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RESUMO

Os monoterpenos sdo em sua maioria 0leos e possuem diferentes usos como
aromatizantes, antioxidantes, antimicrobianos, etc. O citral e seus isémeros
(neral e geranial), geraniol e nerol sdo exemplos de monoterpenos. Estes
possuem estrutura e propriedades quimicas similares. O obetivo deste trabalho
foi avaliar a atividade antifungica destas substancias e caracterizar suas
permeacdes através de membranas de cascos bovinos que simulam a unha
humana. A andlise da atividade antifungica foi realizada empregando método
de referéncia para microdiluicdo e foram avaliados dermatdfitos (4 espécies) e
leveduras (7 espécies). Os monoterpenos se apresentaram mais ativos contra
as espécies de dermatofitos. O mecanismo de acao foi avaliado e verificou-se
afinidade pelo ergosterol indicando que a acdo destes monoterpenos deve-se a
sua acdo na membrana celular do fungo. Métodos por HPLC com deteccdo no
UV foram desenvolvidos para quantificacdo dos monoterpenos nos estudos de
permeacdo e avaliacdo da estabilidade em diferentes veiculos. O estudo de
permeacdo por membranas de cascos bovinos foi Gtil para otimizacdo de
formulacdo e melhor entendimento de como a unha humana funciona como
barreira a farmacos. O geraniol, entre os antifingicos avaliados, foi o que

apresentou maior permeacao.

Palavras-chave: citral, neral, geranial, nerol, geraniol, atividade antifingica,
cromatografia liquida, permeacdo, anfotericina B, anidulafungina, fluconazol,

miconazol, terbinafina, butenafina.






ABSTRACT

The monoterpenes are mostly oils and have different uses such as flavorants,
antioxidants, antimicrobial agents, etc. Citral and its isomers (neral and
geranial), geraniol and nerol are examples of monoterpenes. These possess
similar chemical structure and properties. The goal of this study was to
determine the antifungal activity of these substances and evaluate its
permeation through membranes of bovine hooves that simulate the human nail.
Analysis of antifungal activity was performed using microdilution reference
method against dermatophyte (4 species) and yeasts (7 species). The
monoterpenes were more active against dermatophyte species. The
mechanism of action was evaluated and the monoterpenes showed great
affinity for ergosterol indicating that its action is related to destabilization of the
cell membrane of the fungi. Methods by HPLC with UV detection were
developed for quantifying the monoterpenes in the permeation studies and
evaluation of their stability in different vehicles. The permeation study through
membrane of bovine hoof was usefull for formulation optimization and better
understanding of how the human nail acts as a barrier to drugs. The geraniol,
among four other antifungal agents tested, showed the largest permeation.

Keywords: citral, neral, geranial, nerol, geraniol, antifungal activity, liquid
chromatography, permeation, amphotericin B, anidulafungin, fluconazole,

miconazole, terbinafine, butenafine.






1 INTRODUCAO







Introducéo

Os monoterpenos sdo Oleos volateis que contém 10 carbonos, séo
comumente liquidos e aromaticos. O citral (mistura dos isbmeros geométricos
neral e geranial), geraniol e nerol sdo exemplos de monoterpenos que
possuem atividade antimicrobiana (KHAN AND AHMAD, 2011; ZORE et al.,
2011; AIEMSAARD et al., 2011; NGAN et al. 2012). Estes monoterpenos séo
comercialmente importantes e podem ser empregados na preparacdo de
perfumes e aromatizacdo de alimentos. Na Indastria Farmacéutica séo
utiizados na producdo de vitamina A, iononas, metiliononas e mentol
(TRASARTI et al., 2004; MAKI-ARVELA et al., 2005; PIHLASATO et al., 2007).

O citral é um aldeido a,B-insaturado com uma liga dupla isolada
adicional. Os aldeidos sao suscetiveis a rea¢des quimicas em condicbes de
armazenagem e, especialmente, em agua. O citral possui uma liga dupla
conjugada ao grupamento carbonila que reduz sua reatividade. Porém, o uso
do citral em formulagbes continua um desafio devido a sua instabilidade
quimica (SYKES, 1969; DJORDJEVIC et al., 2008; MEI et al., 2010; CHOI et al.
2009; YANG, et al. 2012).

As onicomicoses sao infec¢des fungicas das unhas dos dedos das maos
e pés, sendo que os principais microrganismos causadores de onicopatias sao
dermatofitos e leveduras (EINARSON et al., 1996, REPKA et al., 2004). Por
sua vez, os dermatdfitos sdo os microrganismos que causam infeccfes em
tecidos queratinizados (por exemplo, pele, cabelos e unhas). Estes
microrganismos pertencem aos géneros: Tricophyton, Epidermophyton e

Microsporum.

As unhas humanas recobrem e protegem a parte dorsal terminal dos
dedos das méaos e pés; sao formadas, basicamente, por células queratinizadas
conectadas fortemente por numerosas ligacdes intercelulares, granulos de
revestimento de membrana e desmossomos (MURDAN, 2002; NOGUEIRAS-
NIETO etal., 2011). A quantidade de enxofre é de, aproximadamente, 10%,
principalmente presente na forma de ligacoes dissulfeto que interligam as fibras

da queratina e concedem resisténcia a unha (WALTERS et al., 2012).

