to observe the
presence of cuhedral particles (with size between 2 and
4 pm}, whereas the QQPGa sample is composed of particles
presenting subhedral shape (the majority form is columnar
and with size between 3 and 5 um). The DSC analysis
response and aqueous solubility of QPA and QPGa sam-
ples can be related to the particle morphology and particle
SLEE,

Taken together, physical and chromatographic characteri-
zation of four different commercial samples of guercetin
shows different properties following its ongin, which is a
clear evidence of polymorphism occurrence.

Experimental

Quercetin pharmaceutical grade were purchased from DEGY  (QPGa),
Galena™ (QPGh) and SPFarma® (QPGe) (Brazil) and quercetin pro-analysi
grade {(JPA) was obtained from Sigma™ (ITSA) Liguid chromatagraphy
was performed using the method developed and validaied by Webber
(200133, in a Shimadzu LO- 104 equipment and a Shimadzu CLC-0ODS (M)
RF 18.5 pm (250 = 4 mm id.) column, Each sample was analysed in tri-
plicate. The spectral analysis (200 to 300 nm) was performed in a Hewlett-
Packard 8452A Scaning Spectrophotometer UV-VIS, using a methanolic
solution comaining 16 pgfmL of each sample, in quane cell ond path
length of 1em. The TR spectra (4000 to 400 cm ™'} were obtained in a
Shimadzu DR-8001 IR Spectrophowmeter in KBr discs, wsing a resolution
of 4 em ! and 40 accumulations. For differential scanning calorimetric ana-
Iysis, samples comresponding o around | o 2 mg were placed in alumi-
nurm pans and crimped. The analysis were camried out in a Shimaden DSC-
&) equipment. The operating conditions were 10 °C . min~' of heating
rate, from 25 up to 350°C, Na dynamic stmosphers, SOmL - min~' of
Oow, Temperature calibration was perfonned wsing Indium and Zinc, Dif-
fractngrams were obtained at room temperature in 4 Siemens D-5000 X-ray
diffractometer. The setting parameters were Mi filtered Co Koo eadiation
(h = 15413 A}, high vollage of 40kV, wbe cument of 30 mA, step of
0.02° 20¢7 ! and angular range of 2° < 20 < 72°. Aqueous solubility deter-
munation was camed out by adding an excess amount of sample (6 mb)
to 10mL of water. The suspensions resuliing were stirmed for 24 b,
37 °C. Samples were Oltered and the quercetin content in the solutions was
assayed by uliraviolet spectroscopy at 372 nm. Each sample was analysed
in triplicate. The scanning electton microscopy analysis was performed in
a JAM-6060 SEM, using a voltage of 20 kV. Samples were analyzed after
eold sputiering.

Acknowledgement: This research was supported by the Brazilian Govern-
ment (CAPES, CNPy and FAPERGS).
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Abstract

In the present work three samples of quercetin raw materials, purchased from
different suppliers, were characterized employing particle size analysis, scanning
electron microscopy, Raman spectroscopy, thermogravimetry, differential scanning
calorimetry, and variable temperature-powder X-ray diffraction in order to know their
physicochemical properties, specially the thermal stability in solid state. The results
demonstrated that the analyzed quercetin raw materials present distinct crystalline
structure, ascribed to the presence of different amounts of hydration water molecules
into their crystal lattice. The solid state stability of these quercetin hydrates was
highly dependent on the temperature. This characteristic is an important information
for the processing control in the manufacturing of nutraceutics, cosmetics or
pharmaceutics, since phase transitions resulting from heating may lead to changes in
the physicochemical properties of the flavonoid, such as water solubility and, thus, in

its bioavailability.

Key-words: hydrates, physicochemical characterization, quercetin, solid state,

thermal stability
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1. Introduction

Hydrates are crystalline forms containing either stoichiometric or non-stoichiometric
amounts of water into the crystal lattice. They are also called pseudopolymorphs
(Raw et al., 2004). Their physicochemical properties, such as solubility in water and
stability, can differ significantly (Sheng et al., 1999).

The physical stability of hydrates is highly dependent on the environmental
conditions. During processing or storage, crystalline substances are often exposed to
water, moisture and temperature changes and, thus, may be converted to other form
(Raw et al., 2004). The hydration and dehydration, which refers to the transition
between anhydrates and hydrates or between lower hydrates and higher hydrates,
may lead to formation of a more or less stable crystalline form, a mixture of crystalline
forms or an amorphous form. Such phase transitions are often accompanied by
changes in the physicochemical properties and are of major concern for insoluble
molecules because they can affect their bioavailability (Zhang et al., 2004).
Therefore, the knowledge of the environmental conditions under which phase
transitions occur is an essential preformulation step to assure the quality of the final
product, including nutraceutics, cosmetics or pharmaceutics.

Quercetin (3,3,4’,5,7-pentahydroxy-flavone) is one of the most biologically active and
common dietary flavonoids. Its biological properties have been intensively
investigated, which are very often related to its antioxidant activity (Bischoff, 2008).
By the other hand, the bioavailability of quercetin is limited by its reduced solubility in
water (Borghetti et al, 2009). In Brazil, quercetin raw materials from different
suppliers are commercially available as quercetin dihydrate (C15H1007.2H20). The
occurrence of quercetin raw materials presenting different crystalline structures in the

Brazilian market have been found by preliminary studies of this work (Borghetti et al.,
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2006). In the same way, the existence of dihydrated and anhydrated forms of
quercetin in the solid state was reported by Olejniczak and Potrzebowski (2004). The
authors reported that the presence of hydration water molecules into the crystal
lattice of quercetin has great influence on its molecular geometry, because the
hydrogen bonding pattern differs according to the crystalline form of the flavonoid.
For the dihydrated form, intermolecular hydrogen bonds occur between hydration
water molecules and hydroxyl groups of C3’, C4’ and C7. For the anhydrate form, the
hydroxyl group of C3’ is involved in the formation of an intramolecular hydrogen bond
with the hydroxyl group of C4’. The presence of hydroxyl groups in 3’- and 4’-
positions of the B ring, as well as a hydroxyl group in 3- position of the C ring in
conjunction with a C2-C3 double bond, is related to the high antioxidant activity of
quercetin (Boots et al.,, 2008). In the same way, the oxidation of the flavonoid in
aqueous media seems to involve the attack of the hydroxyl group of C3 (Smith et al.,
2000; Buchner et al., 2006). Therefore, the variations of crystalline structure of
quercetin may have great practical importance, especially considering its solubility in
water, stability and biological properties.

In this context, the objective of the present work was to characterize three samples of
quercetin raw materials presenting different crystalline structures by means of particle
size analysis, scanning electron microscopy, Raman spectroscopy, differential
scanning calorimetry, thermogravimetry, and variable temperature X-ray diffraction.
For the first time, the physicochemical properties attributed to each crystalline form of

the flavonoid, specially their thermal stability in the solid-state, were investigated.



49

2. Experimental

2.1. Materials

Three samples of pharmaceutical grade quercetin (QCT) were analyzed as supplied,
without purification or recrystallization. QCTa, QCTb and QCTc were purchased from
Deg (Sao Paulo, Brazil), Galena (Sao Paulo, Brazil) and SP Farma (Sao Paulo,

Brazil), respectively.

2.2. Particle Size Analysis
The samples were dispersed in silicon oil and suspended with an ultrasonic system.
The mean diameter of the particles was determined using a CILAS 1180 laser

diffractometer (Madison, MO/MA, USA).

2.3. Scanning Electron Microscopy (SEM)

The samples were fixed on brass stubs using a double-sided adhesive tape and
vacuum-coated with a thin layer of gold. The photomicrographs were taken at a
voltage of 10 kV and a magnification of x3,000 using a Jeol JSM-6060 microscope

(Tokyo, Japan).

2.4. Fourier Transform - Raman Spectroscopy

The FT-Raman spectra were acquired using a Bruker VERTEX-70 FTIR/FT-Raman
spectrometer (Ettlingen, Germany) equipped with a Nd:YAG laser (1064 nm
excitation line) and a liquid-nitrogen cooled Ge detector. The analysis were
performed at room temperature in a frequency range between 2,000 and 100 cm™,

with 1024 accumulations and a resolution of 4 cm™.
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2.5. Differential Scanning Calorimetry (DSC) and Thermogravimetry (TG)

Simultaneous differential scanning calorimetry and thermogravimetric experiments
were performed using a Netzsch STA-409 PC/PG equipment (Selb, Germany),
coupled to a Bruker TENSOR-27 Fourier Transformed Infrared spectrometer
(Ettlingen, Germany). The analysis were performed from room temperature up to 500
°C, at 10 °C.min™", under nitrogen gas flow (60 mL.min™"). Approximately 5 mg of the

samples were accurately weighed in aluminum pans and crimped with a pinhole.

2.6. Variable Temperature X-Ray Diffraction (VTXRD)

The diffractograms were recorded using a Rigaku RINT-2000 equipment (Tokyo,
Japan) under the following operating conditions: Cu Ko radiation (A= 1.5406 A),
voltage of 40 kV, current of 40 mA, scanning rate of 0.5° 26.min', scanning step of
0.02° 29, step exposure time of 3 s, heating rate of 5 °C.min" over the angle range of

3 —32° 20, from room temperature (20 °C) up to 270 °C.

3. Results and discussion

XRD, one of the most reliable techniques for identification of crystalline structures,
cannot easily differentiate between true polymorphs and pseudopolymorphs. Thus,
the combination of several techniques has been employed for characterizing
hydrates in the solid state. The combined use of thermogravimetry and infrared
spectroscopy permits identification of the solvent incorporated into the crystal lattice.
By the other hand, Raman spectroscopy is especially important because detects low
energy vibrations of atoms caused by differences in crystal lattice packing.

Additionally, the functional groups involved in hydrogen bonds can display shifts of
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varying degrees (Vippagunta et al., 2001; Rodriguez-Spong et al., 2004; Ayala, 2007;

Ayala et al., 2007).

3.1. Particle Size Analysis and Scanning Electron Microscopy

QCTa and QCTc presented particles with similar mean diameter (0.65 um and 3.65
um, respectively), while QCTb exhibited the highest mean diameter (15.52 um). The
photomicrographs obtained for all samples of quercetin, illustrated in figure 1,
corroborate these results and can explain, at least partially, the lower solubility in
water, at 37 °C, for QCTb (2.6 ug.mL™) when compared with the other samples (3.7
ng.mL" for QCTa and 6.5 ug.mL" for QCTc) (Petry et al., 2007). However, it is
difficult to determine if these differences in particle size are caused by
pseudopolymorphism or by changes in crystal growth conditions, such as degree of
supersaturation, nature of crystallization solvent, speed of solution agitation, rate of

cooling, or presence of impurities (Rodriguez-Spong et al., 2004).

3.2. Fourier Transform - Raman Spectroscopy

The Raman spectrum of quercetin has been reported by several authors (Cornard et
al., 2005; Teslova et al., 2007). The Raman spectra obtained for all samples of
quercetin in the fingerprint region are presented in figure 2. By comparing our results
with those reported by Cornard et al. (2005) and Teslova et al. (2007) it is possible to
associate the previously reported spectrum with QCTa. The main features of the
Raman spectrum of QCTa are v(C=0) stretching (1660 cm™), v(C2=C3) stretching
(1608 cm™), phenyl and benzo rings v(C=C) stretchings (1590 and 1549 cm™). The
group of bands between 1300 and 1500 cm™ cannot be described by a single internal

coordinate but it is better described by a set of mechanical coupled vibrations of v(C-
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C) strechings and in-plane §(CH) and 8(C-OH) bendings. Although it is not possible
to associate a single band to the v(C2-C1’) streching, contributions of interring bond
are expected in this region.

As it will be shown later, QCTb seems to be a mixture of crystalline forms, due to that
we will focus our discussion on the Raman spectra in the comparison between QCTa
and QCTc. The most remarkable difference between the Raman spectra of QCTa
and QCTc is the shift of the v(C2=C3) stretching mode from 1608 cm™ to 1616 cm™.
A similar effect was observed by comparing the Raman lines of quercetin in solid
state and in solution (Cornard et al., 1997). The observed frequency variations could
be ascribed to modifications of the molecular structure due to the crystalline field.
Thus, one of the more notable effects is the change of the interring torsion angle
around the C2-C1’ bond. Quantum mechanical calculations lead to a nonplanar
structure with a torsion angle of about 28° (Cornard et al., 1997), whereas the value
determined by X-ray diffraction in the crystal line state is 5.5° (Rossi et al., 1986; Jin
et al.,, 1990). Based on these results, the frequency shifts observed in the QCTa and
QCTc hydrates could be explained as a change in the molecular conformation,
mainly related to the relative orientation of the phenyl and pyrone rings. Additional
support to this assumption is provided by the wavenumber shift of the QCTa bands
around 1328 and 1439 cm™, which are related to the v(C2-C1’) stretching. On the
other hand, bands related to the phenyl and benzo rings (1590, 1549, 1400 and 1370
cm™) remain unaltered showing that conformational changes are mostly located

around the C2-C1’ bond.
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3.3. Differential Scanning Calorimetry

The DSC curves obtained for all samples of quercetin exhibited two main
endothermic events, as illustrated in figure 3. The first one corresponds to the
dehydration. For QCTa (approximately 105 °C, AH= 222 J.g') and QCTb
(approximately 119 °C, AH= 112 J.g™") the corresponding temperature was higher
than the boiling point of water, which suggests that their hydration water molecules
are strongly held by crystal lattice through hydrogen bonds. By the other hand, QCTc
showed a broad endotherm at low temperature (approximately 82 °C, AH= 153 J.g™").
The second endothermic event is related to the melting point of quercetin and it
occurred at approximately 317 °C (AH= 91.8 J.g') for QCTa, 323 °C (AH= 177 J.g™)
for QCTb, and 318 °C (AH= 147 J.g"') for QCTc. An exothermic event following
melting was observed at approximately 340 °C for QCTa, 350 °C for QCTb, and 345
2C for QCTc and corresponds to the decomposition of quercetin (Zhou et al., 2001;
Da Costa et al., 2002; Olejniczak e Potrzebowski, 2004; Koontz et al., 2009; Zheng e
Chow, 2009). Additionally, a minor endothermic event was observed for QCTb and
QCTc at approximately 272 °C (AH= 3.2 J.g') and 231 °C (AH= 7.0 J.g7),
respectively, suggesting that a solid-solid transition of the corresponding anhydrate

forms has occurred. This phenomenon was not observed for QCTa.

3.4. Thermogravimetry

The TG curves obtained for all samples of quercetin exhibited a two-step weight loss
within the same temperature range observed in DSC analysis, as illustrated in figure
4. The first one corresponds to the dehydration and it was approximately 10.5 % for
QCTa, 2.9 % for QCTb, and 5.13 % for QCTc. The second weight loss is related to

the decomposition of quercetin. The insets in figure 5 show the integrated intensity of
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the infrared spectra of the evolved gases in the v(OH) and v(CO) stretching spectral
regions of water and carbon dioxide, respectively. Thus, the corresponding plots
provide informations on the characteristic temperatures in which these gases were
released. The temperature evolution of the water vapor clearly confirms that the first
anomaly observed in the DSC and in the TGA thermograms is associated with the
dehydration process, since it was the only compound observed in the evolved gases.
The simultaneous analysis by infrared spectroscopy confirmed the release of
hydration water from the crystal lattice, excluding the occurrence of solvates in the
samples of quercetin analyzed in this work. By the other hand, the second weight
loss (approximately 14.7 %, 22.2 % and 19.9 % for QCTa, QCTb and QCTgc,
respectively) is followed by the release of water and carbon dioxide characterizing a
decomposition process.

The comparison between the weight loss observed for QCTa during dehydration and
that calculated for quercetin dihydrate (10.64 %), from its molecular weight (338.24
g.mol™), suggests that QCTa corresponds to the dihydrated form, presenting two mol
of water per mole of quercetin. The phase transitions of QCTa and QCTc on heating

are summarized as follow:

+100 °C
dehydration: QCTa . 2 H,O (crystall) ———  »  QCT (crystal) + 2 H>O (g)

+100 °C
QCTc . 1 H.O (crystal) ————»  QCT (crystal) + 1 H>O (g)

1+ 300 °C
melting: QCT (crystal) ———— »  QCT (liquid)

By the other hand, QCTc seems to correspond to the monohydrated form, presenting
one mol of water per mole of quercetin (320 g.mol™), since the theoretical mass loss
is 5.62 %, which is in accordance with the observed value. QCTb is probably a
mixture between different crystalline forms of quercetin as it will be confirmed by X-

ray powder diffraction.
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3.5. Variable Temperature X-Ray Diffraction

VT-PXRD analysis was carried out to confirm the above-mentioned thermal behavior
of the samples. The diffractograms and the main diffraction peaks of the three
samples of quercetin, obtained by variable temperature X-ray diffraction analysis, are
showed in figures 5, 6, 7 and 8 and summarized in table 1.

The diffractograms obtained at room temperature for all samples of quercetin (Figure
5) exhibited a series of sharp peaks, suggesting that the flavonoid is present as a
crystalline material. However, the differences observed in the peak positions (Table
1), which correspond to the periodic packing of molecules in solid state, suggest that
the samples of quercetin present distinct crystal lattices. QCTa exhibited a diffraction
pattern characteristic of quercetin dehydrate (Rossi et al., 1986; Jin et al., 1990), in
which peaks at a diffraction angle (26) of 10.6°, 12.3° and 27.3° were observed
(Olejniczak e Potrzebowski, 2004; Pralhad e Rajendrakumar, 2004; Kale et al., 2006;
Sri et al., 2007; Wu et al., 2008; Scalia e Mezzena, 2009; Zheng e Chow, 2009). The
diffractogram of QCTb exhibited a diffraction pattern similar that presented by QCTa
(diffraction peaks at 10.70, 12.34, 13.48, 14.02, 24,26, 26.41, 27.34, and 29.5 °20),
suggesting that QCTb exists as a mixture of dihydrate and other crystalline form.
QCTc, by the other hand, exhibited a diffraction pattern too many different than that
presented by QCTa and QCTb.

The diffractograms obtained during heating for all samples of quercetin are presented
in figures 6, 7 and 8. The expected phase transition because of molecular
rearrangement during the dehydration of quercetin molecule was observed at 110 °C
for QCTa (Figure 6) and QCTb (Figure 7), and 40 °C for QCTc (Figure 8). The
diffraction pattern of the corresponding anhydrated forms (transition 1 in table 1) was

different from each other and from that obtained for the original forms, however, their
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crystalline structure was maintained. In the same way, a second phase transition was
observed for QCTb (at 270 °C) and QCTc (at 250 °C), confirming the occurrence of a
solid-solid transition of the corresponding anhydrate forms. The diffraction patterns of
both samples were identical, since they exhibited peaks in the same positions
(transition 2 in table 1), which suggests that the new crystalline forms formed are the
same for QCTb and QCTc. No phase transition was observed for QCTa on heating
above 110 °C. Unfortunately, the diffraction pattern of the samples could not be
monitored at temperatures above 270 °C, in which quercetin begins melting.

Taking together, the solid state stability of quercetin raw materials evaluated in the
present study was highly dependent on the temperature, where QCTa was
thermodynamically more stable than QCTb and QCTc. In QCTa the hydration water
molecules are probably involved in stronger intermolecular hydrogen bonds that
contribute to the coherence of the crystalline structure, resulting in a lower energy
state. Based upon its minimal potential for transition, quercetin dihydrate seems to be
the most appropriate crystalline form for the development of solid dosage forms.
However, a less stable form can be necessary in view to improve the aqueous
solubility and the bioavailability of the flavonoid. In this case, the crystalline form must

be known during the manufacturing process (Raw et al., 2004).

4. Conclusions

The present work was able to demonstrate that the analyzed quercetin raw materials
present distinct crystalline structure, ascribed to the presence of different amounts of
hydration water molecules into their crystal lattice. However, the more relevant
finding is that the solid state stability of these crystalline forms of quercetin is highly

dependent on the temperature. This characteristic is an important information for the
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processing control in the manufacturing of nutraceutics, cosmetics or pharmaceutics,
since phase transitions resulting from heating may lead to changes in the

physicochemical properties of the flavonoid and, thus, in its bioavailability.
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Figure captions

Figure 1. Photomicrographs of quercetin samples: (a) QCTa, (b) QCTb, (c) QCTc

Figure 2. Fourier Transform-Raman spectra of quercetin samples

Figure 3. Differential Scanning Calorimetry curves of quercetin samples. The insets

show a magnified region (x 20) for better visualization

Figure 4. Thermogravimetric curves of quercetin samples. The insets show the

integrated intensity of characteristic bands of water and carbon dioxide observed in

the infrared spectra of the released gases

Figure 5. Room temperature X-ray diffraction patterns of quercetin samples

Figure 6. Variable temperature X-ray diffraction pattern of quercetin sample QCTa

Figure 7. Variable temperature X-ray diffraction pattern of quercetin sample QCTb

Figure 8. Variable temperature X-ray diffraction pattern of quercetin sample QCTc
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Table captions

Table 1. Main diffraction peaks of quercetin hydrates and their new crystalline forms

observed by variable temperature X-ray diffraction analysis
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 7.
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Figure 8.
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Table 1.
. Diffraction peaks (°26)
Quercetin " a ", b
samples Room temperature Phase-transition 1 Phase-transition 2
(20 °C) (dehydration) (solid-solid)
10.65; 12.34; 13.51; 7.47;9.17;10.77; 12.66;
QCTa 14.07; 15.76; 24.29; 14.36; 15.01; 16.71; 21.15; -
26.52: 27.27: 29.54 25.86
10.70; 12.34; 13.48; 11.79;12.11; 12.44; 13.36; 7.47;9.24;10.77; 12.94;
QCTb 14.02; 17.83; 24,26; 13.75; 16.73; 17.77; 26.19; 14.36; 15.01; 16.71; 21.90;
26.41; 27.34; 28.20; 29.5 28.04 25.92
4.52; 8.86; 9.69; 13.00; ) ] ) ] 7,50; 9.30; 10.83; 13.03;
QCTc 16.58; 21.86; 24.76; 989, 10.72,13.24:17.71; 4 4"45. 15,21 16,71; 21.80;

25.94: 27.86 21.66; 24.31; 25.95; 27.57 oE 86

2 Phase-transition 1 occurred at 110 °C for QCTa and QCTb, and at 40 °C for QCTc
® Phase-transition 2 occurred at 270 °C for QCTb and at 250 °C for QCTc












CAPITULO 2. Quercetina/ciclodextrina/polimero  hidrofilico:  preparagdo e

caracterizacao de sistemas binarios e ternarios
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O emprego da quercetina no campo farmacéutico e cosmeético é limitado, sob
o ponto de vista biofarmacéutico e tecnolégico, pela reduzida hidrossolubilidade da
aglicona, entre 0,2 e 7,7 ng.mL" (AZUMA et al., 2002; LAURO et al., 2002; SAIJA et
al., 2003; MONTENEGRO et al., 2007), sendo esta atribuida a formacao de ligacoes
de hidrogénio intramoleculares (OLEJNICZAK; POTRZEBOWSKI, 2004; CHEBIL et
al., 2007; KOONTZ et al., 2009).