Estudos de permeacédo de farmacos sao realizados com modelo in vitro
empregando cascos bovinos finamente fatiados de maneira a simular o efeito
de barreira da unha humana (MERTIN, LIPPOLD, 1997a; KHENGAR et al.,
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2007; LUSIANA et al., 2011; NOGUEIRAS-NIETO et al., 2013). As principais
vantagens do modelo com cascos bovinos séo: a facilidade de obtengéo e as
maiores dimensBes das membranas fatiadas que facilmente se adaptam as

células de difusdo convencionais (MONTI et al., 2011).

Métodos analiticos precisos, exatos e robustos sdo fundamentais para a
correta interpretagéo dos resultados de estudos de permeacéo e estabilidade.
Os monoterpenos sdo rotineiramente analisados empregando a técnica de
cromatografia gasosa associada a detectores de massas ou ionizacdo por
chama (BRASIL, 2010; BASSOLE et al., 2011; OMAR et al., 2011). Contudo,
métodos por cromatografia liquida com detec¢cdo por massas ou UV tem
ganhado espaco na analise dos monoterpenos (RAUBER et al., 2005; VILLA et
al., 2007; WEISHEIMER et al., 2010; TUREK, STINTZING, 2011).

A analise estatistica dos resultados das determinacfes quantitativas de
farmacos em diferentes amostras € essencial para o melhor entendimento,
ajuste e confiabilidade dos métodos analiticos. Diferentes testes e parametros
estatisticos sao utilizados na intepretacdo dos resultados analiticos e o
estabelecimento de limites de aceitacdo é fundamental durante o emprego do
método analitico na rotina (ERMER, 2001). Da mesma forma, a caracterizacdo
dos parametros cromatogréaficos relacionados a pureza de pico, separacao,
afinidade e eficiéncia da coluna sdo esséncias para reprodutilidade dos
métodos (SNYDER et al., 2010).

Formulaces topicas e orais continuam sendo a terapia de escolha para
o tratamento de infec¢des fungicas. Porém, o regime oral pode levar meses
para tornar-se efetivo, pois requer grandes quantidades de farmaco na
circulacao para se ter concentracdo terapéutica local, como, por exemplo, na
pele, cabelos e unhas. Além disso, a terapia sistémica pode ser contraindicada

e possui efeitos adversos potenciais conhecidos (REPKA et al., 2004).

O sucesso de uma terapia topica contra onicomicoses é dependente da
escolha apropriada do antifungico e da formulagdo que maximize a difusdo do
farmaco através da unha até obter-se concentracbes que excedam a
concentragdo inibitéria minima do agente infeccioso (MARTY, 1995). O

reduzido nimero de substancias e suas apresentacdes farmacéuticas para uso
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tépico demonstram a necessidade e o desafio de se obter medicamentos
antifingicos de acéo local (GRIFFITH, TRACY, 2002).

Neste contexto, a seguir encontram-se estudos que visam caracterizar a
atividade antifangica do citral e seus isbmeros, do geraniol e do nerol.
Formulacdes foram testadas em busca daquela que garanta a melhor
permeacdo dos monoterpenos. Além disso, diferentes métodos analiticos foram
desenvolvidos para determinacdo dos monoterpenos e de antifUngicos das

classes alilaminas e azois.
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2 OBJETIVOS







Objetivos

2.1 Objetivo geral

Avaliar a atividade antifungica dos monoterpenos (citral e seus isémeros,
geraniol e nerol), desenvolver formulacdo topica contendo monoterpenos e

avaliar sua permeacdo através de membranas obtidas de cascos bovinos.

2.2 Objetivos especificos

Desenvolver método para purificacdo do neral e geranial a partir do citral;

Preparar complexos do citral com ciclodextrinas e desenvolver método

guantitativo para avaliacdo dos isdbmeros;

Avaliar a atividade antifingica dos isdbmeros purificados do citral, do geraniol

e nerol;
Investigar o mecanismo de acé&o do citral, do geraniol e do nerol;

Desenvolver método e avaliar a estabilidade do citral e seus isdbmeros em

diferentes meios/veiculos;

Desenvolver método analitico por HPLC-DAD para analise dos isémeros do

citral, geraniol, nerol, fluconazol, miconazol, terbinafina e butenafina;

Avaliar a influéncia de diferentes promotores na permeacdo do geraniol

através de membranas obtidas a partir de cascos bovinos;

Preparar formulacdo com diferentes antifingicos e comparar a influéncia do

peso molecular na permeacéo através de membrana de cascos bovinos.




Objetivos
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3.1 Oleos Voléateis

Os monoterpenos sdo uma classe dos terpenos e muitos destes podem
ser também considerados Oleos volateis. Os monoterpenos sdo formados
basicamente por duas unidades de isopreno e possuem a caracteristica de
possuirem 10 carbonos. Podem ser lineares ou conter anéis. O citral e seus
isbmeros, o geraniol e nerol sdo considerados monoterpenos (SIMOES,
SPITZER, 2004).

Os Oleos volateis possuem grande importdncia econdmica sendo
amplamente utilizados na InduUstria alimenticia (principalmente como
aromatizante de alimentos), cosmética (uso como esséncia em produtos
cosmeéticos, especialmente perfumes) e farmacéutica (para prevenir e tratar
doencas e como precursores de antioxidantes e vitaminas) (SIMOES,
SPITZER, 2004; EDRIS, 2007).

3.2 Propriedades Quimicas, Fisicas e Fisico-Quimicas do Citral

O citral € uma mistura de dois isbmeros geométricos — neral (cis) e
geranial (trans) (Figura 3.1) e, comercialmente, as proporcdes dos isbmeros
sdo praticamente iguais, em torno de 50% para cada isbmero. A Tabela 3.1

apresenta as propriedades do citral, geranial e neral.

CH, CH,
X o ~
o
HyC CHy HsC CHs
Geranial Neral

Figura 3.1. Estrutura quimica dos isémeros do Citral (Geranial e Neral)
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Tabela 3.1. Propriedades quimicas,

geranial e neral.

fisicas e fisico-quimicas do citral,

Propriedades Citral Geranial Neral
o 3,7-Dimetil-2,6- (E)-3,7-Dimetil- (2)-3,7-Dimetil-
Nome Quimico _ ) )
octadienal 2,6-octadienal 2,6-octadienal
Formula / MM C10H160 / 152,23 g/mol
Registro CAS 5392-40-5 141-27-5 106-26-3

Outros Nomes

Caracteristicas

Organolépticas

Coeficiente de

Particdo (Log P)
Densidade (d;°)

indice de

Refracdo (n2’)

Solubilidade

Uso

- Trans-citral; citral a

Liquido levemente o
Liquido oleoso
amarelado com _
o com intenso odor
odor caracteristico

de limao. de limao.
3,0
0,8888 g/mL
1,4860-1,4900 14808

Cis-citral; citral b

Liquido oleoso
com odor de
limdo menos
intenso que o

geranial.

2,8

0,8860 g/mL

1,4869

Praticamente insolivel em agua (590 mg/L a 25 °C).

Miscivel com alcool, éter, benzoato de benzila, dietilftalato,

glicerol, propilenoglicol, 6leo mineral, 6leos esséncias.

Na sintese de vitamina A, ionona, metilionona. Como

flavorizante e na perfumaria por seu efeito citrico.

MM — Massa Molecular; CAS — Chemical Abstract Service; P = octanol / agua a 25 °C.
Fonte: (The Merck, 2008; NIST, 2011; OECD SIDS, 2011).
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Além do uso do citral e de seus isdbmeros, neste trabalho também foram
empregados, 0os monoterpenos e isobmeros geraniol e nerol (Figura 3.2). As
propriedades destes estereoisomeros estao apresentadas na Tabela 3.2.

CH, CH, CH, CH,
Geraniol Nerol OH

Figura 3.2. Estruturas quimicas do Geraniol e Nerol.

Tabela 3.2. Propriedades quimicas, fisicas e fisico-quimicas do geraniol e
nerol.

Propriedades Geraniol Nerol
Nome Quimico (E)-3,7-Dimetil-2,6- (2)-3,7-Dimetil-2,6-
octadien-1-ol octadien-1-ol

Formula / MM C10H180 / 154,25 g/mol

Registro CAS 106-24-1 106-25-2
Trans-3,7-dimethyl-2,6- cis-2,6-dimethyl-2,6-

Outros Nomes . ) .
octadien-8-ol; lemonol octadien-8-ol

Caracteristicas Liquido oleoso com odor Liquido oleoso com odor

adocicado de rosas menos

Organolépticas adocicado de rosas . .
intenso que o geraniol
Coeficiente de 26 B
Particdo (Log P) '
Densidade (g/mL) d?° =0,8894 d* =0,8813
indice de
1,4766 1,4740

Refragdo (n2’)

Praticamente insoluvel em
Solubilidade agua (~ 100 mg/L a 25 °C). Soluvel em alcool absoluto
Miscivel em &lcool e éter

Base para preparacéo de

Uso Em perfumaria.
perfumes

MM — Massa molecular; CAS — Chemical Abstract Service; P = octanol / agua a 25 °C.
Fonte: (The Merck, 2008; NIST, 2011).
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3.3 Propriedades Antimicrobianas do Citral

7z

O Oleo volatii de Cymbopogon citratus, cujo citral € componente
principal, foi objeto de pesquisa em diversos estudos no Laboratério de
Controle de Qualidade Farmacéutico (LCQFar) da Faculdade de Farmacia da
UFRGS. A atividade antifungica deste o6leo volatil foi avaliada in vitro por
Schuck e colaboradores (2001) e Silva (2005) apresentando excelente
atividade contra diversas espécies de Candida e fungos dermatofitos. Os
ensaios microbiolégicos por difusdo em agar com o o6leo de C. citratus
realizados por Silva (2005) mostraram inibicdo total do fungo Trichophyton
rubrum — causa mais comum de onicomicoses (RODGERS, BASSLER, 2001).

A Tabela 3.3 resume alguns estudos encontrados na literatura cientifica
que relacionam Oleos volateis contendo citral e geraniol e atividade
antimicrobiana. Apesar dos estudos empregarem diferentes métodos de
deteccdo de atividade antimicrobiana, dos 6leos possuirem variacdes nas
porcentagens de citral e geraniol e as concentracdes inibitérias variarem, &
evidente a acdo do citral e geraniol contra diferentes espécies de

microrganismos, incluindo diferentes géneros de bactérias e fungos.
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Tabela 3.3. Atividade antimicrobiana de diferentes 6leos volateis contra diferentes espécies de microrganismos.