Diversas estratégias vém sendo empregadas para a solubilizacdo da

quercetina em veiculos aquosos:
v encapsulacao em nanoparticulas (BARRAS et al., 2009);
v’ esterificagdo da molécula (SAIJA et al., 2003; MONTENEGRO et al., 2007);
v' incremento de pH do meio (LAURO et al., 2002);
v" uso de polimeros hidrofilicos (ARCT et al., 2002; SHIMOI et al., 2003);

v uso de tensoativos (KIM et al., 2004; CASAGRANDE et al., 2007; GAO et al.,
2009);

v' uso de emulsificantes (AZUMA et al., 2002);

v' uso de misturas hidroetanélicas (AZUMA et al., 2002; CASAGRANDE et al.,
2007)

Outros estudos relatam a possibilidade de solubilizacdo da quercetina, em
veiculos aquosos, por meio de sua complexacdo com ciclodextrinas. As condicoes
experimentais empregadas nesses estudos sao apresentadas na tabela 2.1. Porém,
nao foram encontrados na literatura, até o presente momento, relatos acerca da
influéncia das condicbes operacionais envolvidas na preparagdo, em meio liquido,
de complexos quercetina/B-ciclodextrina sobre a hidrossolubilidade do flavondide,
tampouco sobre o efeito da associacdo desses complexos a polimeros hidrofilicos.
Da mesma forma, a possibilidade de obtengcdo de complexos quercetina/B-
ciclodextrina, em estado sélido, por meio da secagem por nebulizagcado de complexos
preparados em meio liquido ou por simples mistura fisica entre as duas substancias,

ainda nao foi investigada. O capitulo 2 é dedicado ao estudo destes aspectos.
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Tabela 2.1. Relatos da formagdo de complexos quercetina/ciclodextrina na literatura.

Constantes de

estabilidade Métodos de Métodos de preparacao
Referéncias aparente dos determinacao dos complexos em Técnicas para caracterizacao
complexos de Ks estado solido
(Ks, M)
VINADE (1995) BCD =709 Diagrama de solubilidade (AL) | Solucédo aquosa-+Liofilizacdo DRX, DSC, IV, RMN
SHAO e colaboradores (2002) HPBCD = - Diagrama de solubilidade (-) Solucdo aquosa DTA, IV
CALABRO e colaboradores (2004) | aCD =19 Pasta/Co-evaporagao/
BCD =129 Diagrama de solubilidade (AL) | Camada delgada DRX, DSC, IV, RMN
PRALHAD e RAJENDRAKUMAR BCD =402
(2004) HPBCD = 532 Diagrama de solubilidade (AL) | Co-evaporagao+Liofilizacdo DRX, DSC, IV, MEV
ALVAREZ-PARRILLA e
colaboradores (2005) BCD = 1138 Fluorescéncia Co-evaporagdo-+Liofilizagéo DSC
KRISHNA e colaboradores (2005)
BCD Nao determinado Pasta -
BCD = 1028

ZHENG e colaboradores (2005)

HPBCD = 11048
SBEBCD = 25340

Diagrama de solubilidade (AL)

Co-evaporacgéao

Modelagem molecular, RMN

KALE e colaboradores (2006) SBERCD =423 Diagrama de solubilidade (A.) | Pasta/Co-evaporagao DC, Dissolucdo, DRX, DSC, IV, RMN
aCD =0
BERGONZI e colaboradores (2007) | BCD = 396 Diagrama de solubilidade (AL) | Pasta/Liofilizagao DSC, IV, RMN
yCD =0
BCD =602
JULLIAN e colaboradores (2007) HPBCD = 1419 Diagrama de solubilidade (AL) - -
SBEBCD = 4032
BCD = 251
SRl e colaboradores (2007) HPBCD = 321 Diagrama de solubilidade (A.) | Pasta/Co-evaporagao Dissolugéo, DRX, DSC, IV
DIAS e colaboradores (2008) BCD Nao determinado Co-precipitacao DTA, TG
BCD =398
MBCD =917 Diagrama de solubilidade (AL)
) HPBCD = 950
LUCAS-ABELLAN e colaboradores - -
(2008) BCD =426
MBCD = 650 Enzimatico
HPBCD = 1195
KOONTZ e colaboradores (2009) yCD Nao determinado Co-precipitacao AC, DSC, IV, RMN, TG

ZHENG e CHOW (2009)

HPBCD

Nao determinado

Solucéo aquosa+Nebulizagdo

BET, Difragao a laser, Dissolugéo,
DRX, DSC, IV, MEV, TG
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OBJETIVOS ESPECIFICOS

v' Estudar a influéncia das condicées operacionais envolvidas na preparacao,
em meio liquido, de complexos quercetina/B-ciclodextrina sobre a

hidrossolubilidade da aglicona;

v' Estudar o efeito da associacdo de complexos quercetina/B-ciclodextrina a

polimero hidrofilico sobre a hidrossolubilidade da aglicona;

v' Estudar a possibilidade de obtencdo de complexo quercetina/B-ciclodextrina,
em estado sélido, por meio da secagem por nebulizacdo de complexo preparado

em meio liquido ou por simples mistura fisica entre as duas substancias
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Abstract. The present study was designed to investigate the influence of operating conditions
(temperature, stirring time, and excess amount of gquerceting on the complexation of quercetin with p-
cyclodextrin using a 2% factorial design. The highest aqueous solubility of quercetin was reached under
the conditions 37°C/24 h/ mM of quercetin, The stoichiometric ratio (1:1) and the apparent stability
constant {Ks=230 M ) of the quercetin/p-cyclodextnn complex were determined using phase-solubility
diagrams. The semi-industrial production of a 1:1 quercetin/B-cyclodextrin solid complex was carried out
in aqueous solution followed by spray-drying. Although the yield of the spray-drying process was
adequate (77%), the solid complex presented low concentration of quercetin (0.14%, wiw) and, thus, low
complexation efficiency. The enhancement of agueous solubility of gquercetin using this method was
limited to 4.6-fold in the presence of 15 mM of RB-cyclodextrin. Subsequently, an inclusion complex was
prepared via physical mixture of quercetin with f-cyclodextrin (molar ratio of 1:1 and quercetin
concentration of 23% (w/w)) and characterized using infrared spectroscopy, differential scanning
calorimetry, nuclear magnetic resonance spectroscopy, and scanning electron microscopy analyses. The
enhancement of aqueous solubility of quercetin using this method was 2.2-fold, similar to that found in
the complex prepared in aqueous solution before the spray-drying process (2.5-fold at a molar ratio of

1:1, 1.e.. 6 mM of quercetin and 6 mM of p-cyclodextrin).

KEY WORDS: p-cyclodextring complexation: physical mixture: querceting solubility.

INTRODUCTION

One of the main interests associated with cyclodextrins
refers to the enhancement of solubility and/or dissolution rate
of lipophilic drugs in aqueous media, very often resulting in
improved bioavailability (1,2). pcyclodextrin is the most
useful parent cyclodextrin because of its commercial avail-
ability, low cost, and cavity size, which is suitable for
complexing with aromatic and heterocyclic rings (3).

Quercetin (3,3',4' 5 7-pentahydroxy flavone) (Fig. 1)
belongs to the flavonoid class, naturally occurring in medicinal
plants. It is also a frequent component of major dietary
constituents, such as onions, apples, red wine, and green tea.
Quercetin is also available in the market and can be used in
the isolated form. In the literature, quercetin has been
described extensively due to its broad biological properties,
which are very often related to its antioxidant activity (4). On
the other hand, the bioavailability of quercetin and its use in
pharmaceutics are limited by its low aque ous solubility (5-10).

Some studies have shown that the association of
quercetin with cyclodextrins to form inclusion complexes
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improves the aqueous solubility (5,11-17) and dissolution rate
(16) of the flavonoid. Most guercetin/B-cyclodextrin solid
complexes are prepared in liquid media, {agueous solution
submitted to freeze-drying (12,14,18), co-evaporation (11,16),
or thin layer (11) methods) or semisolid media (kneading
method (11,14,16,19)). However, no study to date has wsed a
factorial design to assess the influence of operating conditions
such as temperature, stirring time, and excess amount of
quercetin on the complexation of quercetin with p-cyclodextrin.
The objective of the present study was to assess these aspects, as
well as the possibility of preparing solid complexes using spray-
drying or physical mixture methods.

MATERIALS AND METHODS
Materials

Reference guercetin (purity 98%) was purchased from
Sigma-Aldrich (8t. Louis, MO, USA), and pharmaceutical
grade quercetin was purchased from DEG (Sido Paulo,
Brazil). pcyclodextrin was supplied by Roquette Fréres
(Lestrem, France). Potassium bromide was purchased from
Merck (Darmstadt, Germany). Water was purified using a
Milli-Q system (Millipore, Bedford, MA, USA). Analytical
grade methanol was purchased from Vetec (Rio de Janeiro,
Brazil). Dimethylsulfoxide-ds was supplied by Cambridge
Isotope Laboratories (Andover, MA, USA).

1530993 2080 D0-02350 1 2009 American Association of Pharmaceutical Scientists
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Fig. 1. Quercetin: chemical structure
Methods
Facrorial design

A 27 factorial design was employed to obtain Higuchi
and Connors phase-solubility diagrams (20). Excess amounts
of quercetin (3 or 6 mM) were added to 10.0 mL of water or
aqueous solutions containing increasing concentrations of p-
cyclodextrin (0 to 9 mM). Flasks were covered with aluminum
foil to protect quercetin from hight. The resulting dispersions
were magnetically stirred using an IKA HE4B-thermostated
water bath for 24 or 48 h, at 25°C or 37°C. Dispersions were
then filtered (25°C) through a 0.45-pm membrane (Millipore
HAWP). An aliquot of 4.0 mL of the supernatant was diluted
with methanol to 10.0 mL and quercetin content was
determined n duplicate by spectrophotometry at 372 nm
(Hewlett—Packard 8452A UWV-Vis Spectrophotometer). The
ultraviolet spectrophotometry method was validated
according to the parameters established in the International
Conference on Harmonization (21) and in the US
Pharmacopoea (22) for specificity, linearity, intermediary
precision, repeatability, and accuracy in the concentration
range of 1.5 to 12.0 ug mL™".

Phase-solubility study

Phase-solubility diagrams were obtained in triplicate,
following the factorial design described above. Quercetin/p-
cyclodextrin molar ratios were 1:0, 1:0.5, 1:1, 1:1.5, 1:2, and
1:2.5. Temperature, stirring time, and excess amount of
guercetin were set as defined in the factorial design (37°C/
24 h/6 mM). The apparent stability constant (Ks, M') of
quercetn/B<cyclodextrin complexes was calculated based on
the phasesolubility diagram according to the following
equation:

slope
Ks = So x(1 — slope)

where So is the intrinsic solubility of quercetin (guercetin
solubility in the absence of p-cyclodextrin) (M). The
enhancement of quercetin solubility in the presence of p-
cyclodextrin in the complex prepared in aqueous solution,
before the spray-drying process, was also calculated based on
the phase-solubility diagram.

Preparation of solid complex in agueous solution followed
by sprav-drving

Approximately 10 L of an aqueous solution containing
quercetn/Bcyclodextrin complex were prepared following
the above-described phase-solubility study procedure, at a
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molar ratio of 1:1 (6 mM of guercetin and 6 mM of B-
cyclodextrin). The solution was spray-dried using a Niro
Production Minor atomizer, under the following operating
conditions: inlet air temperature, 175°C; outlet air tempera-
ture, 99°C; atomizer rotation rate, 10,900 rpm; and feed
solution flow, 143 mL min~ ", The vyield of the spray-drying
process was measured as the powder weight percentage
obtained at the end of the operation compared with the
amount of solid materials (quercetin plus cyclodextrin)
present in the sprayed solution. A solid complex sample was
dissolved in methanol (1.4 mg mL™), filtered through a 0.45-
pm membrane (Millipore HVLP), and the quercetin content
was determmed in triplicate by spectrophotometry at 372 nm.

Preparation of solid complex by physical mixnire

Accurately weighed amounts of quercetin and B-
cyclodextrin were mixed at a molar ratio of 1:1 (6 mM of
quercetin and & mM of p-<cyclodextrin), using a cubic
blender (Erweka AR400) at 25 rpm during 30 min. A
sample of physical mixture was dissolved in methanol
(04 mg mL"), filtered through a 0.45-um membrane
(Millipore HVLP), and the guercetin content was
determined In triplicate by spectrophotometry at 372 nm.
The enhancement of aqueous solubility of quercetin in the
presence of P-cyclodextrin in the solid complex prepared
by physical mixture was determined following the above-
described phase-solubility study procedure.

Characterization of quercetin/floyeclodextrin complexes

Quercetin/p<yclodextrin complexation was character-
ized by comparing infrared (IR) spectra, differential scanning
calorimetry curves, nuclear magnetic resonance spectra, and
scanning electron microscopy photomicrographs obtained for
quercetin, pcyclodextrin, and quercetin/B-cyclodextrin solid
complexes (prepared by physical mixture or in aqueous
solution followed by spray-drying).

Infrared spectroscopy

IR spectra obtained for samples were recorded in a
frequency range between 4000 and 400 cm™!, using a
resolution of 4 cm™ and 40 accumulations, in a Shimadzu
DR-8001 spectrometer. Discs were prepared by compressing
blends corresponding to 1.5 mg of the samples and 150 mg of
potassium bromide.

Differential scanning calorimetry

Thermal analysis of the samples was performed using a
Shimadzu DSC-60 calorimeter. Samples of 1 to 2 mg were
accurately weighed in aluminum pans and crimped. Operating
conditions were 10°C min " of heating rate (25°C to 350°C) and
50 mL min "' of nitrogen gas flow. Temperature was calibrated
using indium (mp 157°C) and zinc {(mp 420°C) as standards.

Niuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectra obtained for
samples were recorded n a Bruker DRX400-Avance spec-
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trometer equipped with a 5-mm diameter inverse probe head
and a z-gradient coil and operating at 400 MHz, 27°C, using
DMS0O-d; as solvent. Chemical shifts were reported in parts
per million, using tetramethylsilane (0 ppm) as internal
standard. One-dimensional "HNMR spectra were obtained
under standard conditions. Two-dimensional '"H homonuclear
2D-ROESY spectra were obtained to get insights on the
supramolecular geometry of the inclusion complexes
(ROESY spinlock pulse =600 ms).

Scanning electron microscopy

Photomicrographs obtained for samples were taken at a
voltage of 10 kV and =1,000 or = 3,000 magnification using a JSM
6060 microscope. Samples were mounted on brass stubs using
double-sided tape and vacuum-coated with a thin layer of gold.

Sranistical analysis

ANOVA was used to evaluate the significance of the results
obtained in the factorial design, namely quercetin concentration
in the presence of 15 mM of p-cyclodextrin in each phase-
solubility diagram. Significance level was set at P<0.05.

RESULTS AND DISCUSSION
Factorial Design

Knowledge of different factors that can influence drug/
cyclodextrin complexation allows to select the best conditions
for preparing complexes with the desirable properties and
yield. Many studies assessing quercetin/cyclodextrin com-
plexes (11-14,16,17) using the phase-solubility technique do
not mention the exact amount of quercetin added to
cyclodextrin solutions; neither do they inform the influence
of the operating conditions employed, such as temperature
and stirring time. This lack of information about the influence
temperature, stirring time, and excess amount of quercetin on
quercetin/pcyclodextrin complexation in aqueous media was
the motivation of our investigation employmg a 2* factorial
design.

All the factors evaluated presented a significant influ-
ence (P<0035) on guercetin/g-cyclodextrin complexation
(Table I); the same was observed when the interaction
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between temperature and stirring time was analyzed (F=
14.9). However, as shown in Fig. 2, the most important factor
was temperature: all the curves obtained at 37°C resulted in
an increased enhancement of quercetin solubility (continuous
lines). Figure 2 also shows the influence of excess amount
of quercetin (3 or 6 mM): the complex formation seems to
occur faster when the amount is higher (6 mM). In more
concentrated conditions, the interaction is easier. Once
inside the cyclodextrin cawvity, the drug molecule makes
conformational adjustments to take maximum advantage of
the interaction forces that exist. Thus, the final equilibrium
to form the complex can take a long time to be reached
(3). In summary, the factorial design showed that the
enhancement of quercetin solubility was more significant
under the following conditions: 37°C/48 h/6 mM or 37°C
24 h/6 mM. Taking mto consideration that strring time
represents a cost factor in semi-industrial production, the
operating conditions 37°C/24 h/6 mM were selected for the
preparation of the solid complex in aqueous solution
followed by spray-drying.

Phase-Solubility Study

The phase-solubility diagram obtained for the quercetin/
pcyclodextrin complex (Fig. 3) showed a linear relationship
between increases in the aqueous solubility of quercetin and
p-cyclodextrin concentration (R%=0.978). According to
Higuchi and Connors (20), the curve obtained can be
classified as type Ar.

The apparent stability constant of a drug/cyclodextrin
complex represents the binding strength between the drug
and cyclodextrin and has an important influence on the extent
of drug release (23). The apparent stability constant deter-
mined for the quercetin/p-cyclodextrin complex m our study
was 230 M1, suggesting a relatively weak interaction
between both molecules. This value is similar to those
reported by Calabro er al. (11), Sri et al. (16), Bergonzi er al.
(14), Lucas-Abellin er al. (17), and Pralhad and
Rajendrakumar (12): Ks=129 M Yunbuffered/25°C; Ks=
251 M 'funbuffered/28°C; Ks=396 M /unbuffered/25°C;
Ks=398 M '/pH 4.5/25°C, and Ks=402 M "/unbuffered/25°C,
respectively; on the other hand, i1t 1s considerably lower than
those reported by Jullian er al. (15), Vinadé and Petrovick (5),
Zheng er al. (13), and Alvarez-Parrilla eral. (18): Ks=602 MY
unbuffered/30°C; Ks=709 M '/unbuffered/37°C; Ks=

Table I. Results Obtained Using the 27 Factorial Design (ANOVA)

Factor or interaction Dof S5 M5 F
A (stirring time) 1 1.780= 1073 1.780= 1073 10.95
B (temperature) 1 2.763% 107 2.763= 107 170.01
C (quercetin concentration) 1 4.859=10°F 4.859x 107 29,90
Interaction 1
AxB 1 2423x107° 24222107 14.90
AxC 1 3200%10°% 3200108 197
BxC 1 4800107 4.800=10°% 295
AxBxC 1 3648107 3648107 0.02
Error ] 13001077 1.625=10°°
Total 15 3880« 10

dof degrees of freedom, 88 sum of squares, MS mean square
HF[]SJZ w 005=532
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Fig. 2. Phase-solubility diagrams of quercetin/p-cyelodextrin com-
plexes obtained using a 2 factorial design (n=2). Stirring time of 24
or 48 h, temperature of 25°C or 37°C and excess amount of quercetin
of 3 or 6 mM

1,028 M YpH 3.0/24°C and Ks=1,138 M '/pH 7.0/25°C,
respectively. Although it is not possible to explain these
differences, the influence of 1omzation of the quercetin
molecule as a result of the media pH employed in those
experiments [pKal=7.0 and pKa2=9.1 (24-26)] cannot be
ruled out. The ionized form of the drug usually yields less
stable complexes than the unionized form. This is attributed to
the increased hydrophilicity of the drug upon ionization, which
reduces interaction between the drug and the hydrophobic
cavity of cyclodextrin (e.g., Van der Waals and hydrophobic
forces), thus, increasing the fraction of free drug molecules n
the solution (23). The high apparent stability constant (Ks=
1,028 M) reported by Zheng er al. (13), obtained in acidic
aqueous media (phosphate buffer at pH 3.0), corroborates our
hypothesis, while the unexpectedly high apparent stability
constant (Ks=1,138 M_l} reported by Alvarez-Parrilla er al.
(18) at pH 7.0 (phosphate buffer) is probably influenced by the
spectroscopic method employed in that study, which usually
provides higher values when compared with the phase-
solubility method. On the other hand, Lucas-Abellin er al.
(17) also employed acidic aqueous media (acetate buffer at
pH 4.5) and found a lower apparent stability constant (Ks=
398 M_l). which can possibly be explained by the use of an
ultrasonic bath for 60 min in the phase-solubility study, a
procedure that 1s well known to provide heat to the system.
Since complexation is an exothermic process, the enthalpy of
the system decreases during complex formation (23 27). Thus,
in our study, in addition to pH value close to 6.0 (unbuffered
aqueous media), the temperature of 37°C may also have
contributed to the low apparent stability constant found for the
quercetm/p-cyclodextrin complex.