" " Principal , . . ~
Oleo Vo!atll / Componente M|crorgar_1|§mo, S_enswel (concentracao Método Referéncia
Farmacogeno (%) inibitoria em mg/mL)
C. citratus Citral Candida spp (0,09-0,10) Microdiluicao Khan et al., 2012
Geraniol Geraniol 9 bactérias (0,08-1,25) i L

. Microdiluicao Ngan et al., 2012
Nerol Nerol 9 bactérias (0,16-1,25)
C. citratus Citral ibicao (©

s | T. rubrum (0,32) Inlblgao (%) da Khan, Ahmad,
C. Martini Geraniol biomassa seca 2011
Oleo de C. citratus Citral S. aureus (0,54) e E. coli (0,54) Aiemsaard et al
Citral Citral S. aureus (0,62) e E. coli (1,25) Macrodiluicao 2011 B
Geraniol Geraniol S. aureus (0,62) e E. coli (1,25)
Citral Citral Quarenta e o!to _|solados de C. albicans (22 Microdiluicao Zore et al., 2011
sensiveis com 0,32 mg/ml)
) Salmonella enterica (2,1)
Oleo de C. citratus Citral Enterococcus faecalis (1,0) Difusdo por disco Bassolé et al., 2011
Staphylococcus aureus (2,5)
Penicillium italicum (0,05) T .
Folhas de C. citratus Citral Rhizopus stolonifer (0,05) Dlilflfr?grg(s)m Saddlg,oligayyat,
Staphyloccus aureus MRSA (0,05)"

. . _ _ _ Difuséo por disco e
Oleo de Geranio Geraniol Isolados de Candida albicans (1,7 e 0,064) Zore et al., 2010

Microdiluicao

17



Revisao Bibliografica

Continua...
Colletotrichum gloeosporioides,

Oleo de Lippia Lasiodiplodia theobromae, Alternaria

-IPP Citral alternata, Botrytis cinérea, Rhizoctonia Macrodiluicéo Linde et al., 2010
rehmannii o : -

cinérea, Fusarium oxysporum, Penicillium
digitatum, Alternaria citri (3,0)
) Quatro espécies de Candida (0,64)
Oleo das partes aéreas Geraniol Duas espécies de Trichophyton (0,32) Macrodiluicio Goncalves et al.,
de Thymus zygis Nove espécies de Aspergillus (0,64) & 2010
Duas espécies de Microsporum (0,32)
Citral Citral Trichophyton mentagrophytes (0,1) Macrodiluicao Park et al., 2009
) Seis espécies de Aspergillus (1,0)
Oleo de Lippia alba Citral Quatro espécies de Fusarium (1,0) Microdiluicao Shukla et al., 2009
Cladosporium cladosporioides (1,0)

L I Diluicdo e posterior .
Partes aéreas de Lippia , L : Somolinos et al.,
rehmannii H.Pearson Citral Escherichia coli (0,20) contagem em 2009

placas
Oleo de Cymbopogon : Microsporum gypseum (0,2) oA
martini Geraniol Trichophyton rubrum (0,15) Macrodiluicao Prasad et al., 2009
Candida albicans (0,03)
Rhodotorula glutinis (0,03) P . .

Oleo de C. citratus Citral Schizosaccharomyces pombe (0,02) Difusdo por disco Sacchetti etal,,

Saccharomyces cerevisiae (0,02)
Yarrowia lypolitica (0,03)

impregnado

2005
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Continua...
) Escherichia coli (0,2) Difusio com
Oleo de C. Citratus Citral Candida albicans (0,2) - Schuck et al., 2001
cilindros
Staphylococcus aureus (0,2)
Oleo de C. Citratus Citral Trichophyton rubrum (0,05) Macrodiluigéo Inouye et al., 2001

Trichophyton mentagrophytes (0,025)

*MRSA - S. aureus meticilina resistente.
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3.4 Mecanismo de Acao

Existem diferentes mecanismos de a¢céo estudados e caracterizados que
podem ser alvo de antifungicos. A Figura 3.3 resume alguns destes alvos
(BOHN, KRAEMER, 2000).

= 5
L Cytoplasmnc membrane : Cell wall
1 Polyenes j‘:{,} elgosté;;(v | | Potyoxins —">| chitin

‘ 629@3 = membrane m!sgnty | Papulocandin by synthesis
| Atyiwrines *:L\,. ergostaros | Echinocandin |« P-Glucan
I Motpholines = [ | Synihesis | Acutaacin }.’f ~ | synthesis
Bl aaduluciten i

Tolnattate [

TMetabouc activities _’ v
— T\ %o

Macromolecule
synthesis

rc-cloorox ) “Metal chelallon

........ i —

Nucielc aad synthesus F——0 P T————re e e
"“”— N || Macromolecule [ Nudear diwslon
| 5- F‘UO'OCY‘MM _13' RNA, DNA | || biosynthesis — e
—————————— _synthesis | ! J Grissofulvin }—-’V‘-‘_ml_t.:mtubues |

Figura 3.3. Alvos para acao de antifungicos.

Fonte: Bohn & Kraemer, 2000.

Alguns métodos microbiolégicos sdo empregados para melhor
compreensao do mecanismo de acéo de substancias que apresentam atividade

antifangica.