Aqueous solubility of quercetin in the absence of B-
cyclodextrin was 0.011 mM. In the presence of 15 mM of
p-cyclodextrin, the solubility enhanced significantly (4.6-
fold; P<0.05). However, as shown in Fg. 3, complexation
efficiency was not very high, because relatively large amounts
of p<yclodextrin are necessary to solubilize low amounts of
quercetm in an aqueous media. This result can be related to the
low apparent stability constant found in the quercetin/p-
cyclodextrin complex as well as to the occurrence of poly-
morphisms, since different intrinsic solubilities of polymorphic
forms of quercetin have been reported by Borghetti er al. (28).
Some strategies aimed at improving complexation efficiency
between quercetin and p-cyclodextrin have been previously

Borghetti, Lula, Sinisterra and Bassani

tested in our laboratory, such as the use of hydrophilic
polymers (hydroxypropylmethyl-cellulose (HPMC)) (29).
While the association of quercetin with B-cyclodextrin
(15 mM) yielded an agueous solubility enhancement of 4.6-
fold, the addition of HPMC ((1.1 %, w/w) to the system resulted
in a 6.5-fold enhancement. The association of quercetin with
hydroxypropyl-p-cyclodextrin, in the presence or not of
HPMC, has been also tested.

In addition to determining the apparent stability constant
of drug/cyclodextrin complexes, the phase-solubility diagram
can also be used to define the necessary cyclodextrin
concentration to obtain the desired drug solubility in aqueous
media. In our study, the molar ratio of 1:1 was chosen for the
semi-industrial production of quercetin/p<yclodextrin sohd
complex in agueous solution followed by spray-drying. It 1s
worth mentioning that the minimum amount of cyclodextrin
necessary to solubilize the drug in the agueous medium
should be used, since its excess can affect complex formation
equilibrium and consequently reduce drug bicavailability (1).
Moreover, considering the high molecular weight of cyclo-
dextrin, an excess can pose limitations for its incorporation in
a vehicle.

Preparation of Solid Complex in Aqueous Solution followed
by Spray-Drying

The solid complex was prepared by spray-drying an
aqueous solution containing 1:1 quercetin/B-cyclodextrin. The
presence of cyclodextrin resulted in low adherence of the
powder to the spray-dryer wall, which explains the adequate
yield obtained in the spray-drying process (77%). However,
quercetin concentration in the solid complex was only 0.14 %
(w/w). Although, in general, spray-drying is not a viable
method for drying complexes containing heat-labile drugs (3),
a study conducted by Costa (30) demonstrated that quercetin
remained stable when submitted to spray-drying temper-
atures. In addition, no degradation was observed when we
analyzed a spray-dried quercetin aqueous dispersion by liquid
chromatography (data not shown). Therefore, the low
quercetin concentration observed in the solid complex in
our study 15 probably due to the low complexation efficiency
between quercetin and p-cyclodextrin.

Infrared Spectroscopy

IR spectrum obtained for quercetin presented typical
molecule bands and peaks: 3409-3,144 cm™' (O-H),
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Fig. 3. Phase-solubility diagram of quercetin/p-cyclodextrin complex
(n=3). Strring time of 24 h, temperature of 37°C, and excess amount
of quercetin of 6 mM
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1,667 cm™ (C=0), 1,610 cm™ (C=C), 1,381 cm™ (C-OH),
and 1264 cm™' (C—0O-C; 31-35). IR spectrum obtained for -
cyclodextrin presented a large band and a peak in the region
of 2,900 to 3900 cm ', a short band between 1600 and
1,700 cm ! and a large band containing distinct peaks in the
region of 900 to 1,200 cm " (36). IR spectrum obtained for
quercetin/p-cyclodextrin solid complex prepared In aqueous
solution followed by spray-drying presented the same profile
observed for p-cyclodextrin, probably due to the low
quercetin concentration in the solid complex. An increased
intensity of bands and peaks was also observed. In the IR
spectrum obtained for quercetin/B-cyclodextrin solid complex
prepared by physical mixture, quercetin bands and peaks
overlapped with most of Bcyclodextrin bands and peaks,
except for those in the 3,000 em! region and between 850
and 1,000 cm™". The increased intensity of bands and peaks,
the presence of a new peak in the 2,500 cm™! region, and the
different band shapes ohserved between 1,000 and 1,150 em™
when compared with quercetin and p-<cyclodextrin spectra
suggest an interaction between quercetin and p-cyclodextrin.

Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) curve
obtained for quercetin (Fig. 4b) presented two endothermic
events: the first one, with an onset temperature of 86°C,
corresponds to the loss of bounded water; the other, with an
onset temperature of 319°C, 1s related to the melting point,
followed by decomposition (31,37). These events were also
observed in the DSC curve obtained for p-cyclodextrin
(Fig. 4a), where another endothermic event took place at
approximately 220°C cormresponding to an irreversible trans-
formation process within the p-cyclodextrin molecule (16).
The DSC curve obtained for quercetin/p-cyclodextrin sohd
complex prepared in agueous solution followed by spray-
drying (Fig. 4d) presented the same thermal profile observed
for B-cyclodextrin, probably due to the low concentration of
quercetin in the solid complex. However, the endothermic
event observed at approximately 220°C for p-cyclodextrin
was not detected in the solid complex. The reduction of the
endothermic event related to the loss of bounded water can
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Fig. 4. Differential scanning calorimetry curves of p-cyclodextrin a;
quercetin by physical mixture of quercetin with B-eydodextrin ¢;
quercetin/p-cyclodextrin solid complex d
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be explained by the elimination of water during the spray-
drying process. Finally, in the DSC curve obtained for
quercetin/B-cyclodextrin solid complex prepared by physical
mixture (Fig. 4c), it is possible to observe the endothermic
events corresponding to loss of bounded water in both
molecules and the endothermic event related to the irrevers-
ible transformation process within the p-cyclodextrin mole-
cule. However, the absence of the endothermic event
corresponding to quercetin’s melting point suggests an
interaction between quercetin and B-cyclodextrin in the
physical mixture.

Nuclear Magnetic Resonance Spectroscopy

'HNMR spectrum obtained for the quercetin/f-
cyclodextrin solid complex prepared in agueous solution
followed by spray-drying presented only p-cyclodextrin
hydrogen signals (data not shown), probably due to the low
quercetin concentration in the solid complex. On the other
hand, 'HNMR spectrum obtained for the fresh physical
mixture (Fig. 5¢) presented hydrogen signals of quercetin
and p-cyclodextrin. The comparison between this spectrum
and that obtained for quercetin (Fig. 5a) reveals: broadening
of —OH signals (ds_op 12.50, d_gn 10.80, dop 9.60, di—on
933 and dy_on 930) and loss of resolution in hydrogen
signals of the B-ring of quercetin molecule [H-2' (§7.69, d), H-
6’ (§7.55, d) and H-5' (86.89, d)] (31,32,35). These differences
suggest an interaction between quercetin and p-cyclodextrin
in the fresh physical mixture. Nuclear Overhauser Effects
(NOEs) between gquercetin and p-cyclodextrin hydrogens
were not observed in the fresh physical mixture. Thus, a
new physical mixture was prepared following the same
procedure and then stored during approximately 2 months.
The 'HNMR spectrum obtained for the stored physical
mixture also presented hydrogen signals of both compounds
(Fig. 5b), suggesting an interaction between quercetin and p-
cyclodextrin. In the stored physical mixture, NOEs were
observed between quercetin hydrogens H-2' (§7.69, d), H-6'
(47.55, d), H-5' (6.89, d), H-B (#6.42, d), and H-H (66.20, d)
(31,32,35) and p-cyclodextrin hydrogens H-3 (43.89, d) and
H-6 (83.69-3.80, d) (11) (Fig. 6). These results suggest that
the quercetin molecule was located inside the p-cyclodextrin
cavity and, consequently, a quercetin/B-cyclodextrin inclusion
complex was formed in the stored physical mixture. The
findings also suggest that inclusion complex formation
between quercetin and p-cyclodextrin by physical mixture is
a time-dependent process.

Scanning Electron Microscopy

The photomicrographs of the samples obtained by
scanning electron microscopy (SEM) are shown in the
Fig. 7. The B-cyclodextrin particles (Fig. 7a) presented a
parallelogram shape, whereas quercetin (Fig. 7b) presented
columnar crystals. The gquercetin/B-cyclodextrin solid com-
plex prepared by physical mixture (Fig. 7c) did not suggest an
interaction between both molecules, because quercetin crys-
tals simply covered the surface of p-cyclodextrin particles.
The quercetin/B-cyclodextrin solid complex prepared in
aqueous solution followed by spray-drying presented amor-
phous particles with shrunken spherical shape (Fig. 7d), a
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finding that is in accordance with the studies conducted by
Calabrd et al. (11), Pralhad and Rajendrakumar (12), and Sri
et al. (16), which employed X-ray powder diffractometry to
demonstrate that drug/cvelodextrin solid complexes exist in
amorphous state. However, our study could not sugpgest an
interaction between quercetin and PB-cyclodextrin, because it
was impossible to differentiate between the morphology of
solid complex and that of the isolated compounds.

Taken together, our IR, DSC, NMR, and SEM analyses
suggest the formation of a quercetin/p-cvclodextrin solid
complex by physical mixture, a different method when
compared to others previously described, which employ

SPIRS Y

liquid or semisolid media (5,11-19). According to Zheng et
al. (13) who elucidated the mode of interaction between
quercetin and P-cyclodextrin using a molecular modeling
study, the B-ring, the C-ring, and part of the A-ring (except
Cg) of quercetin are positioned inside the B-cyclodextrin
cavity. In the present study, indications of interaction between
quercetin and p-cyvclodextrin in the solid complex prepared in
aqueots solution followed by sprayv-drving were absent both
on the NMR (due to the low gquercetin concentration) and
SEM analyses (due to the impossibility to differentiate
between the morphology of solid complex and that of the
isolated compounds).
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Fig. 7. Photomicrographs obtained by scamning electron microscopy
of f-oyclodextrin & quercetin b; physical mixture of quercetin with g-
cyclodextrin o gquercetind/f-oydodextrin solid complex d

Drug/evelodextrin complexation in physical mixtures has
been previously reported by Del Valle (3). According to that
author, drogfcyelodextrin complexes can be formed either in
liquid or solid state by simply adding the drug to evclodextrin
and mixing both compounds together. The mixing time
required o complete complexation and the effectiveness of
the preparation method depend on the nature of the drug and
cvclodextrin. In the present snudy, although the solid complex
prepared by physical mixture showed a higher concentration
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of guercetin (23 %, wiw), complexation efficiency, measured
by the enhancement of guercetin solubility, was similar to that
found in the complex prepared in agueous sohution before the
spray-drying process: 2.2- and 2.5-4old, respectively, at a
quercetin:f-cyclodextrin molar ratio of 1:1 (6 mM of querce-
tin and & mM of B-cyclodextrin).

Agueous solution is the method most widely used in the
preparation of drug/cyclodextrin complexes. In the liguid state,
more cyclodextrin molecules are available for complexation
when compared with solid-state preparations, in which only
surface molecules of the cvclodextrin particles can form a
complex with the drug. On the other hand, the main
disadvantage associated with the agueows media method
regards scale-up. Because of the limited solubility of -
cyclodextrin, large volumes of water have to be used.
Container capacity, time and energy for heating and cooling,
and treatment of undissolved solids may generate cost impacts.
Moreover, the agueous solution method is not a continuous
process because it depends on solvent removal (3)

In the present study, the physical mixture was prepared
in a cubic blender, equipment commonly used in industrial
scale. Physical mixture preparation in a mortar, as described
by Pralhad and Rajendrakumar (12), Sri et al. (16), and
Advarez-Parrilla et al. (18), is only possible in laboratory scale.
The preparation of drog/eyclodextrin solid complexes by
physical mixture method has the advantage of being a one-
step process, where neither water nor heat are necessary,
resulting in a lower cost when compared with agueous
solutions (3)

COMNCLUSIOMNS

The present report is the first to demonstrate the influence
of the operating conditions for guercetin/fi-cyvclodextrin com-
plexation in aqueous media using a 2° factorial design. The
best conditions were 37°C/24 h/6 mM of quercetin
{stoichiometric ratio of 1:1 and Ks=230 M), Enhancement
of aqueous solubility of guercetin was limited to 4.6-fold in the
presence of 15 mM of p-cyvclodextrin. Although the vield of the
spray-drving process of 111 quercetin/f-cyclodextrin complex
produced in agueous solution was adequate (77 %), the solid
complex presented a low concentration of quercetin (0.14 %,
wiw) and, thus, low complexation efficiency. This is also the
first study to report the formation of 1:1 gquercetin/-
cyclodextrin inclusion complex by physical mixture, using
different analytical technigues. The physical mixture
contained 23 % (w/w) of gquercetin and presented an
enhancement of quercetin solubility of 2.2-fold, similar to that
obtained in the complex prepared in agueows solution before
the sprayv-drving process (25-fold) when guercetin and -
cyclodextrin concentrations were 6 mM (molar ratio of 1:1).
Our findings suppest that the physical mixture method is an
adequate alternative method for the preparation of gquerceting
p-cyclodextrin solid complexes, since it is a one step process as
well as neither water nor heat are necessary.
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RESUMO. (s incrementos de hidrossolubilidade de diferentes formas polimorficas de quercetina ((Q)CTa,
QUTh e QCTe), determinados pela complexacio com BCD, sio comparados. Diferentes capacidades de
complexacio das amostras de guerceting com BCD foram observadas, caracteristicas provavelmente rela-
cionadas com as diferentes solubilidades intrinsecas dos polimorfos. Uma das amostras, QCTa, foi adicio-
nalmente complexada com uma ciclodextring mais solivel, HPRCD, na auséncia ou presenca de polimero
hidrofilico, HPMC. Enguanto a associacho da QCTa 4 CD resultou nom incremento de hidrossolubilida-
de de 4.6 veres, esta associacio, em presenca de HPMC, alcancoun um incremento de 6.5 vezes. A asso-
ciacio da QCTa & HPBCD resultou num incremento de hidrossolubilidade de cerca de 38 vezes e esta asso-
ciacho, em presenca de HPMC, incrementou a hidrossolubilidade em cerca de 62 veres. A presenca de
HPMC resultou, portanto, num incremento de hidrossolubilidade de cerca de 1.5 vezes para ambos os
complexos QUTa/BCD e QUTa/HPRCD. A simples sssociagdo da QCTa & HPMC resultou num incremen-
to de hidrossolubilidade de apenas 2.8 vezes. Em suma, os resultados evidenciam um efeito sinérgico entre
as ciclodexirinas e a HPMC sobre a hidrossolubilidade da quercetina, caracterizado pela influéncia do hi-
drogel sobre a constante de estabilidade aparente dos complexos QCT/CL,

SUMMARY . “The influence of cvelodextring and hyvdrophilic polvimer on the aqueous solubility of different poly-
morphic forms of quercetin®™. The agueous solubility enhancements of different polvmorphic forms of quercetin
(QCTa, QCTh and QCTe) determined by their complexation with BCD are compared. Different complexation
ahilities of the quercetin samples with pCD were observed, characteristic probably related 1o the different intrin-
sic solubility presented by the polvimorphic forms. One of the samples, QCTa, was also complexated with a more
soluble cyelodextrin, HPRCD, in the absence or presence of an hydrophilic polymer, HPMC. While the associa-
tion of QCTa to pCD vielded an agueous solubility enhancement of 4.6 times, the addition of HPMC to the sys-
tem resulted in an enhancement of 6.5 times. The complexation of QCTa with HPPCD vielded an agueous solu-
bility enhancement of approximately 38 times and of approximately 62 times when it was associated to HPRCD
and HPMC. Therefore, the presence of HPMC resulted in an agqueous solubility enhancement of approximately
1.5 times for both complexes QCTaPCD and QCTa/HPRCD. The simple association of QCTa to HPMC vielded
an aquecus solubility enhancement of only 2.8 times. In summary, the results demonstrate a synergic effect be-
tween the cvclodextring and HPMC on the quercetin aqueous solubility, characterized by the influence of the hy-
drogel on the apparent stability constant of the complexes QCT/CD.

INTRODUCAO

A quercetina (QCT , Fig.1A) € um flavondide
amplamente distribuido no reino vegetal e
abundante na alimentacio humana. Também
encontra-=e disponivel no mercado, o que per-
mite seu uso na forma isclada. Apresenta ind-
meras propriedades bicldgicas, as quais sio atri-

buidas, principalments, a sua atividade antioxi-
dante 1. Mo entanto, sua limitada biodisponibili-
dade e restriches de emprego em produtos far-
macéuticos e cosméticos tém sido freqiiente-
mente relacionados 4 sua reduzida hidrossolubi-

lidade 22,
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Figura 1.
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As ciclodextrinas, por sua vez, sio oligossa-
carideos ciclicos que apresentam uma face ex-
terna hidrofilica e uma cavidade interna hidrofs-
bica, capazes de formar complexos de inclusac
com moléculas lipofilicas, resultando em asso-
ciagtes de melhor hidrossolubilidade e, em ge-
ral, melhor biodisponibilidade. A p-ciclodextrina
(pCD, Fig. 1C), composta por sete unidades de
glicose, € a ciclodextrina nmatural mais emprega-
da pois apresenta baixo custo, prazo de vigén-
cia de patente ja expirado e tamanho de cavida-
de adequado para incluir anéis aromiticos e he-
terociclicos. Porém, sua reduzida hidrossolubili-
dade e seu potencial nefrotdxico e hemolitico,
quando utilizada por via parenteral, levaram a
sintese de derivados mais hidrossoliveis e de
menor toxicidade, como a hidroxipropil-fi-ciclo-
dextrina (HPRCD, Fig. 1D) ™3 O efeito solubi-
lizante das ciclodextrinas pode, adicionalmente,
ser potencializado pelo uso de polimeros hidro-
filicos, como a hidroxipropilmetilcelulose
(HPMC. Fig. 1B}, em baixas concentracies 14,

A ocorréncia de diferentes formas polimdrfi-
cas para a querceting, bem como a influéncia
do polimorfismo sobre sua hidrossolubilidade
foram pela primeira vez relatados por Borghett
& colaboradores 15 A formacio de complexos
de inclusio entre a quercetina e ciclodextrinas
foi previamente descrita por Vinadé & Petrovick
2 Calabedy ef @l 5, Pralhad & Rajendrakumar @,
Zheng et al. 7, Jullian ot al. 8 e Sri o al. % Porém,
nio foram encontrados relatos na literatura so-
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bre a complexacio de diferentes formas poli-
marficas da quercetina com ciclodextrinas, tam-
pouco sobre a associacio de complexos querce-
tina/ciclodextrina a polimeros hidrofilicos.

Neste contexto, o presente trabalho tem co-
mo objetivo comparar os incrementos de hidros-
solubilidade de diferentes formas polimérficas
encontradas em amostras comerciais de querce-
tima (QCTa, QCTh e QCTc), determinados pela
complexagio com BCD. Além disso, os efeitos
da BCD ou de uma ciclodextrina mais solivel,
HPRCD, na auséncia ou presenca de um poli-
mero hidrofilico, HPMC, sobre a hidrossolubili-
dade de uma das amostras, QCTa, foram avalia-
dos.

MATERIAIS E METODOS
Materiais

Amostras de quercetina, grau farmacéutico,
designadas QCTa, QCTh e QCTc, foram adquiri-
das, respectivaments, da DEG (Sio Paulo, Bra-
sil), Galena (Sao Paulo, Brasil) e 5P Farma (540
Paulo, Brasil). Quercetina Sigma Aldrich Co (5t
Louis, MO, TUSA) foi utilizada como referéncia
(98% de pureza). BCD foi fornecida pela Ro-
quette Fréres (Labonathus, Sio Paulo, Brasil) e
HPRCD pela Aldrich-Chemie (Alemanha). HPMC
(Methocel® K4M) foi fornecida pela Blanver
Farmoquimica (Sio Paulo, Brasil). Metanol, grau
analitico, foi adquirido da Vetec (Rio de Janeiro,
Brasil). Agua purificada foi obtida pelo sistema
Milli-Q® (Millipore, Bedford, MA, TISA).
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Figura 2. Representacio esquemitica da metodologia
empregada na preparagic das amostras,

Estudo de solubilidade dos complexos
ocT/Bep

Os diagramas de solubilidade foram obtidos
de acordo com metodologin descrita por Higu-
chi & Connors 16, Os fatores temperatura, tempo
de agitacio e quantidade em excesso de quer-
cetina empregados foram pré-estabelecidos por
delineamento fatorial do tipo 23 17 A Fig. 2
apresenta um esquema geral da metodologia
empregada. Uma quantidade em excesso de
quercetina (5 mM) foi dispersa em 10,0 mlL de
solugies aquosas contendo concentragbes cres-
centes de BCD (0 a 15 mM), compondo relagdes
molares de QCT:ﬁ-CD de 1:0: 1:0,5; 1:1; 1.1,5; 1:2
e 1:25 As suspenstes foram mantidas sob agi-
tagio, em banho de dgua termostatizado TKA
HE4B, em 37 °C, durante 24 h. As suspensdes
foram resfriadas até remperatura ambiente e fil-
tradas por meio de membrana com diimetro
nominal de poro de 0.45 pm (Millipore HAWP
0250070, Uma aliquota de 4,0 mL do sobrenadan-
te foi diluida com metanol a 10,0 mL e o teor de
quercetina foi medido por espectrofotometria
no ultravioleta, em 372 num (EspectrofotSmetro
UV-Vis Hewlett-Packard 8452A%), Os resultados
foram expressos pela média de trés determi-
nagtes. O método ol validado segundo as dire-
trizes estabelecidas pela ICHY e USPY?, por meio
da determinacio dos parimetros de linearidade,
repetibilidade, precisio intermedidria, exatidio e
especificidade, na faixa de 1,5 a 12 pg.ml-1.