Dano a parede celular € um mecanismo de a¢édo de agentes antifingicos
gue provocam lise das células por diferenca de pressdo osmaética com o meio
externo. Na presenca de protetor osmotico essas células podem continuar a
crescer mesmo com danos as suas paredes celulares. Sorbitol na
concentracédo de 0,8 M é um estabilizador adequado da pressdo osmatica. As
equinocandinas (caspofungina, anidulafungina e micafungina) sdo exemplo de
farmacos que possuem acédo relacionada a dano na parede celular e agem
blogueando a sintese da parede celular do fungo via inibicdo da sintese de f-
1,3 glicano (Figura 3.4) (FROST et al., 1995).
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g g 2 y }— Mannoproteins
: } B(1,6)-glucan
B(1,3)-glucan
S } chitin
mo nUR 999909?990 " Phospholipid bilayer
6@5606066&606%&60 DI 8 of cell membrane
®e
| - 8(1,3) glucan synthase
r glucan synthase inhibitor
P 4 <
- G
Depletion of B(1,3) glucans
in cell wall
S0
WWO&A&MW&O&O ¢
Inhibition of

B(1,3) glucan synthase

Figura 3.4. Representacdo esquematica do mecanismo de acdo das

equinocandinas.

Fonte: Sampayo, 2011.

Os esterbis sdo componentes lipidicos essencias das membranas de
eucariotos. Colesterol e ergosterol sdo exemplos de esteréis das membranas

de mamiferos e fungos, respectivamente.

O mecanismo de acdo dos polienos (anfotericina B e nistatina) pode ser
associado a efeitos na membrana celular do fungo através da interacdo com
ergosterol. A interacdo especifica da anfotericina B com o ergosterol determina
a formacdo de poros na membrana que leva a alteracdes na permeabilidade
celular e efeito fungicida, pois permite a saida de metabolitos e ions
intracelulares essenciais a sobrevivéncia da célula (Figura 3.5) (NEUMANN et
al., 2010).

A afinidade de uma molécula com o ergosterol pode ser estabelecida
através de teste que determina o MIC na presenca de ergosterol no meio
extracelalular. Este teste esta baseado na oferta de ergosterol exégeno e, caso
a molécula tenha afinidade, rapidamente ira formar um complexo, prevenindo a
complexacdo com o ergosterol de membrana. Como consequéncia a MIC

observada sera aumentada. A anfotericina B é empregada como controle
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positivo neste teste e o aumento do MIC para molécula teste confirma a
interacdo com o ergosterol (CARRASCO et al., 2012).

-~ Amphotericin B

Ergosterol ) \ \'

Cell membrane
Binding to ergosterol, \ Ca* Ca* -t
Intercalation of cell membrane Na*

Leakage of intracellular cations
and proteins

Figura 3.5. Representacdo esqueméatica do mecanismo de acdo da
anfotericina B.
Fonte: Sampayo, 2011.

Sikkema e colaboradores (1995) discutem detalhadamente a estrutura e
funcdo da membrana citoplasmatica. Descrevem como  principais
caracteristicas: (a) a funcéo de barreira e transducdo de energia que permitem
a membrana formar gradiente de ions que podem guiar diversos processos

endergdnicos?, e (b) formagdo e manutencéo de matriz para proteinas.

A anfotericina B exerce seu efeito antifungico em diferentes niveis
celulares: efeito de membrana e intracelular. Na membrana, pode se ligar ao
ergosterol, formar poros (Figura 3.6) ou simplesmente induzir o sequestro do
ergosterol, resultando no rompimento da membrana plasmatica. Dentro da
célula, pode agir como um pro-oxidante e induzir o acumulo de espécies

reativas de oxigénio. No entanto, é possivel que este efeito intracelular exija

1 Processo ou reagdo quimica que ocorre em um sistema em que ha absorgao de energia

(especialmente, energia livre) do meio externo, ou seja, € adicionada energia ao sistema.
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ligacdo prévia com ergosterol. Como as espécies reativas de oxigénio sao
produtos da cadeia respiratéria, ndo se pode descartar a influencia da
anfotericina B na atividade mitocondrial. O acumulo de radicais livres tem efeito
deletério em componentes essenciais da célula como: membrana, proteinas,
DNA e mitocbndria, resuntando em morte celular (MESA-ARANGO et al.,
2012).

Figura 3.6. llustragdo dos poros formados pela anfotericina na membrana

de fungos.
Fonte: Mechanisms in Medicine, 2012.

Park e colaboradores (2009) descreveram o efeito do citral em nivel
celular em cepa de T. menthagrophytes empregando as técnicas de
Microscopia Eletronica de Varredura (MEV) e Microscopia Eletronica de
Transmissdo (MET). Os autores verificaram reducdo da espessura e presenca
de descontinuidades da membrana citoplasmética, concluindo que a membrana
parecia degradada. Os resultados com concentracdes altas de terpenos (citral,
eugenol, nerolidol e a-pineno) também mostram o colapso da membrana
celular e, além disso, a estrutura anormal da mitocondria (Figura 3.7).