A magnitude de associagio da quercetina
com a BCD foi medida pela constante de estabi-
lidade aparents do complexo (Ks), calculada a
partir do diagrama de solubilidade, de acordo
COM 4 seguinte equagio:

Larin American Jowrnal of Pharmacy - 26 (6) - 2007

dicr
Regm —
Sox (1 -foee)

onde: §_ = solubilidade intrinseca da quercetina
(M), tg &0 = tangente do ingulo () de incli-
nagio da curva,

Estudo de solubilidade das associacaes
QCTa/BCD ¢ QCTa/HPACD, na auséncia ou
presenca de HPMC

Uma quantidade em excesso da amosta de
quercetina QCTa (6 mM) foi dispersa em 10,0
mL de dgua ou dispersio aquosa de HPMC
(0,1%), ambas contendo concentragdes crescen-
tes de ciclodextrina (BCD ou HPRCD, (0 a 15
mM). As suspensdes foram mantidas sob agi-
tacio, em 37 °C, durante 24 h (somente aquelas
contendo o polimero hidrofilico foram submeti-
das a um aquecimento prévio em 70 °C, durante
1 h) e, posteriormente, resfriadas e filtradas.
Uma aliquota do sobrenadante foi diluida com
metanol a 10,0 mL, & o teor de quercetina foi
medido por espectrofotometria no ultravioleta,
em 372 nm. A Fig. 2 apresenta um esquema ge-
ral da metodologia empregada. Os resultados
foram expressos pela média de trés determi-
nagoes,

A magnitude de associacio da QCTa com as
ciclodesxrinas (BCD ou HPRCD), na auséncia ou
presenca do polimero hidrofilico (HPMC), foi
medida pela constante de estabilidade aparente
do complexo (Ks), conforme descrito anterior-
mente.

RESULTADOS E DISCUSSAO

O diagrama de solubilidade obtido para as
amostras de quercetina em presenga de BCD
(Fig. 3) revela uma relagio linear entre o incre-
mento da concentracio de BCD e o incremento
da hidrossolubilidade das trés amostras. As cur-
vas obtidas podem ser classificadas como do ti-
po Ap, denotando a formacio de complexos so-
liveis nesta faixa de concentragio (3 a 15 mM).

Os valores de solubilidade intrinseca obtidos
para as amostras (JCTa, QCTh e QCTc foram,
respectivamente, de 3,7; 2.6 e 6,5 pg.ml-L.
Cuando complexadas com 15 mM de BCD, o
incremento de hidrossolubilidade da quercetina
foi de 4.6; 8.5 e 4 vezes, Os valores de constan-
te de estabilidade aparente obtidos para os
complexos QCT/BCD foram de 230, 502 e 187
M-1 (Tabela 1), sugerindo uma interacio relati-
vamente fraca entre as amostras de quercetina e
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Figura 3. Diagrama de solubilidade das amostras de
querceting, ()CT, em presenca de p-ciclodextrina, se-
gundo Higuchi & Connors 16 (n=3).

a BCD. O maior incremento de hidrossolubilida-
de da quercetina, decorrente de sua comple-
xagao com PCD, foi observado para a amostma
QJCTh, a qual apresentou o menor valor de so-
lubilidade intrinseca e o maior valor de Ks.

Conforme pode ser observado pelo diagrama
de solubilidade (Fig. 3), quantidades relativa-
mente elevadas de BCD foram necessirias para
solubilizar pequenas quantidades de quercetina
em solucio aquosa, demonstrando uma baixa
eficiéncia de complexacio. Este resultado pode
estar relacionado ao baixo valor da constante de
estabilidade aparente obtido para os complexos
QCT/BCD, bem como 4 reduzida hidrossolubili-
dade da BCD (18 mg.ml-1) 2,

O reduzido incremento de hidrossolubilida-
de alcancado com a complexacio das amostras
de quercetina com BCD motivou a investigacio
do efeito da BCD ou da HPRCD, na auséncia ou
presenca de HPMC, sobre a hidrossolubilidade
de uma das amostras, QCTa. Esta amostra foi
selecionada pois apresenta a mesma forma poli-
mérfica da amostra de quercetina utilizada co-
mo referéncia %, empregada para a obtencio da
curva de calibracio por espectrofotometria no
ultravioleta, em 372 nm (Fig, 4).

Ohbservando-se as curvas obtidas para as as-
sociagtes QUTa/ciclodextrina (BCD ou HPRCD),
na auseéncia ou presenca do polimero hidrofilico
(HPMC, Fig. 5), estas podem ser igualmente
classificadas como do tipo Ap, nesta faixa de
concentragio (3 a 15 mb).

A simples associacao da QCTa a HPMC re-
sulton em incremento de hidrossolubilidade de
apenas 2,5 vezes. Enquanto a associagio da QCTa
a 15 mM de PCD resultou em incremento de hi-
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Solubilidade  Incremento de
Amostra intrinscca solubilidade Es* (M1}
(ug.mL-1) (vezes)
QCTa a7 455 230
QCTh 2,6 85 A2
QCTe 6.5 4 187

Tabela 1. Influéncia da associagio da p-clclodextrina
a diferentes polimorfos de quercetina, sobre a hidos-
solubilidade do flavonol (n=3). *Ks: constante de es-
tabilidade aparente dos complexos quercetina/f-ci-
clodextrina. QCTa: polimorfo de quercetina  prove-
niente de DEG (Sic Paulo, Brasily 13, QCTE: polimor-
fo de quercetina proveniente de Galena (Sio Paulo,
Brasil) 15 (CTe: polimorfo de quercetina  proveniente
de P Farma (5io Paulo, Brasil) 15,

drossclubilidade de 4,6 vezes e, de 6,5 vezes,
quando associada 4 BCD e 4 HPMC, a asso-
ciacio da QCTa a 15 mM de HPRCD resultou
em incremento de hidrossolubilidade de cerca
de 38 vezes e, de cerca de 62 vezes, quando as-
sociada i HPRCD e 4 HPMC. Tais resultados de-
notam que a presenga de HPMC resultou num
incremento de hidrossolubilidade de cerca de
1,5 vezes para ambos os complexos QCTa/pCD
e QCTa/HPRCD. Os valores de constante de es-
tabilidade aparente obtidos para as associagoes
QCTa/BCD, QCTa/BCD/HPMC, QCTa/HPRCD e
QCTa/HPRCD/HPMC foram, respectivamente,
de 230, 295, 2512 e 4412 M1 (Tabela 2), deno-
tando uma clara influéncia da HPMC sobre a es-
tabilidade dos complexos QCTa/CD.

0 maior incremento de hidrossolubilidade
da amostra de quercetina QCTa foi obtido por
meio da sua associacio 4 HPRCD e 4 HPMC, Es-
se resultado estd provavelmente relacionado a
diversos possiveis fatores: 4 forma amorfa do
derivado de BCD, HPRCD, que lhe confere
maior solubilidade 12, 4 influéncia da HPMC, po-
limero hidrofilico capaz de aumentar a capaci-
dade complexante das cidodextrinas, aumentan-
do a constante de estabilidade aparente dos
complexos formados, bem como i capacidade
da HPMC de formar complexos soltveis com
moléculas de baixa massa molecular em so-
lughies aquosas 14,

CONCLUSOES

Os resultados obtidos demonstraram diferen-
tes capacidades de complexacio dos diferentes
polimorfos, encontrados em amostras comerciais
de quercetina, com PCD, carmcteristicas prova-
velmente relacionadas com suas diferentes solu-
bilidades intrinsecas. A associagio da amostra
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Figura 5. Diagrama de solubilidade da quercetina,
(JCTa, em presenga de p-ciclodextrina, BCDy, ou hi-
droxipropil{fi-ciclodextrina, HPBCD, na auséncia ou
presenga de hidroxipropilmetileelulose, HPMC, se-
gundo Higuchi & Connors 16 (n=3).

Solubilidade Incremento de e
Amostea (ug ml-1) solubilidade (vezes) Ks* (M)

QJCTa 3.7 = =
QCTa+HPMC 10,36 2.8 S
QCTa+pCD 16,65 4.6 230
QCTa+pCD+HPMC 24,05 5,5 295
QCTa+HPRCD 140,23 379 2512
QCTa+HPRCD+HPMC 229,03 61,9 4412

Tabela 2. Influénecia da associagio de quercetina, QCTa, com ciclodextrinas (PCD ou HPRCDY), na avuséncia ou
presenga de hidroxipropilmetilcelulose, HPMC, sobre a hidrossolubilidade do flavonol (n=3). *Ks: constante de
estabilidade aparente dos complexos QCTa/ciclodextrina. (QCTa: polimoifo de quercetina  proveniente de DEG

(5io Paulo, Brasil) 15,

QCTa a BCD resultou em incremento de hidros-
solubilidade de 4,6 vezes e, de 6.5 vezes, quan-
do associada 4 BCD e & HPMC, polimero hidro-
filico. A associacido da QCTa 3 HPRCD, uma ci-
clodextrina mais solivel, resultou em incremen-
to de hidrossolubilidade de cerca de 38 vezes e,
de cerca de 62 veres, quando o complexo foi
associado, adicionalmente, & HPMC. A presenca
de HPMC resultou num incremento de hidrosso-
lukilidade de cerca de 1.5 vezes pam ambos os
complexos QCTa/BCD e QCTa/HPRCD. A sim-
ples associacio da QCTa a HPMC resultou em
incremento de hidrossolubilidade de apenas 2.8
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CAPITULO 3. Avaliacdo da fotoestabilidade da quercetina em meio aquoso e sua

influéncia sobre a atividade antioxidante in vitro da aglicona
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A maioria das propriedades bioldgicas da quercetina (prevencéao e tratamento
de aterosclerose, hipertensdo, agregacao plaquetaria, catarata, diabetes, alergias,
inflamagdes, infecgdes por microorganismos, doengas neurodegenerativas, dentre
outras) parece estar, pelo menos em parte, relacionada a sua atividade antioxidante
(BISCHOFF, 2008).

A atividade antioxidante da quercetina esta relacionada a sua capacidade
sequestrante de espécies reativas de oxigénio, quelante de ions metélicos, de
interagir com os lipidios que constituem as membranas celulares e de inibir a
peroxidacao lipidica (BOOTS et al., 2008). Alguns estudos relatam, por exemplo, o
efeito protetor da quercetina sobre a peroxidacao lipidica in vitro, em suspensao de
lipossomas, induzida por radiagcéo ultravioleta A, A = 365 nm, radiacéo ultravioleta B,
A = 310 nm (FAHLMAN; KROL, 2009) ou radiagcdo ultravioleta C, A = 254 nm
(BONINA et al., 1996; SAIJA et al., 2003; YAMAGUCHI et al., 2005; GABRIELSKA et
al., 2006).

A maior estabilidade de flavondides cuja hidroxila em C3 do anel C encontra-
se ausente, como a luteolina; substituida por uma unidade de aglcar, como a rutina;
ou por um grupo metoxila, como a 3-O-metil-quercetina, sugere que a hidroxila livre
nesta posicao da quercetina seja o principal grupamento envolvido na oxidacdo da
molécula (SMITH et al., 2000; BUCHNER et al., 2006). Este grupamento, ao mesmo
tempo, parece estar fortemente relacionado a atividade antioxidante do flavonoide
(BOOTS et al., 2008).

Apenas um estudo, realizado por ROHN e colaboradores (2007), avaliou a
estabilidade da quercetina em estado sélido, frente ao calor. Apds o tratamento da
aglicona por sapeco (180 °C), por 1 h, a quercetina se manteve estavel. Por outro
lado, diversos estudos referem a instabilidade da quercetina em meio aquoso (tabela
3.1), sob diferentes condigcdes oxidantes, tais como aquecimento, perfusdao com

oxigénio atmosférico ou variagoes de pH.

A maioria dos estudos que avaliaram a estabilidade da quercetina em meio
aquoso, frente a radiacao ultravioleta, sdo preliminares, pois sugerem a degradacao
do flavondide baseando-se apenas em analises por espectrofotometria no

ultravioleta/visivel, nos quais alteracdes expressivas no espectro de absor¢do da



108

aglicona foram observadas (BONINA et al., 1996; SMITH et al., 2000; SAIJA et al.,
2003). Apenas outros dois estudos utilizaram cromatografia liquida de alta eficiéncia,
método mais sensivel e especifico. Num deles, realizado por FAHLMAN e KROL
(2009), a quercetina se manteve estavel sob as condicoes experimentais
empregadas, provavelmente em fungdo do reduzido periodo de irradiagdo da
amostra (1 h). No outro estudo, realizado por WEISS-ANGELI e colaboradores
(2008), uma significativa reducao de teor da amostra foi observada. Entretanto, a
cinética de degradacdo da quercetina, a identificacdo de seus produtos de
degradacao, bem como a influéncia desses sobre a inibicdo da peroxidacao lipidica
induzida por radiacao ultravioleta ainda nao foram investigados.

Face ao exposto e a importancia da estabilidade do flavondide para a sua
atuacdo como antioxidante sobre os sistemas biol6gicos, a avaliacdo da
fotoestabilidade da quercetina em meio aquoso ou no meio em que os testes de
atividade antioxidante sdo realizados, frente a radiacdo ultravioleta, se torna
necessaria. Nesta perspectiva, no capitulo 3 sera avaliada a atividade antioxidante in
vitro da quercetina frente a radiacdo UVA ou UVC, com énfase em sua estabilidade
no meio utilizado nos testes, mistura etanol:agua (1:1), e na identificacdo de seus

produtos de degradacao.
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Tabela 3.1. Relatos da estabilidade da quercetina em meio aquoso na literatura.

Referéncia Condicoes oxidativas Andlise Observacoes
BONINA e solugéo aquosa contendo QCT (6,24 v alteragbes no espectro de absorgao:
colaboradores uM); exposicéo a radiagdo UVC (A = UV/VIS reducdo na absorvancia em A = 372 nm
(1996) 254 nm);1,5h nova banda entre A = 300 e 350 nm
v’ estavel em pH 5,5
KITSON e solugéo tampao fosfato (50 mM) v alteragdes no espectro de absorgao (deslocamento batocrémico):
KITSON (2000) | contendo QCT (20 uM); pH 5,5/7,4 / UV/VIS reducdo na absorvancia em A = 367 nm (pH 9,1 > pH 7,4)
9,1;25°C aumento na absorvancia em A = 270 e 405 nm (pH 9,1 > pH 7,4)
v'redugao de teor: 98 % com O,/ 16 % com gas argbnio
MAKRIS e solugéo tampao fosfato (50 mM) v alteragdes no espectro de absorgao:
ROSSITER contendo QCT (1 mM); pH 8,0; 97 °C; CLAE/UV desaparecimento da banda em A = 372 nm
(2000) perfuséo com O ou gés argénio; 4 h UVIVIS aumento na absorvancia em A = 261 € 291 nm
v/ produto de degradacao: ac. 3,4-diidréxi-benzédico
SMITH e solugdo metanol:dgua (1:1) contendo
colaboradores QCT (100 uM); exposicao a radiagdo UV/VIS v alteragdo no espectro de absorgéo:
(2000) UV (A =300 2400 nm); 15h reducdo na absorvancia em A = 372 nm
ZHU e solugéo tampao fosfato de Na (10
colaboradores mM) contendo QCT (0,5 mM); pH 7,4; CLAE/UV v'reducao de teor: 20 %
(2000) 1h
v estavel em meio acido (pH 5,0 a 6,0): Anaximo = 370 Nm
v'pH 7,0:
GOMATHI e deslocamento batocromico: Amasimo = 381 NM
colaboradores solug&o aquosa (4c. oléico 0,1 M) UV/VIS nova banda em A = 321 nm
(2003) contendo QCT (0,1 mM); pH 5,0 a 9,0 v'instavel em meio basico (pH 8,0 a 9,0):
deslocamento batocrdmico: Amaximo > 381 Nm
aumento na absorvancia da nova banda (A = 321 nm)
SAlJA e solugéo etanol:agua (5:95) contendo v alteragdes no espectro de absorgao:
colaboradores QCT (18 uM); exposigdo a radiagao UV/VIS reducdo na absorvancia em A = 372 nm
(2003) UVC (A =254 nm); 1,5 h nova banda entre A = 300 e 350 nm
VAN DER
WOUDE e solugéo tampao fosfato de K (0,1 M)
colaboradores contendo QCT (50 uM); pH 7.,4; 37 CLAE/DAD vinstavel: Tsge, = 10 h

(2003)

2C; 5 % CO,; 24 h
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Referéncia Condicoes oxidativas Andlise Observacoes
solugéo tampao fosfato de Na (50 v’ estavel em pH 3,0 (ndo ionizagdo: QCT)
ZHENG e mM) contendo QCT (6 puM): v'instavel em:
colaboradores -pH 3,0;24 a48°C; 24 h CLAE/DAD pH 7,4 (ionizagdo parcial: QCT + QCT): < velocidade de reagao
(2005) -pH 7,4;37°C; 0,5 h UV/VIS pH 9,0 (ionizagao total: QCT): > velocidade de reagao
-pH 9,0;37°C; 0,5 h v’ produto de degradagéo: ac. 3,4-diidréxi-benzdico
v'reducao de teor:
25 % com ar em pH 5,0 por 5 h /100 % com ar em pH 8,0 por 4 h
25 % com Ny em pH 8,0 por 5 h / ndo mencionado com N, em pH 5,0
BUCHNER e solugéo aquosa contendo QCT (1 CLAE/DAD v'produtos de degradacao:
colaboradores mM); pH 5,0 ou 8,0; 100 °C; perfusao CLAE/MS 2,3-diidroxi-(3’,4’-diidroxi-fenil)-prop-2-en-1-al; ac. 3,4-diidréxi-benzoico;
(2006) com O,0uNy; 5h UV/VIS 2,5,7,3 4’ -pentahidréxi-3,4-flavandiona; 2,2,5,7-tetrahidroxi-benzofuran-3-ona;
2-(3',4’-diidréxi-fenil)-3,3,5,7-tetrahidroxi-2-metéxi-2,3-diidrocromen-4-ona;
2-(3’-metodxi-4-hidroxi-fenil)-3,5,7-trihidrdxi-3-metdxi-2,3-diidrocromen-4-ona
v'25 °C:
Tso% =20 h
redugdo proporcional na absorvancia em A = 256 e 372 nm: hipdtese de lenta
MARINIC e solucédo tampao cacodilato de Na (50 precipitagéo
colaboradores mM) contendo QCT (20 uM); pH 7,0; UV/VIS v'90 °C: alteragdes no espectro de absorgao
(2006) 25a90°C;1h desaparecimento da banda em A = 372 nm
reducéo na absorvancia em A = 256 nm
nova banda em A = 290 nm
LEE e solugéo tampao fosfato de Na
colaboradores (polissorbato 80; 1 %) contendo QCT CLAE/DAD v'redugao de teor: 19 % em 25 °C / 82 % em 42 °C
(2007) (1,65 mM); pH 7,4; 25 ou 42 °C; 28 d
VICENTINI e solugéo em propilenoglicol contendo
colaboradores QCT (5 mg.mL"); exposicao a CLAE/UV v estavel
(2007) radiacdo UVB (A =313 nm); 7d UV/VIS
solugéo etanol:agua (70:30) contendo v pico referente a QCT nédo detectado no cromatograma
QCT (7,4 mM); pH 10,0; 21 °C; CLAE/UV v cor da solucéo e do residuo sélido: marrom-avermelhada
perfusdo com O; 3,5 h seguido de UV/VIS v'produtos de degradacao: 1,3,5-triidroxi-benzeno; ac. 3,4-diidréxi-benzéico;
ZENKEVICH e evaporacao do solvente (100° C) GC/MS ac. 2,4,6-triidréxi-benzoico; CO,
colaboradores solucéao etanol:agua (30:70) contendo v alteragdes no espectro de absorgio:
(2007) QCT (60 uM) titulada com NaOH PH 2,0: Amaximo = 255 € 372 nm
(acido/base/acido: pH 2,0 / pH 10,0/ UV/VIS pH 2,0 para pH 10,0: Amaximo = 323 NmM

pH 4,0)

pH 10,0 para pH 4,0: Anaximo = 294 Nm
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Referéncia Condicoes oxidativas Andlise Observacoes
v'temperatura:
solugéo aquosa contendo QCT (5 estavel em -80 °C, -20°C e 4 °C
MOON e uM): estavel em TA por periodo de tempo curto
colaboradores --80°C,-20°C,4°CouTA;196 h CLAE/UV v pH:
(2008) -pH 2,7;-20 °C, 4 °C ou TA; 96 h estavel em meio acido (pH 2,7) em -20 °C, 4°C e TA
-pH7,0;-20°C,4°CouTA;96h instavel em pH 7,0 apenas em TA
-pH 10,0 ;-20 °C, 4°C ou TA; 96 h instavel em meio basico (pH 10,0): -20 °C < 4 °C < TA (velocidade de reagao)
WEISS-ANGELI | solugao metanol:agua (80:20)
e colaboradores | contendo QCT; exposicao a radiagao CLAE/DAD v'reducao de teor: 65 %
(2008) UVA; 15d
v'reducio de teor: 76,5 %
v alteracao de cor da solugdo: amarelo para marrom
CLAE/DAD v alteragdes no espectro de absorgao:
solugédo tampdo fosfato de Na:etanol CLAE/MS desaparecimento da banda em A = 380 nm
ZHOU e SADIK (1:1) contendo QCT (20 uM); pH 7,4; UV/VIS redugdo na absorvancia em A = 257 nm
(2008) perfuséo com Op; 24 h GC/MS novas bandas em A = 290 e 330 nm
RMN-H1 v produtos de degradagao: &c. 1,3,5-triidréxi-benzéico; 5,7,4’,5"-tetrahidroxi-
2-et6xi-3,4-flavandiona (+ metanol); ac. 3,4-diidroxi-benzéico; 2,4,6-
benzenotriol
solugéo tampao Tris-HCI (10 mM)
FAHLMAN e contendo QCT (5 uM); pH 7,0;
KROL (2009) exposicao a radiagcdo UVA (A = 365 CLAE/DAD | v'estavel

nm) ou UVB (A =310 nm); 1 h
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OBJETIVOS ESPECIFICOS

v' Estudar o efeito da quercetina, dissolvida em etanol:agua (1:1), sobre a

inibicdo da peroxidagao lipidica induzida por radiagdo UVA ou UVC;

v' Estudar a estabilidade da quercetina, dissolvida em etanol:agua (1:1), frente a
radiacao UVA ou UVC;

v Estudar a cinética de degradacao da quercetina;

v’ |dentificar os produtos de degradacao da quercetina
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Abstract

The inhibition effect of quercetin dissolved in 50 % (v/v) ethanol/water on the lipid
peroxidation in egg yolk dispersions induced by UVA or UVC radiation, as well as the
quercetin photostability in the solvent employed in the antioxidant activity test were
investigated. The degradation kinetic of quercetin against both radiations was
determined and the corresponding degradation products were identified using liquid
chromatography with diode array detection and mass spectrometry analysis.
Quercetin was not stable against UVA and UVC radiations and its degradation
followed, respectively, a first-order and a zero-order kinetic. By the other hand, it was
able to inhibit the lipid peroxidation induced by both radiations. This contradiction can
be explained by the contribution of the degradation products for the biological effect
measured, all of them polyphenol derivatives presenting potential property of
scavenging reactive oxygen species and free radicals. These findings show the
relevance of investigating the stability of quercetin under the same experimental
conditions employed in lipid peroxidation tests for enlightening its photoprotective

effect in this kind of biological test.

Key-words: antioxidant activity, lipid peroxidation, photostability, quercetin,

ultraviolet radiation
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1. Introduction

The main cause of structural and functional changes induced in biological
membranes by ultraviolet radiation is the lipid peroxidation. Previous studies have
reported the ability of quercetin in inhibiting the lipid peroxidation induced by
ultraviolet radiation by scavenging reactive oxygen species and free radicals [1-5].
Quercetin is one of the most biologically active and common dietary flavonoids and it
has been described extensively due to its broad biological properties [6], which are
very often related to its antioxidant activity [7]. The knowledge of the stability of
flavonoids in the media employed in biological tests is relevant because their
antioxidant activity is strictly related to their chemical structure. Some preliminary
studies have suggested that quercetin is not stable against ultraviolet radiation in
aqueous media [1,2,8,9]. However, more detailed investigations concerning quercetin
photostability, under the same experimental conditions employed in lipid peroxidation
tests, have not been reported to date and, thus, they are necessary for enlightening
the photoprotective effect of quercetin in this kind of biological test.

In this context, the present work was designed for investigating the inhibition effect of
quercetin dissolved in 50 % (v/v) ethanol/water on the lipid peroxidation in egg yolk
dispersions induced by UVA or UVC radiation as well as for evaluating the quercetin
photostability in the solvent employed in the antioxidant activity test. For the first time,
the degradation kinetic of quercetin against both radiations was determined and the
corresponding degradation products were identified using liquid chromatography with
diode array detection and mass spectrometry analysis. Finally, a relationship
between the inhibition effect of quercetin on the lipid peroxidation induced by

ultraviolet radiations and its photostability was established.
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2. Materials and methods

2.1. Materials

Reference quercetin (purity 98 %) and thiobarbituric acid were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Pharmaceutical grade quercetin was purchased
from Deg (Sao Paulo, Brazil). Water was purified using a Milli-Q system (Millipore®,
Bedford, MA, USA). Analytical grade ethanol and trichloroacetic acid were purchased
from Synth (Sao Paulo, Brazil). Formic acid was purchased from Vetec (Rio de
Janeiro, Brazil). Liquid chromatography grade acetonitrile was purchased from Merck

(Darmstadt, Germany).

2.2. Evaluation of the antioxidant activity of quercetin on the lipid peroxidation
induced by ultraviolet radiations

2.2.1. Effect of the exposure period to UVA or UVC radiation on the lipid peroxidation
1 % (w/v) egg yolk dispersions (1.0 mL) were added from 50 % (v/v) ethanol/water
(0.1 mL), vortex-mixed and exposed in 1 cm quartz cells to UVA (Osram® lamp, 30
W, 360 nm) or UVC (Ecolume® ZW lamp, 30 W, 254 nm) radiation for different
periods: 15, 20 and 25 h or 15, 30 and 45 min, respectively. Each lamp was fixed to a
chamber (100 x 16 x 16 cm) in horizontal position, at a distance of approximately 10
cm. The chambers were internally coated with mirrors in order to distribute the
radiation uniformly. Unirradiated samples were used as controls. After irradiation, 0.3
mL of the samples (and the controls) were added from 0.6 mL of 15 % (v/v)
trichloroacetic acid, vortex-mixed and centrifuged at 11,000 rpm for 10 min. The
supernatant (0.5 mL) was added from 0.5 mL of 0.67 % (w/v) thiobarbituric acid and
vortex-mixed. The reaction mixture was incubated in a boiling water bath for 20 min

and then allowed to cool to room temperature. The amount of malondyaldeide (MDA)
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formed was measured in triplicate, at 532 nm, using a spectrophotometer (Pharmacia

Biotech Novaspec Il, Cambridge, England).

2.2.2. Effect of the quercetin concentration on the lipid peroxidation

1 % (w/v) egg yolk dispersions (1.0 mL) were added from 50 % (v/v) ethanol/water in
the absence (controls) or in the presence of different concentrations of quercetin (0.1
mL) and vortex-mixed. The final concentration of quercetin in the samples was 0.5,
2.5,5.0,7.5,15.0, and 25.0 uM. The samples and the controls were exposed in 1 cm
quartz cells to ultraviolet radiations for a fixed period (25 h for UVA or 30 min for
UVC) and analyzed in triplicate according to the above-described procedure.

The percentage of inhibition of the lipid peroxidation induced by ultraviolet radiations
was calculated based on the equation 1:

% inhibition = (1 - Aa/Ao) x 100 (Eq. 1)
where Aa is the absorbance in the presence of quercetin and Ao is the absorbance in

the absence of quercetin.

2.3. Chromatographic conditions and method validation

A liquid chromatography (LC) method was developed for quercetin analysis in the
photostability studies. The analysis was carried out using a Shimadzu Prominence
LC-20AT equipment (Kyoto, Japan) coupled to a SPD-M20A diode array detector
(DAD). The detection was set at 290 nm. The stationary phase was a Phenomenex
Synergi Fusion RP Cqg column (150 x 4.6 mm i.d.; 5 um patrticle size). The mobile
phase was 0.01 % (v/v) formic acid (A) and acetonitrile (B). Gradient elution was
performed as follow: 15 - 60 % B (0 to 14 min), 60 - 15 % B (14 to 17 min) and 15 %

B until the end of the run (20 min). The injection volume was 20 uL and the flow rate
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was 0.8 mL.min". The analysis was performed at 30 °C. The LC method was
validated for specificity, linearity, precision, accuracy, and detection and quantitation

limits [10].

2.4. Photostability study of quercetin

Two light sources were used: a UVA lamp (Osram®, 30 W, 360 nm) and a UVC lamp
(Ecolume® ZW, 30 W, 254 nm). Each lamp was fixed to a chamber (100 x 16 x 16
cm) in horizontal position, at a distance of approximately 10 cm. The chambers were
internally coated with mirrors in order to distribute the radiation uniformly. The
temperature into the chambers (approximately 27 °C) was controlled using a digital
thermometer. Aliquots of 3.0 mL of 50 % (v/v) ethanol/water solutions containing
quercetin (25 uM) were exposed to ultraviolet radiations in 1 cm quartz cells for
different periods: 0, 6, 12, 25, and 48 h (for UVA) or 0, 15, 30, 60, and 120 min (for
UVC). After irradiation, the samples exposed to UVA were transferred to 5.0 mL
volumetric flasks and the volume was made up with 50 % (v/v) ethanol/water due to
the evaporation of the solvent. The samples were filtered through a membrane
(Millipore® HVLP, 0.45 pm pore diameter) and the quercetin concentration was

measured in triplicate using the above-described LC method.

2.5. Determination of the degradation kinetic

The mathematical modeling of the degradation profiles of quercetin was performed to
fit a zero-order (Eq. 2), a first-order (Eq. 3) or a second-order (Eq. 4) kinetic. The best
models were chosen based on the highest regression coefficient (R?):

C=0Cp-Kxt (Eq. 2)

log C=log Cp- Kx't (Eqg. 3)
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1/C=1/Co+ Kx t (Eq. 4)
where C is the residual concentration of quercetin (ug.mL™"), C, is the initial
concentration of quercetin (ug.mL™), K is the rate constant of the reaction (slope of
the curve; pg.min or pug.h™) and tis the exposure time to ultraviolet radiations (min
or h).

The exposure time to ultraviolet radiations necessary to obtain a decrease of 10 % of
the initial concentration of quercetin (Tgy %; min or h) was calculated based on the
equation 5:

Tooo, =11 (9 X KX Co) (Eq 5)

2.6. Characterization of the degradation products

The main degradation products formed by exposure of quercetin dissolved in 50 %
(v/v) ethanol/water to UVA or UVC radiation were characterized on the basis of the
LC/DAD and mass spectrometry (MS/MS) analysis. The absorption spectra were
recorded from 200 to 500 nm using the above-described LC/DAD equipment. A triple
quadrupole mass spectrometer (Micromass Quattro LC, Manchester, UK) equipped
with an ESI source using a crossflow counter electrode run in positive mode was
used. In order to optimize the analytical conditions, quercetin dissolved in 50 % (v/v)
acetonitrile/water (1 pg.mL™) was directly introduced into the spectrometer and the
following parameters were selected: cone gas, 50 L.h™'; desolvation gas (nitrogen),
400 L.h"; capillary voltage, 2.5 kV; extractor voltage, 2 V; RF lens voltage, 0.3 V;
source temperature, 120 °C; desolvation temperature, 350 °C; collision gas pressure
(argon), 2.3x10 mbar; cone voltage, 30 V; collision energy, 15 eV. The mass
spectra were recorded from 100 to 500 m/z and compared with those reported in the

literature [11].
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2.7. Statistical analysis
One-way analysis of variance followed by Tukey’s test was employed in the

comparison of the experimental data for significance at p-values less than 0.05.

3. Results and discussion

3.1. Evaluation of the antioxidant activity of quercetin on the lipid peroxidation
induced by ultraviolet radiations

A method based on the formation of thiobarbituric acid reactive species (TBARS)
was employed to evaluate the lipid peroxidation induced by ultraviolet radiations. The
effect of the exposure period of 1 % (w/v) egg yolk dispersions against UVA or UVC
radiation on the lipid peroxidation is presented in figure 1. The amount of MDA
formed, final product of the lipid peroxidation, was time-dependent for both
radiations. However, as expected, UVC radiation (200 to 290 nm) was more effective
than UVA radiation (320 to 400 nm) since it is the most energetic. While for UVC
radiation it was necessary only 30 min of exposure, for UVA radiation it was
necessary a period of 25 h for reaching identical effect (P < 0.05) on the lipid
peroxidation.

Thus, the exposure periods of 25 h, against UVA radiation, and 30 min, against UVC
radiation, were chosen to evaluate the effect of quercetin at different concentrations
on the lipid peroxidation (Fig. 2). The addition of quercetin dissolved in 50 % (v/v)
ethanol/water to 1 % (w/v) egg yolk dispersions inhibited the lipid peroxidation
induced by both radiations in a dose-dependent manner at quercetin concentrations
up to 5 uM. However, at this concentration, the inhibition effect of quercetin on the
lipid peroxidation induced by UVA radiation reached its maximum, remaining in

approximately 58 % (P < 0.05). In contrast, against UVC radiation, the presence of
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higher quercetin concentrations (7.5 to 25 uM) resulted in additional inhibition on the
lipid peroxidation. The inhibition effect was more pronounced, reaching its maximum

in 92 % when quercetin concentration was 25 uM.

3.2. Liquid chromatography

The chromatograms obtained for 50 % (v/v) ethanol/water solutions containing
quercetin before irradiation and after exposure to UVA or UVC radiation are
presented in figure 3. The purity of quercetin peak showed that the method was
specific (data not shown). The regression coefficient (R? = 0.9992) confirmed that the
calibration curve was linear over the concentration range of quercetin (1.0 to 10.0
ug.mL™"). The repeatability (RSD = 2.15 %) and the intermediate precision (RSD =
1.68 %) were adequate. The quercetin recovery (from 99.4 to 104.8 %) at low,
medium and high concentrations (1.0, 5.0 and 10.0 pg.mL™") showed that the method
was accurate. The detection and quantitation limits (0.09 and 0.27 pg.mL™,

respectively) showed the sensitivity of the method.

3.3. Photostability study of quercetin

In order to understand the varying effectiveness of quercetin in inhibiting the lipid
peroxidation in 1 % (w/v) egg yolk dispersions induced by UVA or UVC radiation, we
investigated its photostability under the same experimental conditions employed in
the antioxidant activity tests. Thus, we exposed 50 % (v/v) ethanol/water solutions
containing quercetin (25 uM) to UVA (for 48 h) or UVC (for 120 min) radiation and
monitored quercetin concentration by LC analysis. The corresponding
chromatograms are shown in figure 3. At the beginning (unirradiated samples), only

the peak corresponding to quercetin (peak 7) was detected (Fig. 3a), which
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concentration was considered 100 %. The exposure of 50 % (v/v) ethanol/water
solutions containing quercetin to UVA or UVC radiation generated similar LC profiles.
Simultaneously to the decrease of the peak area of quercetin, six new peaks (1 to 6)
were detected in the chromatograms, indicating the degradation of quercetin. The
appearance of several additional peaks suggests the formation of a very complex
mixture of substances, although no color change of the solutions had been observed.
The retention times (Rt) of the peaks 1 to 6, situated between 5.2 and 12.8 min,
suggest that all of them correspond to more polar substances than quercetin (peak 7,
Rt = 13.3 min). After 30 min of exposure to UVC radiation, approximately 75 % of the
original concentration of quercetin remained in the media (Fig. 3c). When exposed to
UVA radiation for 25 h, the quercetin concentration in the media was reduced to
approximately 52 % (Fig. 3b). The lower areas of the peaks 1 to 6 in this
chromatogram, when compared with those observed for the sample exposed to UVC
radiation, can be explained by the dilution of the sample before LC analysis due to

the evaporation of the solvent during UVA irradiation (section 2.4).

3.4. Determination of the degradation kinetic

The results revealed that quercetin degradation induced by UVC radiation followed a
zero-order kinetic, which means that the rate of the reaction is a constant. By the
other hand, quercetin degradation induced by UVA radiation followed a first-order
kinetic, indicating that the rate of the reaction is directly proportional to the logarithm
of the quercetin concentration in the media. The comparison between the exposure
time necessary to obtain a decrease of 10 % of the initial concentration of quercetin

(Teo %) and the rate constant of the reaction (K), presented in table 1, reveals that
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quercetin degradation induced by UVC radiation is much faster than that induced by

UVA radiation.

3.5. Characterization of the degradation products

The characterization of the main degradation products formed by exposure of 50 %
(v/v) ethanol/water solutions containing quercetin (25 uM) to UVA or UVC radiation,
on the basis of the LC/DAD and MS/MS analysis, is presented in table 2. The peak 4
(Rt = 8.1 min), namely 5,7,4’,5-tetrahydroxy-2-methoxy-3,4-flavandione, was the
major degradation product of quercetin when it was exposed to UVA radiation for 25
h, whereas the peak that eluted at 5.2 min (peak 1), identified as phloroglucinol
carboxylic acid, was the major degradation product of quercetin when it was exposed
to UVC radiation for 30 min. The reduction of the original pH of this media (from 6.4
to 3.8) corroborates this finding. The peaks marked with x in the chromatogram
presented in figure 3 could not be identified because they produced no signal in the
MS/MS system employed.

Taken together, quercetin dissolved in 50 % (v/v) ethanol/water (25 uM) showed
higher inhibition effect on the lipid peroxidation induced by UVC radiation (92 %),
after 30 min of exposure, than that induced by UVA radiation (inhibition of 58 %),
after a period of 25 h. This behavior is probably due to the higher residual
concentration of quercetin (75 %) in the media exposed to UVC radiation than that
exposed to UVA radiation (52 %). The contradictory fact that quercetin had not been
stable against UVA and UVC radiations and, by the other hand, it had presented high
inhibition effect on the lipid peroxidation induced by both radiations can be explained
by the contribution of the corresponding degradation products for the biological effect

measured. The chemical structures of the main degradation products of quercetin
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formed under the experimental conditions employed in this study, all of them
polyphenol derivatives, are presented in figure 4 and suggest their potential property
of scavenging reactive oxygen species and free radicals. Additionally, the
degradation reaction seems to involve the attack of the C3 hydroxyl group at the C-
ring of quercetin molecule. The blockage of this position by a sugar moiety is the
main reason for the higher stability of rutin against oxidation than its aglicone

quercetin [8,12].

4. Conclusions

Although quercetin had not been stable against UVA and UVC radiations, it was able
to inhibit the lipid peroxidation induced by both radiations, which suggests that the
corresponding degradation products, all of them polyphenol derivatives, could have
contributed for the biological effect measured. These findings show the relevance of
investigating the stability of quercetin under the same experimental conditions
employed in lipid peroxidation tests for enlightening its photoprotective effect in this

kind of biological test.
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Figure captions

Fig. 1. Lipid peroxidation in 1 % (w/v) egg yolk dispersions as a function of the

exposure period to UVA or UVC radiation

Fig. 2. Inhibition of the lipid peroxidation induced by exposure of 1 % (w/v) egg yolk
dispersions to UVA (for 25 h) or UVC (for 30 min) radiation as a function of the

quercetin concentration dissolved in 50 % (v/v) ethanol/water

Fig. 3. LC profiles of 50 % (v/v) ethanol/water solutions containing quercetin (25 uM):
before irradiation (a); after exposure to UVA radiation for 25 h (b); after exposure to

UVC radiation for 30 min (c)

Fig. 4. Chemical structures of the main degradation products formed by exposure of

50 % (v/v) ethanol/water solutions containing quercetin to UVA or UVC radiation
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Table 1. Data of degradation kinetic of quercetin dissolved in 50 % (v/v) ethanol/water by exposure to UVA or UVC radiation

UVA uvcC

exposure residual residual exposure residual residual

time concentration  concentration K* Tooo* | time concentration  concentration K* Tooo*
(h) (ug.mL™) (%) (ng.h™) (h) ] (min) (ug.mL") (%) (ug.min™)  (min)
0 7.49 100 0 8.01 100

6 5.86 78 15 6.82 85

12 5.31 71 0.0132 1.12 |30 6.05 75 0.0543 0.25
25 3.91 52 60 4.24 53

48 1.67 22 120 1.37 17

*K = rate constant of the reaction; Tg o, = exposure time necessary to obtain a decrease of 10 % of the initial concentration of

quercetin
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Table 2. LC/DAD and MS/MS data of the main degradation products formed by exposure of 50 % (v/v) ethanol/water solutions
containing quercetin to UVA or UVC radiation

retention time A max molecular ion
peak (min) (nm) (m/z) photodegradation products
1 5.2 292 169 phloroglucinol carboxylic acid (2,4,6-trihydroxybenzoic acid)
2 6.1 294 (3204h*) 317 2-(3,4-dihydroxybenzoyl)-2,4,6-trinydroxybenzofuran-3(2H)-one
3 7.4 258 /292 153 protocatechuic acid (3,4-dihydroxybenzoic acid)
4 8.1 292 363 5,7,4,5'-tetrahydroxy-2-methoxy-flavan-3,4-dione (+ methanol)
5 9.2 274 (2904h+) 211 methyl ester of 2,4,6-trihydroxyphenylglyoxylic acid
6 12.8 274 (2904h-) 195 methyl ester of 2,4-dihydroxyphenylglyoxylic acid
7 13.3 255/370 301 quercetin (3,3’,4’,5,7-pentahidroxy-flavone)

*sh = shoulder









CAPITULO 4. Avaliagdo ex vivo da permeacdo e do potencial antioxidante cutaneo

de formulacdes contendo quercetina ou a mistura fisica quercetina/B-ciclodextrina
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O expressivo interesse cientifico pela quercetina é decorrente de suas
inUmeras propriedades biolégicas, a maioria das quais parece estar, pelo menos em
parte, relacionada a sua atividade antioxidante, aspecto de interesse em
preparacoes destinadas a aplicacdo topica (PINNELL, 2003; KAUR et al., 2007;
YAAR; GILCHREST, 2007).

Alguns estudos sugerem uma promissora atividade antioxidante cutanea da
quercetina. CASAGRANDE e colaboradores (2007), por exemplo, observaram uma
inibicdo da peroxidacao lipidica em homogenato de pele suina, induzida pelo
sistema Fe?*/citrato, apds tratamento ex vivo da pele, por 12 horas, com 1,0 g de
emulsées O/A contendo 1,0 % de quercetina. Em outros estudos, realizados pelo
mesmo grupo, o efeito in vivo da aplicacdo de 0,5 g de emulsées O/A, contendo 1,0
% de quercetina (CASAGRANDE et al.,, 2006), ou 0,3 g de microemulsées A/O,
contendo 0,3 % de quercetina (VICENTINI et al., 2008), sobre a pele do dorso de
camundongos, 1 hora antes, 5 minutos antes e logo apds a exposicao dos animais a
radiacao UVB, foi avaliado quanto ao dano oxidativo 6 horas apés a irradiagdo. Um
efeito de inibicao da atividade da mieloperoxidase e da atividade/secrecao de
proteinases cutaneas, bem como sobre a deplecao dos niveis de glutationa reduzida
na pele, foram observados.