Lima e colaboradores (2012) verificaram a interacdo do citral com
ergosterol e ndo observaram alteracdo do MIC, afirmando que o citral ndo
interage com ergosterol. Deve-se considerar que as MICs dos microrganismos
testes (C. albicans) eram altas (512 e 1024 ug.mL™1).
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::‘ia.‘lg.{;- A >z "1 1 3 LS 2k
Fig. 6. Transmission electron micrographs of T. mentagrophytes hyphae. (a) Hypha exposed to 009 mg/ml citral. Note the separation of plasma

membrane from the cell wall (arrows). Bar= 200 nm. (b) Hypha exposed to 0.2 mg/ml citral. Note the local thickening (arrowheads) and discontinuity
(an arrow) of plasma membrane. Bar =100 nm.

Figura 3.7. Microscopia Eletronica por Tansmissdo de T.

menthagrophytes exposto ao citral.

Adaptado de: Park et al., 2009.

3.5 Estabilidade

O citral possui um grupamento aldeido que € suscetivel a reacbes
quimicas em condicfes de armazenagem e em agua. A reatividade e reacfes
de adicdo as ligas dupla carbono-oxigénio sdo altamente dependentes do
carater positivo do atomo de carbono do grupo carbonila. A introducdo de
grupos que exercem efeito doador de elétrons ira reduzir a reatividade (Figura
3.8.a). Assim, esperar-se-ia alta reatividade, especialmente em &gua, do citral
com substancias nucleofilicas. Contudo, a liga dupla conjugada presente no
citral confere maior estabilidade (Figura 3.3.b) (SYKES, 1969).

P 9 9 ? ? P
H-C-H > R+C-H >R-CR > R—»Cﬁin' > R~»—C-G~3H, > R-»c-((}
b)

® 2
Me_CH_/CH)CH_[o‘ <+~ Me—CH—CH=CH—0 -+ Me—CH—CH—CH—O

Figura 3.8. a) Reatividade de grupamentos carbonila; b) distribuicéo
eletrbnica em composto com liga dupla conjugada.
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Mesmo sendo relativamente mais estavel, alguns estudos demonstram
baixa estabilidade do citral em formulagbes contendo proteinas - que
comumente possuem grupamentos nucleofilicos - ou compostos nitrogenados
nucleofilicos (DJORDJEVIC et al., 2008; MEI et al., 2010). Os tempos de meia-
vida nestas situacfes podem néo chegar a 30 dias em armazenagem a 20 °C.
Em preparagbes contendo agua, a estabilidade do citral é extremamente
dependente do pH. Segundo Choi e colaboradores (2009), durante estudo de
seis dias do citral em formulacdo contendo agua, ndo houve degradacdo em
pH 7,0 e a medida que o pH do meio se torna mais acido a degradacao
aumenta, conforme mostra a Figura 3.9. Com base nestes dados o too% é obtido
em menos de um dia em pH 3,0 e em 3 dias em pH 6,0. Em pH 7,0 n&o houve

reducao do teor de citral em 6 dias.
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Figura 3.9. Degradacao do citral em funcao do pH.
Adaptado de: CHOI et al., 2009.

Outra possibilidade de degradacdo do citral é através da oxidacdo e
formacdo dos isbmeros: acido geranico (trans, CAS 459-80-3) e acido nérico
(cis, CAS 4613-38-1) (Figura 3.10). O acido geranico pode ser encontrado no
Oleo de C. citratus (MASUDA et al.,, 2008) ou obtido por oxidacdo do citral
(PICKETT et al., 1980).
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Figura 3.10. Oxidacao do citral e formacdo dos isbmeros acido geranico e
acido nérico.

Yang e colaboradores (2011) apresentam algumas substancias oriundas
da degradacao do citral em emulsbes. As principais substancias encontradas
foram: 2-heptanona, 1l-octen-3-ol, 8-2-careno, p-cresol, R,p-dimethylstyrene,
butanoic acid, p-mentha-1,5-dien-8-ol, p-methylacetophenone. Os autores
propdem, também, rota de degradacédo para o citral (Figura 3.11).

p-metha-1,5-dien-8-ol

Produtos de oxidagio, +Q,
como p-cresol e [E— -_—
p-metilacetofenona
00~

Figura 3.11. Produtos de oxidagé&o do citral em nanoemulsdes.

Adaptado de: Yang et al., 2011.

Weisheimer e colaboradores (2010) demonstraram melhora na

estabilidade do citral em complexos de inclusdo com ciclodextrinas e detectou-
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se mais de 85% de citral apdés acondicionamento dos pdés a 40 °C. Outra
abordagem com efeito na estabilidade do citral foi a estabilizacédo de emulsdes
com proteina isolada do leite (CHOI et al., 2009). Neste caso, a adicdo de
tensoativos positivos, como a proteina do leite em pH 3,0, conferiu positividade
as gotas das emulsdes de 6leo em agua e resultando em melhor estabilidade
do citral. Contudo, a degradacéo ainda € grande com 40% do citral degradado
em 7 dias (CHOI et al., 2010). Outros estudos com goma arabica, octadecano e
particulas positivas mostram alguma protecdo do citral, porém sem resultado
expressivo (DJORDJEVIC et al., 2007; MEI et al., 2010; YANG et al., 2012).
Microemulsédo contendo triacetina e triacilglicerideos de cadeia média foram
mais efetivos na protecao do citral e em 7 dias menos de 10% havia degradado
(CHOI et al., 2009). O uso de antioxidantes em nano emulsdes foi utilizado
como estratégia para melhorar a estabilidade do citral. As formulacdes com f-
caroteno obtiveram os melhores resultados (aproximadamente 20% de
degradacédo em 30 dias a 25 °C (YANG et al., 2011).

O grupamento alcool do geraniol e nerol os torna bem menos reativos e
espera-se uma reatividade muito menor destes isomeros se comparados com
os isomeros do citral. Os isdmeros geraniol e nerol sdo oxidados por enzimas
especificas e os produtos de sua oxidacdo também podem ser os acidos
geranico e nérico (BERGER et al., 1990).

3.6 Caracterizacao e Propriedades da Unha

As unhas humanas recobrem e protegem a parte dorsal terminal dos
dedos das maos e pés. A palavra unha deriva do latim Ungula que significa
lamina dura semitransparente que reveste a extremidade dos dedos de méos e
pés e, por isso, tecnicamente, também € chamada de lamina ungueal
(RIBEIRO et al., 1995). As unhas aumentam a percepc¢ao sensorial na ponta
dos dedos, facilitam a manipulacdo de objetos e contribuem para regulacao da
temperatura (BERKER et al., 2007).

As unhas humanas possuem, aproximadamente, 0,5-1,0 mm de
espessura; sao naturalmente convexas, translicidas, duras e pouco elasticas;

sdo formadas, basicamente, por 25 camadas de células achatadas
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queratinizadas mortas, conectadas fortemente por numerosas ligacdes
intercelulares, granulos de revestimento de membrana e desmossomos
(MURDAN, 2002; NOGUEIRAS-NIETO etal., 2011).

A quantidade total de lipideos na unha € de, aproximadamente, 0,1-1,0%
e difere consideravelmente do extrato corneo (cerca de 10%). O principal
plastificante é a 4gua e, normalmente, corresponde a 18% da massa da unha.
Estima-se que com menos de 16% de agua a unha fique quebradica e com
mais de 25%, macia e mais flexivel. A quantidade de enxofre é de,
aproximadamente, 10%, principalmente presente na forma de ligacGes
dissulfeto que interligam as fibras da queratina e concedem resisténcia a unha
(WALTERS et al.,2012). Quimicamente, cerca de 80% das fibras de queratina
sdo do tipo dura? que compdem principalmente os cabelos, enquanto que o
restante é formado por queratina macia! do tipo verificado na pele (MURDAN,
2002).

A estrutura da unha pode ser dividida em trés camadas: dorsal,
intermediéaria e ventral. A camada dorsal possui poucas células de espessura, €
rica em queratina (tipos dura e macia), grupos sulfidrila, célcio, fosfolipideos e
possui baixa atividade da enzima fosfatase acida. A camada intermediaria
corresponde a, aproximadamente, trés quartos da espessura da unha, é mais
rigida (formada por queratina dura), possui alta atividade da fosfatase acida,
baixos niveis de célcio e fosfolipideos e um grande numero de ligacGes
dissulfeto. A parte ventral é composta de 1-2 camadas de células sustentadas
pela base da unha e, como a camada dorsal, € rica em célcio, fosfolipideos e
grupos sulfidrila. Além disso, possui caracteristicas similares a camada
intermediaria (alta atividade da fosfatase acida e muitas ligacGes dissulfeto)
(MURDAN, 2002; NOGUEIRAS-NIETO etal., 2011).

2 Traducdao livre para hard type keratin e soft type keratin.
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3.7 Infeccdes Fungicas na Unha

As unhas podem ser afetadas por diversos disturbios, como, por exemplo,
discoloracdo (causada por certos farmacos de uso sistémico), tornarem-se
quebradicas (pelo uso de detergentes em excesso), encravadas, infectadas,
etc (MURDAN, 2002). As duas causas mais comuns de doencas que afetam as
unhas sdo as onicomicoses e psoriase. Estima-se que na Europa, as
onicomicoses, atinjam 3-10% da populagédo, sendo que a prevaléncia aumenta
em idosos (PIERARD, 2001). Além disso, estima-se que 50% das doencas nas
unhas e 30% das infec¢cdes cutaneas sdo causadas por fungos (THOMAS et
al., 2010).

As onicomicoses séo infec¢des fungicas das unhas dos dedos das méaos
e pés, sendo que 0s principais microrganismos causadores de onicopatias sao:
dermatdfitos (90%), leveduras (7%), fungos ndo-dermatéfitos (3%) (EINARSON
et al.,, 1996, REPKA et al.,, 2004). Por sua vez, os dermatéfitos sdo os
microrganismos que causam infeccfes de tecidos queratinizados (por exemplo,
pele, cabelos e unhas). Estes microrganismos pertencem a trés géneros:
Tricophyton, Epidermophyton e Microsporum. Os dermatéfitos podem, ainda,
ser categorizados em: antropofilicos (infectam predominantemente humanos),
geofilicos (encontram-se na terra e podem infectar humanos e animais) e
zoofilicos (infectam, geralmente, mamiferos ndo humanos) (GUPTA et al,
1998).