Entretanto, o emprego em potencial da quercetina na profilaxia e no
tratamento de distlrbios cutdneos associados ao estresse oxidativo é limitado pela
sua baixa capacidade de penetracao cutanea (tabela 4.1), a qual tem sido atribuida,
principalmente, a reduzida hidrossolubilidade da molécula (AZUMA et al., 2002;
LAURO et al., 2002; SAIJA et al., 2003; MONTENEGRO et al., 2007).

Nesse sentido, diversas estratégias vém sendo empregadas na tentativa de
facilitar a difusao da quercetina através de membranas:

v esterificacao da molécula (MONTENEGRO et al., 2007);
v incorporacao em nanoemulsées (FASOLO, 2007);
v' encapsulacao em nanoparticulas (WEBBER, 2003);

v uso de promotores de penetracao (SAIJA et al., 1998; ARCT et al., 2002; KIM
et al., 2004; OLIVELLA et al., 2007);
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v' complexacdo com B-ciclodextrina (VINADE, 1995)

A estratégia de complexacado da quercetina com B-ciclodextrina, no entanto,
encontra uma grande limitacao que é a baixa concentracéo de quercetina na referida
associagao. Assim, o presente capitulo é dedicado a avaliacdo da influéncia da -
ciclodextrina, sob a forma de mistura fisica com a quercetina, na promocédo da
penetracdo da aglicona na pele. A concentragdo do flavondide retido em cada
camada da pele, epiderme e derme, bem como o correspondente potencial

antioxidante cutaneo sdo medidos para o dimensionamento desta influéncia.
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Tabela 4.1. Relatos de difusdo pela quercetina através de membranas na literatura.

Qact Tempo Q absorvida
Referéncia Modelo | Membrana Fase doadora aplicada Fase aceptora (h) Analise (ug.cm™) Q retida
) CD filme a: dispersédo aquosa sistema a: agua a:2,5%
VINADE (1995) in vitro polimérico b: solugdo aguosa BCD fechado b: solugdo aquosa BCD 4 uv b: 40,0 % -
BONINA e colaboradores CD
(1996) ex vivo pele humana | solugdo acetona 0,2mg etanol 50 % 24 CLAE 1,82 -
a: solugao acetona a: 2,18
SAIJA e colaboradores CD pele humana | b: solugao acetona (+PT LIM) 0,4 mg etanol 50 % 24 CLAE b: 2,54 -
(1998) ex vivo c: solugao acetona (+PT LE) (+6 PT) c: 2,66
a: tampéo fosfato (a=bBG >bPG
ARCT e colaboradores CD lipofilica b: tampao fosfato (+PEGuaoo, nao tampéo fosfato 72 uv ~ bPEGug ~ bG -
(2002) in vitro PEG1500,PG,G ou BG) mencionado > bPEG1soo)
a: solugao acetona
WEBBER (2003) CD pele suina b: emulséo idnica com NC 20 mg etanol 50 % 12 CLAE a: 0,67 -
ex vivo (+MI+PG) b: 3,34
KIM e colaboradores CD pele adesivos transdérmicos solugéo salina de liberagéo
(2004) ex vivo camundongo | (+acidos graxos) 15/30/60 mg PEGu00 (40 %) 24 CLAE controlada -
CASAGRANDE e CD emulsdes O/A tampéo fosfato (pH 7,6)
colaboradores (2007) ex vivo pele suina (ndo-ibnica e anidnica) 10 mg + 0,5 % tweenyy 12 CLAE nao detectado -
a: solugao acetona a: 0,42 a: -
FASOLO (2007) CD pele suina b: nanoemulséao 1 mg etanol 50 % 8 CLAE b: 0,60 b: 254 png.g”
ex vivo ¢: nanoemulséo catiénica c:1,54 c: 231 pg.g”
a: solugdo aquosa QCT a: 1,44 ug a: 0,45
MONTENEGRO e CD b: solugéo aquosa éster 2 b: 12,8 ug b: 1,77
colaboradores (2007) ex vivo pele humana | c: solugdo aquosa éster 3 c: 92,4 g etanol 50 % 22 CLAE c: 5,37 -
d: solugéo aquosa éster 5 d: 1,02 ug d: ndo detectado
a: gel carbopol a: +200
OLIVELLA e CD pele suina b: gel carbopol (+DMF) 22,25 mg tampao fosfato (pH 7,4) 2 uv b: +400 -
colaboradores (2007) ex vivo c: gel carbopol (+mentol) c:+400
cD tampéo fosfato (pH 7,2) EC: 16,9 ug.cm™
VICENTINI e ex vivo pele suina + 0,5 % tweeny 12 n&o detectado EV/D: 2,5 ug.cm®
colaboradores (2008) pele microemulsdo A/O 0,3 mg CLAE EC: 21,5 ug.cm?
in vivo camundongo - 6 - EV/D: 11,3 ug.cm®
+3,7 umol.g”
pele Maior distribuicao
KITAGAWA e CD porquinho-da- | microemulsao A/O 6 mg tampao fosfato (pH 7,4) 30 CLAE nao detectado nas camadas mais
colaboradores (2009) ex vivo india + 1,0 % albumina profundas

(criomicrétomo)
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OBJETIVOS ESPECIFICOS

v Estudar a influéncia do veiculo de formulagdes (hidrogel e pomada contendo
quercetina, sob a forma livre ou de mistura fisica com B-ciclodextrina) e do efeito

promotor da B-ciclodextrina sobre:

e a penetragdo cuténea da quercetina em cada camada da pele (epiderme e

derme);

e 0 potencial antioxidante da quercetina em cada camada da pele (epiderme e

derme)






PUBLICAGCAO 6. Association of quercetin with B-cyclodextrin: ex vivo skin

permeation and antioxidant potential studies

Submetido ao Skin Pharmacology and Physiology
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Abstract

The enhancer effect of B-cyclodextrin and the influence of the vehicle (hydrogel or
ointment) on the ex vivo skin permeation as well as on the antioxidant potential of
quercetin were investigated. The cutaneous permeation assay was evaluated using
Franz diffusion cells. When quercetin was associated to [-cyclodextrin and
incorporated into the hydrogel, it was observed an increase of the quercetin
concentration retained in the epidermis and in the dermis. The highest antioxidant
potential and reactivity, evaluated by TRAP and TAR assays, respectively, were
observed when the skin was treated with the quercetin:B-cyclodextrin mixture
incorporated into the hydrogel. These findings demonstrate the potential of the
hydrogel containing quercetin associated to B-cyclodextrin for the prevention of

oxidative stress-mediated cutaneous damages.

Key-words: antioxidant activity, B-cyclodextrin, HPMC, quercetin, skin permeation
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1. Introduction

The exposure of the skin to environmental factors, such as sun radiation and air
pollution, produces reactive oxygen species (ROS) which can induce cutaneous
damages, such as ageing, inflammation, cancer, and immunosuppression. The
topical administration of formulations containing antioxidants represents an
interesting strategy for enriching the endogenous defense system and, thus, for
protecting the skin against oxidative stress-mediated damages [1,2]. Topical delivery
systems of bioactive substances have been of great interest as a cosmetic or a
therapeutic approach for the prevention and the treatment of skin damages because
they restrict the effects to specific tissues and, at the same time, avoid possible
systemic toxicity. However, the success of a topical delivery system depends on the
ability of the bioactive substance to be released from the vehicle in which it is
applied, reaching the skin surface, and to penetrate the skin in a manner that allows
it to reach in sufficient amount the desired site of action [3].

Quercetin is a flavonoid aglycon presenting a well known antioxidant activity, which
results from its ability of scavenging ROS, chelating metal ions, and inhibiting the
lipid peroxidation [4]. The beneficial effects of quercetin on oxidative skin damages,
induced by Fe*/citrate system (ex vivo [5,6]) or UVB radiation (in vivo [7,8]), have
been reported. In some of these studies, the quercetin concentration which was
active in the whole skin was measured using ex vivo [8,6] or in vivo [8] models,
suggesting that the flavonoid presents a reduced ability to penetrate through the skin.
The enhancer effect of cyclodextrins on the skin penetration of quercetin has not
been investigated to date and, thus, their use represents an interesting strategy to

overcome this limitation.
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In this context, the present work was designed for investigating the enhancer effect of
B-cyclodextrin and the influence of the vehicle (hydrogel or ointment) on the ex vivo
cutaneous permeation of quercetin as well as on the antioxidant potential of the
flavonoid. For the first time, the quercetin concentration is determined separately in
the epidermis and in the dermis and a relationship between the quercetin
concentration retained in each skin layer and the corresponding antioxidant potential

of the flavonoid is established.

2. Materials and methods

2.1. Materials

Reference quercetin (purity 98 %), luminol (3-aminophthalhydrazide), AAPH (2,2'-
azo-bis(2-amidinopropane)) hydrochloride and bovine serum albumin were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Pharmaceutical grade quercetin
was purchased from Deg (Sdo Paulo, Brazil). B-cyclodextrin was kindly supplied by
Roquette Fréres (Lestrem, France). Hydroxypropyl-methyl-cellulose (HPMC,
Methocel® K4M) was purchased from Blanver (Sdo Paulo, Brazil). Water was purified
using a Milli-Q system (Millipore®, Bedford, MA, USA). Acetone, n-octanol, ethilic
ether, solid and liquid paraffin, propyleneglycol, sodium phosphate and acetate and
phosphate buffers were purchased from Synth (Sa&o Paulo, Brazil). Liquid
chromatography grade acetonitrile, ethanol and phosphoric acid were purchased
from Merck (Darmstadt, Germany). Pig ears were kindly supplied by Cosuel

(Encantado, Brazil).
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2.2. Chromatographic conditions and analytical method validation

A liquid chromatography (LC) method was developed for quercetin analysis in the
skin permeation studies. The analysis was performed using a Shimadzu Prominence
LC-10A equipment (Kyoto, Japan) coupled to an UV/VIS detector SPD-20AV. The
detection was set at 372 nm. The stationary phase was a Phenomenex RP Cig
column (150 x 4.6 mm i.d., 5 um patrticle size) guarded by a Lichrosorb precolumn (4
X 3 mm id.,, 10 um particle size). The mobile phase was a mixture of 0.05 %
phosphoric acid and acetonitrile (60:40, v/v). Isocratic elution was performed under a
flow rate of 0.8 mL.min"'. The injection volume was 20 pL and the runtime was 10
min. The analysis was performed at room temperature.

The LC method was validated for specificity, linearity, precision, accuracy, and
detection (DL) and quantitation (QL) limits [9]. The specificity of the method was
evaluated by analyzing acceptor solutions or skin extracts in order to confirm that the
biological matrix does not interfere on the quercetin analysis during the cutaneous
permeation studies. For this, formulations without quercetin were applied on the skin
surface and the diffusion cells were kept under stirring at 37 = 0.5 °C for 8 h. The
linearity of the method was evaluated by regression analysis using the least square
method. Three calibration curves were obtained by plotting the peak area versus the
quercetin concentration in ethanol:water (50 %, v/v) mixtures (0.4, 0.8, 1.2, 1.6 and
2.0 ug.mL™"), each one prepared in triplicate. The DL and the QL of the method were
calculated based on the standard deviation of the intercept and on the slope of the
calibration curve. The repeatability of the method was evaluated by analyzing nine
aliquots of ethanol:water (50 %, v/v) mixture containing quercetin (1.2 ug.mL™) during
the same day. For the intermediary precision evaluation, three aliquots of

ethanol:water (50 %, v/v) mixture containing quercetin (1.2 ug.mL™") were analyzed
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during three consecutive days, under the same experimental conditions. A fresh
solution was prepared at each day. The accuracy of the method was evaluated by
adding known amounts of ethanol:water (50 %, v/v) mixture containing quercetin to
the acceptor solution or to the skin extract at the following concentration levels: low

(0.4 pg.mL™"), medium (1.2 pg.mL™") and high (2.0 pg.mL™).

2.3. Determination of the partition coefficient of quercetin in octanol/water

Six milliliters of water and 6 mL of n-octanol were mixed and kept under stirring at
room temperature for 24 h to achieve the equilibrium. An excess amount of quercetin
(3 mg) was added to a 3 mL aliquot of each phase and the mixture of both phases
was kept under stirring for further 12 h. The mixture was centrifuged at 10,000 rpm
for 15 min. The supernatant of each phase was diluted with ethanol:water (50 %, v/v)
mixture and then filtered through a 0.45 um pore diameter membrane (Millipore®
HVLP). The quercetin content was measured in triplicate using the above-described
LC method.

The partition coefficient was determined and the logarithm of the quotient between

the saturation concentration of quercetin (ug.mL™) in the octanol and aqueous

phases, respectively, was calculated (log Kp).

2.4. Determination of the quercetin solubility and stability in the acceptor solution

An excess amount of quercetin (20 mg) was added to 10 mL of ethanol:water (50 %,
v/v) mixture. The resulting dispersion was stirred at 37 £ 0.5 °C for 24 h using a water
bath and then filtered through a 0.45 um pore diameter membrane (Millipore® HVLP).
The supernatant was diluted with ethanol:water (50 %, v/v) mixture and the quercetin

content was measured in triplicate using the above-described LC method.
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The quercetin stability in the acceptor solution was also evaluated. For this,
ethanol:water (50 %, v/v) mixture containing quercetin (2 pg.mL™") was kept under
stirring at 37 £ 0.5 ¢ using a water bath for 8 h. At pre-determined time intervals (0, 2,
4 and 8 h), aliquots were collected and filtered through a 0.45 um pore diameter
membrane (Millipore® HVLP). The quercetin content was measured in triplicate using

the above-described LC method.

2.5. Preparation and stability evaluation of formulations containing quercetin

In view to evaluate the effect of the vehicle on the cutaneous permeation and on the
antioxidant potential of quercetin, two formulations were prepared: a hydrogel and an
ointment. For the hydrogel preparation, HPMC was dispersed in water (2 %) and kept
under occasional stirring for 24 h at room temperature. For the ointment preparation,
solid paraffin (50 %) was melted at 70 + 0.5 °C using a water bath and added from
liquid paraffin (50 %). The mixture was stirred and allowed to cool to room
temperature. Quercetin or quercetin:B-cyclodextrin physical mixture (1:1 molar ratio)
was incorporated into the vehicles (corresponding to 1 % of quercetin) with previous
solubilization in sufficient amount of propylene glycol. The formulations were allowed
to equilibrate for 24 h before use.

For the stability tests, the formulations (hydrogel or ointment containing quercetin or
quercetin:B-cyclodextrin mixture) were stored at room temperature for 48 h. At pre-
determined time intervals (0, 12, 24 and 48 h), samples of 100 mg were collected,
kept under stirring at room temperature for 30 min with adequate solvent
(ethanol:water 50 % v/v mixture, for the hydrogel, and ethilic ether, for the ointment),
diluted with ethanol:water (50 %, v/v) mixture until the theoretical quercetin

concentration of 1 ug.mL”, and filtered. The quercetin content was measured in
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triplicate using the above-described LC method. The pH of the formulations was
determined using pH meter calibrated with acetate (pH 4.0) and phosphate (pH 7.0)

buffers.

2.6. Skin treatment

The ex vivo cutaneous permeation of quercetin was investigated using modified
Franz type diffusion cells [10] with approximately 2.54 cm? of interface area and 10
mL of acceptor volume. Hairless pig ear skin with approximately 1 mm of thickness
was used as membrane.

The pig ears were stored at -18 °C before use. The whole skin on the back of the
defrosted ear was removed from the underlying cartilage using a scalpel. The blood
vessels and the subcutaneous fat were also removed. Circular disks of skin were
hygienized with running water and adhered to the acceptor phase containing a
magnetic stirrer, with the stratum corneum facing the donor phase, which was then
mounted. The acceptor and donor phases were filled with phosphate buffer (0.2 M,

pH 7.4) and the skin was hydrated for 12 h under refrigeration at 4 °C.

2.7. Evaluation of the ex vivo skin permeation of quercetin

In the acceptor phase, the phosphate buffer was replaced by ethanol:water (50 %,
v/v) mixture. In the donor phase, it was replaced by approximately 200 mg of the
formulations (hydrogel or ointment containing quercetin or quercetin:B-cyclodextrin
mixture) or by 50 pL of quercetin solution in acetone (after which the volatile solvent
was allowed to evaporate), both corresponding to 2 mg of quercetin, or by the
controls (vehicles or acetone), which were uniformly applied on the skin surface. The

application of quercetin:B-cyclodextrin mixture on the skin surface using acetone was
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not performed due to the low solubility of B-cyclodextrin in this solvent. The diffusion
cells were kept under stirring at 37 + 0.5 °C using a water bath during the experiment
(8 h). After this period, the skin and the acceptor solution were removed from the
diffusion cells.

The acceptor solution was filtered through a 0.45 um pore diameter membrane
(Millipore® HVLP) and the quercetin content was measured using the above-
described LC method. The results were expressed as quercetin amount permeated
by area (ug.cm). All measurements were performed in tetraplicate.

The skin surface was wiped with a cotton swab, washed with ethanol:water (50 %,
v/v) mixture and stripped by the application of one adhesive tape (3M®) to remove the
sample excess remaining. The skin disks were immersed in water at 60 + 0.5 °C for 1
min and then the epidermis was separated from the dermis by sliding it off with a
scalpel blade. Each skin layer was separately weighed, cut in small pieces with a
scalpel, and then transferred to a glass tissue homogenator. The quercetin extraction
from each skin layer was performed by trituration for 2 min with 1 mL of ethanol:water
(50 %, v/v) mixture followed by shaking in ultrasound bath for 2 min, and trituration
for further 2 min. The extraction procedure was carried out in triplicate. The total
volume (3 mL) of homogenate was transferred to a volumetric flask and made up to
5.0 mL with ethanol:water (50 %, v/v) mixture. The supernatant was filtered through a
0.45 um pore diameter membrane (Millipore® HVLP) and the quercetin content was
measured using the above-described LC method. The results were expressed as
quercetin amount retained by tissue mass (ug.g'). All measurements were

performed in tetraplicate.
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2.8. Evaluation of the ex vivo antioxidant potential of quercetin in the skin

The reaction was initiated by adding 10 uL of 4 mM luminol and 4 mL of 10 mM
AAPH. The mixture was incubated at room temperature for 2 h, resulting in steady
chemiluminescence emission. Forty microliters of the samples, epidermis or dermis
homogenate obtained from the skins (corresponding to approximately 8 ug of protein)
previously treated with the formulations (hydrogel or ointment containing quercetin or
quercetin:pB-cyclodextrin mixture; with quercetin dissolved in acetone; or with the
controls, vehicles or acetone), were added to the system and the chemiluminescence
emission at 575 nm was monitored for 60 min in a liquid scintillation counter (Wallac
1409, Turku, Finland). The protein amount in the homogenates was measured by the
Lowry et al. method [11], using bovine serum albumin as standard. All measurements
were performed in tetraplicate.

The TRAP (total reactive antioxidant potential) profiles of the samples were obtained
by measuring the chemiluminescence emission as counts per minute (CPM). The
percentage of the corresponding values was calculated and the areas under the
curves were compared with the control (skin not treated). The TAR (total antioxidant
reactivity) index was determined by measuring the initial decrease of the
chemiluminescence. It was calculated as the ratio lo/l, where o is the emission of the
chemiluminescence before the quercetin addition and /is the instantaneous emission

of the chemiluminescence after the quercetin addition to the system.

2.9. Statistical analysis
One-way analysis of variance followed by Tukey’s test was employed in the

comparison of the experimental data for significance at P-values less than 0.05.
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3. Results and discussion

3.1. Liquid chromatography

The purity of the quercetin peak in the presence of the biological matrix (acceptor
solution or skin extract) showed that the method was specific (data not shown). The
regression coefficient (R? = 0.9995) confirmed that the calibration curve was linear
over the quercetin concentration range (0.4 to 2.0 pg.mL™). The relative standard
deviation (R.S.D.) of the slope of the three curves was 1.14 %. The equation
obtained was y = 98384 x + 1899.6, where y is the peak area and x is the quercetin
concentration. The confidence intervals for the intercept included zero (-3311;7110),
confirming the absence of constant systematic error. The DL (0.05 ug.mL™") and the
QL (0.17 ug.mL") showed the sensitivity of the method. The repeatability (R.S.D. =
0.97 %) and the intermediate precision (R.S.D. = 2.06 %) were adequate. The
quercetin recovery from the acceptor solution (96.8 to 99.6 %) and from the skin

extract (91.6 to 98.1 %) showed that the method was accurate.

3.2. Determination of the partition coefficient of quercetin in octanol/water

The log Kp is an indicator of the affinity of a compound by lipid membranes. In the
present study, quercetin presented a log Kp of 2.13 + 0.01. This value is similar to
that reported in the literature (1.82) [12] and it characterizes quercetin as a lipophilic

molecule with adequate potential to penetrate through the skin.

3.3. Determination of the quercetin solubility and stability in the acceptor solution
The low solubility of biologically active substances in water, such as the aglycon
quercetin (3.7 ug.mL™" [13]), has determined the use of ethanol:water (50 %, Vv/v)

mixture as acceptor phase for obtaining the sink condition during skin permeation
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studies. In this solvent, at 37 + 0.5 °C, the quercetin solubility was 0.65 + 0.01
mg.mL™.

No quercetin degradation was observed during 8 h of stirring at 37 £ 0.5 °C (data not
shown), suggesting that quercetin remained stable in ethanol:water (50 %, v/v)
mixture under the evaluated conditions. These results demonstrate the adequacy of

this solvent as acceptor phase to investigate the skin permeation of quercetin.

3.4. Preparation and stability evaluation of formulations containing quercetin

Before evaluating the cutaneous permeation of quercetin, the stability of this
flavonoid was investigated in all formulations (hydrogel and ointment containing
quercetin or quercetin:-cyclodextrin mixture). The pH of the formulations (between
5.0 and 5.5) remained unaltered as well as no quercetin degradation was observed
during 48 h of storage at room temperature (data not shown). These results suggest

that quercetin remained stable in the formulations after their preparation.

3.5. Evaluation of the ex vivo skin permeation of quercetin

The evaluation of the permeation of formulations containing antioxidants is an
important step for the development of new pharmaceutical or cosmetical products,
since oxidative stress-mediated cutaneous damages occur in the epidermis and/or in
the dermis. Thus, we investigated the enhancer effect of B-cyclodextrin and the
influence of two different vehicles (hydrogel and ointment) on the cutaneous
permeation of quercetin. For comparison purpose, the intrinsic permeation of
quercetin was also evaluated, where the flavonoid dissolved in acetone was applied

on the skin surface.
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The test of intrinsic permeation demonstrated that the quercetin concentration
retained in the epidermis (703.37 + 25.24 ug.g™”) was significantly (P < 0.05) higher
than that found in the dermis (3.14 + 0.19 pg.g”') and in the acceptor phase of the
diffusion cell (2.56 + 0.15 ug.cm), suggesting that the flavonoid is able to penetrate
the stratum corneum, the main barrier to drugs penetration through the skin. These
results are in accordance with some physicochemical characteristics of quercetin
which are favorable for its cutaneous penetration, such as the partition coefficient
(2.13) and its low molecular weight (302.24). However, these results also suggest a
reduced ability of quercetin permeating through the deeper skin layers.

In order to know the influence of B-cyclodextrin and of the vehicles on the cutaneous
permeation of quercetin, this flavonoid was incorporated into a hydrogel or into an
ointment at a concentration of 1 %, in the presence or in the absence of B-
cyclodextrin. The absence of quercetin in the acceptor phase 8 h after the application
of the formulations on the skin surface, in all of the cases, showed that two
hypothesis are possible. The first one, the vehicles did not release quercetin to the
skin surface or, the second one, quercetin was retained in the skin, tending to form a
reservoir in the epidermis and/or in the dermis lipid domains. The presence of
quercetin in the epidermis and/or in the dermis was then analyzed and the
corresponding concentrations are presented in Table 1 and Fig. 1. The ranking of the
quercetin  (QCT) concentration retained in the epidermis from the different
formulations was as follow: QCT in ointment = quercetin:B-cyclodextrin (QCT:BCD)
mixture in ointment < QCT in hydrogel < QCT:BCD mixture in hydrogel (P < 0.05).
The quercetin concentration found in the dermis was as follow: QCT in ointment =
QCT:BCD mixture in ointment = QCT in hydrogel < QCT:BCD mixture in hydrogel (P

< 0.05).
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When quercetin was incorporated into both vehicles, ointment or hydrogel, in the
absence of B-cyclodextrin, the quercetin concentration found was 109 or 165 ug.g™,
in the epidermis, and 1.1 or 1.4 pg.g™, in the dermis, respectively. These differences
may be explained by the high affinity of quercetin by the lipophilic excipients present
in the ointment and the consequent low release of the aglycon, contrarily to the
hydrogel.

When quercetin was associated to B-cyclodextrin, the flavonoid concentration found
in the epidermis increased to 116 or 322 ug.g™” from the ointment or the hydrogel,
respectively. Similarly, the quercetin concentration found in the dermis increased to
1.3 ug.g' (from the ointment) or 2.7 ug.g™' (from the hydrogel). The enhancer effect of
cyclodextrins on the skin permeation of drugs is already well described in the
literature [14]. Here we are able to demonstrate it for quercetin. Besides that, our
results reveal clearly the influence of the vehicle on this effect, since B-cyclodextrin
was able to enhance the quercetin permeation especially in the hydrophilic matrix.
The hypothesis that the vehicle nature modulates the release of the own cyclodextrin,
as previously demonstrated by Koester et al. [15] in HPMC solid matrix (tablets),
seems to be probable. In the present study, a similar matrix (HPMC) was employed
in semi-solid state and, therefore, the diffusion mechanism should be also involved.
By the other hand, in the ointment the enhancer effect of B-cyclodextrin is quite not
observed. The hypothesis that 3-cyclodextrin has been associated with the lipophilic
excipients from the ointment and, thus, it may not being available for acting as
permeation enhancer on the skin surface can not be ruled out. These results
corroborate the importance of choosing an adequate vehicle for incorporating

quercetin.
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3.6. Evaluation of the ex vivo antioxidant potential of quercetin in the skin

The non-enzymatic antioxidant cellular defenses of the skin extracts were estimated
by TRAP and TAR assays [16]. AAPH was used as a source that produces, at a
constant rate, peroxyl radicals which react with luminol yielding chemiluminescence.
The addition of a bioactive substance to the system decreases the
chemiluminescence proportionally to its antioxidant potential. The TRAP and the TAR
index of quercetin in the epidermis or in the dermis 8 h after the application of the
formulations on the skin surface are presented in Fig. 2 and in Fig. 3, respectively.

All the formulations were significantly (P < 0.05) active in reducing the
chemiluminescence when compared with the control (skin not treated),
demonstrating the ability of quercetin in scavenging peroxyl radicals. Similarly to the
cutaneous permeation results, the highest (P < 0.05) antioxidant potential and
reactivity were observed for the epidermis and for the dermis treated with

quercetin:B-cyclodextrin mixture incorporated into the hydrogel.

4. Conclusions

The present study demonstrated that the enhancer effect of B-cyclodextrin on the
skin permeation of quercetin and on the corresponding cutaneous antioxidant
potential were strongly increased when the flavonoid aglycon was incorporated into a
HPMC hydrogel. This effect was observed both in the epidermis and in the dermis
and it was not observed when the ointment vehicle was used. These findings
demonstrate, therefore, the potential use of a HPMC hydrogel containing quercetin:p-
cyclodextrin mixture for the prevention of oxidative stress-mediated cutaneous

damages, especially those occurring in the most superficial layers of the skin.
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Table caption

Table 1. Quercetin concentration found in each skin layer, epidermis or dermis, and
in the acceptor phase of the diffusion cells 8 h after the application of the

formulations on the skin surface (n = 4)
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Figure captions

Figure 1. Cutaneous retention of quercetin in the epidermis (a) or in the dermis (b) 8
h after the application of the formulations on the skin surface (n = 4). The bars
marked with the same letter indicate no significant difference by Tukey’s test (P <

0.05)

Figure 2. TRAP of quercetin in the epidermis (a) or in the dermis (b) 8 h after the
application of the formulations on the skin surface (n = 4). The bars marked with the

same letter indicate no significant difference by Tukey’s test (P < 0.05)

Figure 3. TAR index (lo/l) of quercetin in the epidermis (a) or in the dermis (b) 8 h
after the application of the formulations on the skin surface (n = 4). lo is the emission
of the chemiluminescence before the quercetin addition. / is the instantaneous
emission of the chemiluminescence after the quercetin addition to the system. The
bars marked with the same letter indicate no significant difference by Tukey’s test (P

< 0.05)
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Figure 1.
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Table 1.
QCT? concentration
Formulations Skin QCT? concentration (ug.g") in acceptor phase
Epidermis Dermis (ng.cm?)

QCT?in ointment 109.0 + 12.21 1.1+0.3 ND°
QCT:BCD® mixture in ointment ~ 116.3 £ 12.41 1.3+0.2 ND°®
QCT?in hydrogel 165.3 £ 26.12 1.4+0.2 ND°
QCT:BCD® mixture in hydrogel ~ 322.6 £ 19.37 27%0.3 ND°

3QCT = quercetin; "QCT:BCD mixture = quercetin:p-cyclodextrin mixture; °ND = not
detected

Quercetin concentration in all of the formulations was 1 %.
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O presente trabalho foi realizado com o objetivo de estudar caracteristicas
fisicas, quimicas e biologicas de interesse para a permeacgédo cutanea do flavonoide

quercetina e de sua associacao com B-ciclodextrina.

Sabe-se que o grau de hidratacao de substancias fendlicas exerce grande
influéncia sobre a configuracdo molecular e, por conseqtiéncia, sobre a geometria do
reticulo cristalino das mesmas. Assim, o padrao das ligacoes de hidrogénio das
hidroxilas das moléculas difere entre suas formas cristalinas. Esta propriedade é
especialmente relevante para substancias bioativas como a quercetina, pois estes
grupamentos podem estar fortemente relacionados com suas propriedades fisicas e
quimicas e conseqlentes propriedades biolégicas, farmacotécnicas e
biofarmacéuticas. A preocupacado com estes aspectos motivou o estudo de amostras
de quercetina de diferentes procedéncias.

Neste sentido, a etapa inicial do trabalho (Capitulo 1) foi dedicada a
caracterizagao fisico-quimica, termo-analitica e espectroscopica de quatro amostras
comerciais de quercetina. No que se refere ao grau de pureza, as amostras
analisadas apresentaram-se diferentes. A presenga do contaminante rutina, um

glicosidio de quercetina, foi observada em todas as amostras (anexo 1).

As andlises realizadas por difratometria de raios-X em temperatura ambiente,
espectroscopia no infravermelho (anexo 2) e espectroscopia por espalhamento
Raman revelaram que as trés amostras de quercetina apresentando grau
farmacéutico, QCTa, QCTb e QCTc, possuem distintas estruturas cristalinas. Essas
diferencas, quando analisadas por termogravimetria acoplada a espectroscopia no
infravermelho, foram atribuidas a presenca de moléculas de agua de hidratacao no
reticulo cristalino das amostras: a amostra QCTa correspondendo a um dihidrato, a
amostra QCTc a um monohidrato e a amostra QCTb a uma mistura entre as formas
dihidratada e anidra. Além da diferenca no grau de hidratacdo dos cristais, o
tamanho e a forma das patrticulas, também distintos, parecem ter contribuido para os
diferentes valores de hidrossolubilidade intrinseca obtidos para as amostras. As
diferencas na estrutura cristalina das amostras de quercetina sugerem que as
mesmas tenham sido submetidas a distintas condi¢des de cristalizacao durante o

processo de sintese. Infelizmente, nossas tentativas de obtencao de cristais unicos
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(single crystal) com qualidade adequada para refinamento das amostras pelo
método de Rietveld nao foram efetivas.

Em seqliéncia, a estabilidade térmica dos hidratos de quercetina, em estado
solido, foi avaliada utilizando-se as técnicas de calorimetria exploratéria diferencial e
difratometria de raios-X com variacdo de temperatura. Os resultados demonstraram
que as amostras QCTb e QCTc, quando submetidas ao aquecimento (em
temperaturas abaixo do ponto de fusdo da molécula), sofreram duas transi¢cdes de
fases: a primeira, correspondente a liberagdo de agua de hidratacdo do reticulo
cristalino e, a segunda, uma transicdo sélido-sélido das correspondentes formas
anidras. A amostra QCTa, onde apenas a transicao de fase relacionada a perda de
agua de hidratacao foi observada, mostrou-se termodinamicamente mais estavel em

relagdo as amostras QCTb e QCTc.

As novas fases cristalinas formadas, em geral, apresentam propriedades
fisico-quimicas distintas em relacdo as formas originais. Baseado no menor
potencial de conversdo da amostra de quercetina QCTa frente a alteragdes de
temperatura, e por apresentar a mesma estrutura cristalina da substancia de
referéncia (a qual foi utilizada na validagdo dos métodos analiticos), essa amostra foi
considerada a forma cristalina mais apropriada para ser empregada nas etapas
subsequentes do trabalho.

Em suma, esta etapa do trabalho demonstrou o fato inédito de que a
quercetina pode apresentar-se sob diferentes formas cristalinas e a relevancia da
analise deste parametro quando da aquisicdo de amostras no mercado, tendo em
vista as diferentes hidrossolubilidades apresentadas pelas mesmas. Os principais
resultados obtidos nesta etapa do trabalho foram publicados no peridédico Pharmazie
(v. 61, p. 802-804, 2006) e submetidos para publicacao no periddico Journal of Solid
State Chemistry.

A reduzida hidrossolubilidade da quercetina, sob a forma de aglicona (3,7
ug.mL" para a amostra selecionada, QCTa), limita 0 seu emprego no campo
farmacéutico e cosmético, tanto sob o ponto de vista biofarmacéutico como

tecnoldgico. Sendo assim, na seqiéncia do trabalho (Capitulo 2), a complexacao
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entre quercetina e 3-ciclodextrina foi estudada visando a solubilizagéo do flavondide

em veiculo aquoso.

Inicialmente, estudou-se a influéncia das condigcdes operacionais envolvidas
na preparacdao, em meio liquido, de complexos quercetina/B-ciclodextrina sobre a
hidrossolubilidade da aglicona, utilizando-se um delineamento fatorial 2%. Os trés
fatores avaliados, quantidade em excesso de quercetina, temperatura e periodo de
agitacao exerceram influéncia significativa sobre a complexacao entre a quercetina e
a B-ciclodextrina. Na etapa seguinte, um diagrama de solubilidade foi construido
utilizando-se as condicées (6 mM de quercetina, 37 °C e 24 horas de agitacdo) nas
quais um maior incremento de solubilidade da quercetina foi observado. Um
reduzido incremento de solubilidade da quercetina (4,6 vezes) foi obtido na presenca
de 15 mM de B-ciclodextrina, sugerindo uma baixa eficiéncia de complexacao,
provavelmente atribuida a baixa constante de estabilidade aparente do complexo
(230 M. A eficiéncia de complexacdo foi aumentada quando os complexos
quercetina/B-ciclodextrina foram associados ao polimero hidrofilico hipromelose (0,1
%), em que a formagdo de sistemas ternarios resultou num incremento de

solubilidade do flavonéide de 6,5 vezes.

Posteriormente, associagdes quercetina/B-ciclodextrina (complexo em estado
sélido, obtido por meio da secagem por nebulizacdo de complexo preparado em
meio liquido, e mistura fisica) foram preparadas na relacdao molar de 1:1 (6 mM de
quercetina e 6 mM de B-ciclodextrina). Esta relagao, diferente daquela de maior
hidrossolubilidade, que empregou 15 mM de B-ciclodextrina, foi baseada na
viabilidade tecnologica, visto ser esta uma concentracdo excessiva de ciclodextrina
para uma preparacao farmacéutica no que se refere a massa correspondente da
mesma. A caracterizacdo da mistura fisica, utilizando-se espectroscopia no
infravermelho (anexo 3), calorimetria exploratéria diferencial e espectroscopia de
ressonancia magnética nuclear, sugeriu a formacao de complexo de inclusao, sendo
este um processo tempo-dependente. Apenas foram observados indicios de
interacdo entre a quercetina e a PB-ciclodextrina no complexo preparado em meio
liquido e seco por spray-drying, provavelmente devido a baixa concentragdo de
quercetina no referido complexo (0,14 %).
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A eficiéncia de complexagédo (incremento de solubilidade de 2,2 vezes) do
complexo quercetina/B-ciclodextrina em estado sélido, obtido por simples mistura
entre as duas substancias, foi similar aquela encontrada no complexo preparado em
meio liquido numa relagdo molar de 1:1 (6 mM de quercetina e 6 mM de
ciclodextrina), antes de ser submetido a secagem (incremento de solubilidade de 2,5
vezes). Entretanto, o fato da simples mistura entre a quercetina e a B-ciclodextrina
ser um processo continuo e que nao utiliza agua nem calor, bem como a
possibilidade de transposicdo de escala, resultam em menor custo de obtencao
destes complexos por este método quando comparado aqueles descritos na
literatura, que empregam meio liquido ou semi-solido. Ainda, a elevada
concentracao de quercetina na mistura fisica (23 %) também representa uma
vantagem tecnologicamente relevante para este método de complexacéo,
especialmente visando a via de administracdo cutanea. Os principais resultados
obtidos nesta etapa do trabalho foram publicados nos periédicos Latin American
Journal of Pharmacy (v. 26, p. 831-836, 2007) e AAPS PharmSciTech (v. 10, p. 235-
242, 2009).

Assim, o conjunto de estudos realizados no capitulo 2 revelou que a
estratégia de associacao da quercetina a p-ciclodextrina resultou em baixa eficiéncia
de complexacdo e, por consequéncia, num incremento de hidrossolubilidade da
aglicona limitado. Essa limitacdo determinou o uso de mistura etanol:dgua 1:1 nas
etapas subsequentes do trabalho, meio usualmente empregado em ensaios de
atividade antioxidante (capitulo 3) e como solugdo aceptora em estudos de
permeacao cutanea do flavonéide (capitulo 4).

A instabilidade da quercetina em meio aquoso, sob distintas condicdes
oxidantes (aquecimento, perfusdo com oxigénio atmosférico e variagcbes de pH) é
bem descrita na literatura cientifica. Ainda, considerando-se apenas a referéncia de
estudos preliminares acerca da estabilidade do flavonéide em meio aquoso, frente a
radiacao ultravioleta, e a importancia da sua estabilidade para a atuacao sobre os
sistemas biolégicos, a etapa seguinte do trabalho (Capitulo 3) foi destinada ao
estudo da estabilidade da quercetina, frente a radiacdo UVA ou UVC, em mistura

etanol:dgua 1:1.
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A atividade antioxidante in vitro da quercetina, dissolvida em etanol:agua
(1:1), foi avaliada por meio da inducado da peroxidacao lipidica em dispersdo de
gema de ovo pela radiagcdo UVA ou UVC. O meio foi exposto a radiagao UVA, por 25
horas, ou a radiacdo UVC, por 30 minutos, periodo necessario para induzir a
formacao de mesma quantidade de malondialdeido, produto final da peroxidacao
lipidica. Um efeito inibitério dose-dependente foi observado frente a ambas
radiacdes na presenca de quercetina em concentracdes de 0,5 a 5,0 uM. Porém, em
concentracdes superiores (7,5 a 25,0 uM), um comportamento distinto foi observado
frente a cada uma das radiacées. Enquanto a inibicdo sobre a peroxidacao lipidica
induzida pela radiacdo UVA alcancou seu maximo (58 %) na concentracdo da
quercetina de 5,0 uM, o efeito inibitério sobre a peroxidacdo lipidica induzida pela
radiacao UVC foi aumentada com o uso de concentracdes crescentes de quercetina,

alcangando seu maximo (92 %) em 25,0 uM.

Na tentativa de compreender os resultados obtidos, a fotoestabilidade da
quercetina foi investigada sob as mesmas condicées experimentais empregadas no
ensaio de peroxidacao lipidica, ou seja, dissolvendo a aglicona em etanol:agua (1:1),
numa concentracdo de 25 uM, e expondo a solucao a radiagdo UVA, por 25 horas,
ou a radiagdao UVC, por 30 minutos. A quercetina mostrou-se instavel as radiacoes,
sendo a velocidade de degradacao do flavondide frente a radiagao UVC (cinética de
ordem zero; K = 0,0543 pug.min™; Teo % = 0,25 min) maior do que frente a radiagdo
UVA (cinética de primeira-ordem; K = 0,0132 ug.h™"; Teo & = 1,12 h). O teor de
quercetina no meio foi significativamente reduzido, respectivamente, para 75 % e 52
% da concentracdo original. Tais resultados parecem, num primeiro momento,
contraditérios ao efeito de inibicdo observados, em que a quercetina na solucao
exposta a radiacdo UVC apresentou efeito inibitério mais pronunciado (92 %) do que

quando exposta a radiacao UVA (58 %).

O fato de a quercetina ter sido instavel frente as radiacées UVA e UVC e, por
outro lado, ter sido capaz de inibir a peroxidagcédo lipidica induzida por ambas
radiacdes motivou a identificacdo dos produtos de degradacéo, que foi realizada
utilizando-se cromatografia liquida de alta eficiéncia com deteccdo por arranjo de
fotodiodos e cromatografia liquida de alta eficiéncia com deteccdo por

espectrometria de massa. O principal produto de degradacéo da quercetina, quando
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exposta a radiagdo UVA, foi 5,7,4’,5’-tetrahidrdxi-2-metéxi-3,4-flavandiona, enquanto
o acido carboxilico do floroglucinol foi o principal produto de degradacdo da
quercetina quando exposta a radiacdo UVC. A estrutura polifenélica dos produtos de
degradacao sugere, além do potencial sequestrante de radicais livres, que a
hidroxila livre na posicdo C3 no anel C da quercetina seja o principal grupamento
envolvido na oxidagdo da molécula, nas condi¢cdes experimentais empregadas. Os
principais resultados obtidos nesta etapa do trabalho foram submetidos para
publicacdo no periddico Journal of Photochemistry and Photobiology A: Chemistry e
sugerem que, nas condicbes experimentais empregadas, a quercetina gera um

sistema antioxidante mais complexo que merece estudos mais aprofundados.

Alguns estudos relatam os efeitos benéficos da quercetina quando
empregada em danos cutaneos associados ao estresse oxidativo, aspecto de
interesse em preparagdes destinadas a aplicacao tdpica. Entretanto, o emprego em
potencial da quercetina na prevencao e no tratamento de tais disturbios é limitado
pela sua reduzida capacidade de penetracdo cutanea. Neste sentido, a etapa final
do trabalho (Capitulo 4) foi dedicada a avaliacdo da influéncia da B-ciclodextrina,
sob a forma de mistura fisica com a quercetina, na promocao da penetracao da
aglicona na pele. Devido a baixa concentracdo de quercetina em complexos
quercetina/B-ciclodextrina em estado sélido, essa estratégia de associacao nao foi

investigada, apenas a correspondente mistura fisica.

O ensaio de permeagéo cutanea ex vivo foi realizado utilizando-se células de
difusao tipo Franz e pele de orelha de suino como modelo de membrana. No ensaio
de permeacao intrinseca de quercetina, avaliada por meio da aplicacdo do
flavondide (2 mg) dissolvido em depdsito volatil (acetona) sobre a superficie da pele,
a concentracdo de quercetina retda na epiderme (703,37 pug.g’') foi
significativamente superior aquela encontrada na derme (3,14 pg.g') e na fase

aceptora da célula de difusdo (2,56 ug.cm™).

A literatura cientifica relata que a quercetina apresenta uma reduzida
capacidade de penetracao cutanea. Os resultados obtidos na presente etapa do
trabalho, por outro lado, sugerem que, apesar da reduzida hidrossolubilidade, o
flavondide é capaz de penetrar a barreira do estrato cérneo. A limitagdo esta na sua
difusdo para camadas mais profundas da pele, fato este provavelmente atribuido a
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interacdo da quercetina com os dominios lipofilicos da pele. Esta hipbtese é
corroborada pelas caracteristicas fisico-quimicas apresentadas pelo flavondide, tais
como o coeficiente de particdo octanol/agua (2,13) e a baixa massa molecular
(302,24), que sao favoraveis a sua penetracao cutanea.

A fim de avaliar a influéncia do veiculo sobre a permeacdo cutdnea e o
potencial antioxidante da quercetina, duas formulacées contendo o equivalente a 1
% de quercetina, sob a forma livre ou de mistura fisica com B-ciclodextrina (relacéo
molar de 1:1), foram preparadas: um hidrogel (de hipromelose) e uma pomada.
Quando as formulagbes foram aplicadas sobre a pele, na auséncia de J-
ciclodextrina, a concentragdo de quercetina retida na epiderme (165 pg.g”') e na
derme (1,4 ng.g”) revelou ser superior para o hidrogel, quando comparado com a
pomada (109 pg.g' e 1,1 upg.g', respectivamente). Essas diferencas sdo
provavelmente devido a afinidade da quercetina pelos excipientes lipofilicos da

pomada, resultando numa menor particao da aglicona/estrato cérneo.

Na presenga de B-ciclodextrina, um incremento significativo da concentragéo
de quercetina retida na pele, tanto na epiderme (322 pg.g”') quanto na derme (2,7
ug.g’'), foi observado quando incorporadas no hidrogel. O efeito promotor da p-
ciclodextrina nao foi observado quando a mistura fisica foi incorporada na pomada,
(116 ug.g ' na epiderme e 1,3 ug.g™' na derme), ao contrario do hidrogel. A natureza
do veiculo das formulacdes, portanto, exerce influéncia sobre a liberacdo da
ciclodextrina. As hipéteses sugeridas sado: o envolvimento de um mecanismo de
difusdo da B-ciclodextrina na matriz hidrofilica (HPMC), e a associacdo da f-
ciclodextrina aos excipientes lipofilicos da pomada, ndao estando disponivel na

superficie da pele para atuar na promocao da penetracao cutanea da quercetina.

O fato da quercetina nao ter sido detectada na fase aceptora das células de
difusdo, 8 horas apos a aplicacao das formulacdes sobre a superficie da pele (tanto
na auséncia quanto na presenca de B-ciclodextrina), reforcam o fato de que a
aglicona tenha sido retida na pele, sugerindo a formacao de um reservatorio em
seus dominios lipidicos.

Por fim, a atividade antioxidante ex vivo da quercetina nas peles tratadas com
as formulacdes foi investigado para cada uma das camadas, epiderme e derme.
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Como nossas tentativas de inducdo de dano oxidativo na pele empregando radiacao
ultravioleta ndo obtiveram sucesso, o potencial antioxidante reativo total (TRAP) e a
reatividade antioxidante total (TAR) do flavonéide foram avaliados. A concentracao
de quercetina alcancada nas camadas da pele, para todas as formulacdes, foi
suficiente para o flavondide exercer sua atividade sequestrante sobre radicais livres,
fato este observado por meio da reducao da quimiluminescéncia do sistema (anexo
4). Entretanto, de maneira similar aos resultados obtidos nos ensaios de permeacéo,
0 maior potencial e a maior reatividade antioxidante da quercetina foram observados
na epiderme e na derme em cuja pele havia sido tratada com o hidrogel contendo

quercetina associada a -ciclodextrina.

Em suma, para todas as formulagcbes empregadas, a concentragdo de
quercetina retida na epiderme foi significativamente superior aquela encontrada na
derme, o que resultou num maior potencial antioxidante do flavondide nessa
camada. Este efeito foi mais expressivo quando a pele foi tratada com o hidrogel
contendo a quercetina sob a forma associada a B-ciclodextrina. Estes resultados
revelam o uso promissor de gel de hipromelose contendo quercetina, associada a j3-
ciclodextrina, na prevencao e no tratamento de distirbios cutaneos associados ao
estresse oxidativo, especialmente aqueles que ocorrem na camada mais superficial
da pele, a epiderme. Os principais resultados obtidos nesta etapa do trabalho foram
submetidos para publicagédo no periddico Skin Pharmacology and Physiology.



CONCLUSOES
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CONCLUSOES PARCIAIS

v' As amostras de quercetina apresentando grau farmacéutico, QCTa, QCTb e
QCTc, revelaram distintas propriedades fisico-quimicas, fisicas, quimicas, termo-
analiticas e espectroscépicas, sendo estas atribuidas a diferentes graus de
hidratacao dos correspondentes reticulos cristalinos;

v' A amostra de quercetina QCTa, de procedéncia Deg, foi selecionada para ser
empregada nas etapas subsequentes do trabalho, pois apresentou estrutura
cristalina idéntica a da substancia de referéncia e revelou ser termodinamicamente

mais estavel, em estado sélido, em relacdo as amostras QCTb e QCTc;

v" As condigdes operacionais envolvidas na preparacao, em meio liquido, de
complexos quercetina/B-ciclodextrina exerceram influéncia significativa sobre a
hidrossolubilidade da aglicona. Muito embora o maior incremento de solubilidade
tenha sido observado utilizando a quantidade em excesso de quercetina de 6 mM, a
temperatura de 37 °C, o periodo de agitacdo de 24 horas e a concentracao de [3-
ciclodextrina de 15 mM, a proporcdo de 6 mM de ambas foi selecionada com base
na viabilidade tecnoldgica;

v A associagdo de complexos quercetina/B-ciclodextrina ao polimero hidrofilico

hipromelose resultou em aumento da eficiéncia de complexacéo;

v" Apenas foram observados indicios de interacdo entre a quercetina e a f-
ciclodextrina no complexo em estado sélido obtido por meio da secagem por
nebulizacdo de complexo preparado em meio liquido na relacdo molar de 1:1,

provavelmente devido a baixa concentragdo de quercetina no referido complexo;

v A simples mistura fisica entre as duas substancias na relagdo molar de 1:1
revelou ser suficiente para a obtengcdo de complexo de inclusdo quercetina/B-
ciclodextrina, de maneira tempo-dependente. A elevada concentracao de flavondide
e 0 baixo custo de preparacdo de complexos quercetina/p-ciclodextrina em estado
sélido, por simples mistura fisica entre as duas substancias, representam vantagens
deste método quando comparado aqueles descritos na literatura, que empregam
meio liquido ou semi-solido;
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v' A quercetina, dissolvida em etanol:agua (1:1), mostrou-se instavel quando
exposta a radiacdo ultravioleta, sendo a velocidade de degradacao frente a radiacédo
UVC (cinética de ordem zero) maior do que frente a radiacdo UVA (cinética de

primeira-ordem);

v O efeito inibitério da quercetina sobre a peroxidacao lipidica induzida pela
radiacao UVC foi mais pronunciado do que aquele observado quando a peroxidacao
lipidica foi induzida pela radiacdo UVA. Os produtos de degradacdo identificados
apresentam estrutura polifendlica, o que sugere que os mesmos tenham contribuido
para o efeito antioxidante observado, mais proeminente quando a quercetina foi
exposta a radiagdo UVC;

v’ Para todas as formulacbes empregadas, hidrogel e pomada contendo
guercetina sob a forma livre ou de mistura fisica com B-ciclodextrina (relagdo molar
de 1:1), a concentragcdo de quercetina retida na epiderme foi significativamente
superior aquela encontrada na derme. Este efeito foi mais expressivo quando a

quercetina foi incorporada no hidrogel sob a forma associada a B-ciclodextrina;

v O efeito promotor da p-ciclodextrina sobre a penetracdo cutanea da
quercetina nao foi observado quando a mistura fisica foi incorporada na pomada, ao
contrario do hidrogel, sugerindo uma forte influéncia do veiculo das formulac¢des
sobre a particdo, tanto do flavonéide como da ciclodextrina, para a superficie da

pele;

v" O maior potencial antioxidante da quercetina foi observado na epiderme das

peles tratadas com o hidrogel contendo o flavondide associado a B-ciclodextrina



191

CONCLUSAO GERAL

A quercetina, especialmente sob a forma associada a p-ciclodextrina,
apresentou propriedades fisicas, quimicas e biolégicas de interesse para a
permeacgao cutanea, revelando seu uso promissor na prevencao e no tratamento de
disturbios associados ao estresse oxidativo, principalmente aqueles que ocorrem na

camada mais superficial da pele, a epiderme.
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ANEXO 1. Pureza das amostras de quercetina apresentando grau farmacéutico
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As trés amostras de quercetina apresentando grau farmacéutico, de
diferentes procedéncias (QCTa, Deg; QCTb, Galena e QCTc, SPFarma), foram
caracterizadas quanto as suas propriedades quimicas, no que se refere a pureza. As
impurezas foram identificadas utilizando cromatografia em camada delgada,
espectrofotometria no ultravioleta/visivel e cromatografia liquida de alta eficiéncia
com deteccao por espectrometria de massa.

Analise por cromatografia em camada delgada

Para a analise por cromatografia em camada delgada analitica, duas solucdes
foram preparadas:

v uma solucdo metandlica contendo quercetina substancia de referéncia -

Sigma (2 pg.mL™);

v' uma dispersao aquosa de cada amostra de quercetina apresentando grau
farmacéutico (6 mM) foi mantida sob agitacdo, em temperatura ambiente, sob
protecdo da luz, durante 24 horas e, posteriormente, filtrada em membrana
hidrofilica (HAWP, 0,45 um de diametro de poro, Millipore®). A solucdo aquosa
resultante foi congelada, liofilizada e o residuo sélido obtido ressuspenso em mistura

metanol:agua (1:1, v/v), com auxilio de ultrasom.

As solucdes foram aplicadas em placas cromatograficas com auxilio de tubos
capilares de vidro, a uma distancia de 1,0 cm das bordas lateral e inferior da placas
e entre as mesmas. As placas foram depositadas em cuba de vidro saturada em
sistema eluente composto por acetato de etila, acido férmico, acido acético glacial e
agua (130:11:11:27, v/v). Apds secagem das placas, estas foram reveladas com
reagente natural A (acido difenilbérico 2-aminoetil éster e polietilenoglicol 4000). As

manchas foram vizualizadas sob luz ultravioleta (A = 254 nm).
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quercetina

Rr = 0,50

Rr=0,25

Figura 1.12. Cromatograma de solu¢cao metandlica contendo quercetina substancia
de referéncia (A) e de solucédo aquosa liofilizada contendo a amostra de quercetina
apresentando grau farmacéutico QCTa (B).

No cromatograma da solucdo aquosa liofilizada contendo a amostra de
quercetina QCTa (Figura 1.13B), observa-se a presenca de 3 manchas. A mancha
superior, com fator de retencao (Rg) de aproximadamente 1,0, corresponde a
quercetina, pois apresenta o mesmo valor obtido para a solucdo metandlica
contendo quercetina substancia de referéncia (Figura 1.13A). As duas manchas
inferiores, com fator de retencdo de aproximadamente 0,5 e 0,25, correspondem a
impurezas.

As outras duas amostras de quercetina apresentando grau farmacéutico,
QCTb e QCTc, revelaram o mesmo comportamento cromatografico da amostra

QCTa e, por isso, seus resultados nao foram apresentados.
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Analise por espectrofotometria no ultravioleta/visivel

Para a andlise por espectrofotometria no ultravioleta/visivel, procedeu-se
inicialmente o isolamento da impureza cuja mancha apresentou maior rendimento
(Rr = 0,25). Para isso, o residuo sélido obtido por meio da liofilizacdo da solucao
aquosa contendo a amostra de quercetina apresentando grau farmacéutico QCTa foi
ressuspenso em mistura metanol:dgua (1:1, v/v) e aplicado em placas
cromatograficas preparativas. Apdés secagem das placas, a mancha correspondente
a impureza de interesse foi marcada e a silica raspada das placas. A silica foi
ressuspensa em metanol, sob agitacdo por 24 horas em temperatura ambiente,
filtrada em membrana hidrofilica (HVLP, 0,45 um de diametro de poro, Millipore®) e a
solucdo  metandlica resultante  analisada por  espectrofotometria  no

ultravioleta/visivel.

Os espectros de varredura no ultravioleta/visivel da quercetina substancia de
referéncia e da impureza isolada foram obtidos entre 200 e 500 nm empregando-se
metanol; solucao metanodlica de cloreto de aluminio 3 % (AICl3), na auséncia ou
presenca de solucao de acido cloridrico 50 % (HCI); acetato de s6dio (NaOAc), na
auséncia ou presenca de acido bérico (H3zBO3), e solucao metandlica de metédxido de
sodio (NaOMe).
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Os espectros de varredura no ultravioleta/visivel da quercetina e da impureza
isolada, em metanol, apresentaram duas bandas de maxima absorcdo. Para a
quercetina, em 256 e 372 nm (Figura 1.14), e, para a impureza isolada, em 260 e
360 nm (Figura 1.15). O perfil apresentado pelas duas substancias é caracteristico
de flavonol, em que comprimentos de onda entre 300 e 380 nm e entre 240 e 280
nm referem-se, respectivamente, as bandas | (anel B) e Il (anel A) da molécula
(MABRY et al., 1970).
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Figura 1.13. Espectro de varredura no ultravioleta/visivel de solugdo metandlica
contendo quercetina substancia de referéncia.
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Figura 1.14. Espectro de varredura no ultravioleta/visivel de solugdo metandlica
contendo a impureza isolada.
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Na presenga de cloreto de aluminio, observa-se um deslocamento
batocromico da banda | da quercetina (A = 452 nm) (Figura 1.16) e da impureza
isolada (A = 410 nm) (Figura 1.17), em relacdo ao espectro obtido em metanol. A
manutencao do deslocamento batocromico da banda | (A = 428 nm para a quercetina
e A = 402 nm para a impureza isolada), observada com a posterior adicdo de acido
cloridrico, sugere que os complexos formados sdo acido-estaveis. O deslocamento
de 56 nm para a quercetina, confirma a presenca de grupamentos hidroxila livres
nas posicoes C3 e C5 da molécula e de 42 nm para a impureza isolada, sugere a

presenca de grupamento hidroxila livre na posicdo C5 da molécula (MABRY et al.,
1970).
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Figura 1.15. Espectro de varredura no ultravioleta/visivel de solugdao metandlica
contendo quercetina substancia de referéncia, na presenca de cloreto de aluminio
(linha continua) e com posterior adicao de acido cloridrico (linha pontilhada).
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Figura 1.16. Espectro de varredura no ultravioleta/visivel de solugao metandlica
contendo a impureza isolada, na presenca de cloreto de aluminio (linha continua) e
com posterior adicao de acido cloridrico (linha pontilhada).
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A alteracdo do espectro da quercetina (Figura 1.18), na presenca de acetato
de sodio, confirma a presenca de grupamentos hidroxila livres nas posi¢cées C3, C3’
e C4’ da molécula. O deslocamento batocrémico de 10 nm da banda Il observado
para a impureza isolada (A = 270 nm) (Figura 1.19), em relacdo ao espectro obtido
em metanol, sugere a presenca de grupamento hidroxila livre na posicdo C7 da
molécula. O deslocamento batocrémico de 16 nm (em relagéo ao espectro obtido em
metanol) da banda | observado para a quercetina (A = 388 nm), com a posterior
adicao de acido borico, confirma a presenca de grupamentos hidroxila livres em
posicdo orfo no anel B da molécula. Para a impureza isolada, o deslocamento

batocrédmico de 22 nm da banda | (A = 382 nm) sugere interpretacdo analoga
(MABRY et al., 1970).
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Figura 1.17. Espectro de varredura no ultravioleta/visivel de solugdo metandlica
contendo quercetina substancia de referéncia, na presenca de acetato de sodio
(linha pontilhada) e com posterior adicao de acido bérico (linha continua).
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Figura 1.18. Espectro de varredura no ultravioleta/visivel de solugdo metandlica
contendo a impureza isolada, na presenca de acetato de sdédio (linha continua) e
com posterior adicao de acido baorico (linha pontilhada).
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Da mesma forma, a alteracdo do espectro da quercetina (Figura 1.20), na
presenca de metoxido de sodio, confirma a presenca de grupamentos hidroxila livres
nas posicoes C3 e C4’ da molécula. O deslocamento batocromico de 64 nm da
banda I, sem dimimuicao de intensidade em relacdo ao espectro obtido em metanol,
observado para a impureza isolada (A = 424 nm) (Figura 1.21), sugere a presenca de

grupamento hidroxila livre na posicao C4’ desta molécula (MABRY et al., 1970).
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Figura 1.19. Espectro de varredura no ultravioleta/visivel de solugdo metandlica
contendo quercetina substancia de referéncia, na auséncia (linha pontilhada) ou
presenca de metdxido de sédio (linha continua).
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Figura 1.20. Espectro de varredura no ultravioleta/visivel de solugao metandlica

contendo a impureza isolada, na auséncia (linha continua) ou presenca de metdxido
de sodio (linha pontilhada).
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Analise por cromatografia liquida de alta eficiéncia com deteccao por

espectrometria de massa

Para a analise por cromatografia liquida de alta eficiéncia com deteccao por
espectrometria de massa, duas solugcdes foram injetadas no equipamento: uma
solucao contendo quercetina substancia de referéncia (Sigma) em acetonitrila:agua
1:1 (2 ug.mL™") e uma solugdo contendo a amostra de quercetina grau farmacéutico
QCTa em acetonitrila:adgua 1:1. Esta solugéo foi obtida por meio da agitagcdo de uma
dispersdao aquosa (6 mM) da referida amostra em temperatura ambiente, sob
protecdo da luz, durante 24 horas, e posterior filtragdo em membrana hidrofilica
(HAWP, 0,45 um de diametro de poro, Millipore®), sendo a solugdo aquosa
resultante diluida em acetonitrila na proporcao de 1:1. As condicoes de analise
empregadas foram as mesmas descritas na publicacao 5.

O padrao de fragmentacdo obtido para a solugdo contendo quercetina
substancia de referéncia, demonstrado na figura 1.22A, confirmou a identidade da
amostra. Conforme ilustrado na figura 1.22B, o espectro de massa da solucéo
contendo a amostra de quercetina grau farmacéutico QCTa revelou a presenca de
dois principais ions moleculares: um com m/z = 301,67, correspondente a aglicona
quercetina e, o outro, com m/z = 610,08 muito provavelmente correspondente a
rutina, um glicosideo da quercetina (BUCHNER et al., 2006).
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Figura 1.21. Espectro de massa de solucdo contendo quercetina substancia de
referéncia (padrao de fragmentacao) (A) e de solucdo contendo amostra de
quercetina grau farmacéutico QCTa (ion molecular) (B).
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O conjunto de resultados obtidos pelas anélises utilizando espectrofotometria
no ultravioleta/visivel e cromatografia liquida de alta eficiéncia com deteccao por
espectrometria de massa sugerem a presenca de rutina como uma das principais
impurezas da amostra de quercetina QCTa. As outras duas amostras de quercetina
apresentando grau farmacéutico, QCTb e QCTc, revelaram idéntico comportamento
espectroscopico e cromatografico ao da amostra QCTa e, por isso, seus resultados

nao foram apresentados.

No reino vegetal, bem como em bebidas e alimentos, a quercetina se
encontra, em geral, na forma de glicosideo, sendo a rutina 0 mais comum deles.
Entretanto, a obtencdo das amostras de quercetina analisadas por meio de
isolamento a partir de produtos naturais parece menos provavel, em funcado do
baixissimo custo das mesmas. Portanto, a hipétese mais provavel é de que as
referidas amostras de quercetina tenham sido obtidas por hidrélise da rutina.



ANEXO 2. Espectros de infravermelho das amostras de quercetina apresentando

grau farmacéutico
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Figura 1.22. Espectros de infravermelho das amostras de quercetina (QCT)

apresentando grau farmacéutico, de diferentes procedéncias. A: QCTa (Deg), B:
QCTb (Galena) e QCTc (SPFarma).






ANEXO 3. Espectros de infravermelho da quercetina, da B-ciclodextrina e das
associacoes quercetina/B-ciclodextrina
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Figura 3.5. Espectros de infravermelho da quercetina (A), da B-ciclodextrina (B), do
complexo quercetina/p-ciclodextrina em estado sélido obtido por meio da secagem
por nebulizagdo de complexos preparados em meio liquido (C) e do complexo

quercetina/B-ciclodextrina em estado sélido obtido por simples mistura entre as duas
substéancias (D).






ANEXO 4. Potencial antioxidante reativo total de formulacdées contendo quercetina

na pele
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Figura 4.4. Potencial antioxidante reativo total (TRAP) da quercetina na epiderme (A)

ou na derme (B) 8 h apds a aplicacdo das formulagcdes sobre a superficie da pele
(n=4).