As principais espécies relacionadas as onicomicoses em humanos sao:
Trichophyton rubrum e Trichophyton mentagrophytes - a quem séo atribuidas
80-90% dos casos. Aos fungos ndo-dermatdéfitos, como Altenaria spp,
Aspergillus spp., Fusarium spp., Scytalidium spp. e Scopulariopsis, sao
atribuidos 2-11% dos casos. Leveduras, incluindo as espécies de Candida
somam entre 2-10% das infecgbes em unhas (REPKA et al., 2004; THOMAS et
al., 2010). E importante ressaltar que alguns estudos demonstram tendéncia no
sentido do aumento da prevaléncia de onicomicoses. Nos Estados Unidos,
verificaram-se as seguintes prevaléncias: 2,18% no ano de 1979 com n =
20000 (THOMAS et al.,, 2010), 8,7% em 1997 com n = 1038 (ELEWSKI,
CHARIF, 1997) e 13,8% em 2000 com n = 1832 (GHANNOUM et al., 2000).

Um levantamento na Europa (englobando Bélgica, Holanda, Luxemburgo,
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Suica, Hungria, Gra Bretanha e Polbnia) e leste asiatico em praticantes de
esportes (China, Coréia do Sul e llha Formosa) apresentou prevaléncias
altissimas na ordem de 26% e 22%, respectivamente (CAPUTO et al., 2001).

Estudos no Brasil tem mostrado alguma divergéncia com relacdo a
prevaléncia das espécies de microrganismos. Estudo realizado por Araudjo e
colaboradores (2003) em 2.271 pacientes diagnosticou onicomicose em 400
deles (17,6%), sendo que 2/3 estavam infectados nas unhas dos pés e 1/3 nas
maos. As leveduras do género Candida foram o0s principais agentes
patogénicos nas unhas das maos de mulheres e os dermatdfitos dos pés dos
pacientes em geral. Em outro estudo com 761 pacientes diagnosticados com
onicomicoses em Maringa-PR, foi verificado 71% de prevaléncia nas unhas dos
pés e 29% na das maos. As mulheres representavam mais de 70% dos
pacientes diagnosticados positivamente e a prevaléncia de leveduras como
agente infeccioso foi de 46% dermatofitos, 41% de leveduras e 13% de néo-
dermatofitos (SOUZA et al., 2007).

Clinicamente, as onicomicosis podem ser classificadas segundo a regiao

da unha humana (Figura 3.12.a) onde a infeccdo comeca:

e Onicomicose subungueal distal e lateral (Figura 3.12.b): a infeccdo
fungica comeca no hiponiquio e no leito distal ou lateral da unha;

e Onicomicose superficial branca (Figura 3.12.c): a lamina ungueal é
invadida diretamente pelo patdgeno e manchas brancas aparecem na
lamina. As manchas podem coalescer e a lamina pode perder
resisténcia e se fragmentar facilmente;

¢ Onicomicose subungueal proximal: o fungo invade a parte proximal da
unha e penetra na regido formadora da unha (matriz), produzindo
discoloracdo branca na lunula;

e Onicomicosis totalmente distrofica (Figura 3.12.d): este € o fim potencial

de toda onicomicose. Toda lamina e leito séo invadidos pelo fungo.
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Figura 3.12. a) Anatomia da unha; b) onicomicose subungueal distal; c)
onicomicose superficial branca; d) onicomise distrofica total.
Adaptado de: MURDAN, 2002.

3.8 Caracterizacao da Queratina

A gueratina é uma mistura complexa de proteinas que sdo extraidas de
tecidos epiteliais de vertebrados e possuem propriedades fisico-quimicas
especificas. A queratina encontra-se na forma de heterodimeros, tetrameros,
protofilamentos e protofibrilas que, finalmente, formam filamentos. Cerca de 38-
45% da queratina possui conformagdo em a-hélice mantidas por pontes de
hidrogénio e ligagdes dissulfeto. A estrutura final da queratina € obtida pela
ligacdo/interacdo de proteinas filamentosas com baixo teor de enxofre que
encontram-se embebidas numa matriz ndo filamentosa composta de proteinas
ricas em enxofre (cisteina, principalmente), além de proteinas com alto teor de
glicina/tirosina que séo responsaveis pela associacao dos filamentos. Os niveis
estruturais mais altos da queratina séo estabilizados por ligacdes dissulfeto que
conferem as propriedades mecéanicas de barreira e resisténcia (BRAGULLA,
HOMBERGER, 2009; NOGUEIRAS-NIETO et al., 2011).
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A queratina € resistente a maioria das proteases (incluindo pepsina e
tripsina) e sdo insolliveis em &cidos e bases diluidos, dgua ou solventes
organicos. No entanto, as queratinas podem ser extraidas de diversos tecidos
por ureia e/ou agentes redutores, que clivam as ligacdes dissulfeto, como:
tioglicolato de sodio, ditiotreitol ou mercaptoetanol (BRAGULLA,
HOMBERGER, 2009). Um método de extracdo de queratina de tecidos
biolégicos bastante utilizado emprega a Solucdo de Shindai (Tampdo Tris 25
mM pH 8,5, tioureia 2,6 M, ureia 5 M e 2-mercaptoetanol 5%) e obtém
excelentes rendimentos nos mais diversos tecidos (pele, cabelos, pelos, unha).
O emprego de pH bésico, ureia e um agente redutor com grupamento sulfidrila
(dititreitol, 2-mercaptoetanol, tioglicolato) como solucdo extratora de queratina €
praticamente uma constante e variantes desta solucdo comumente sao as que
obtém melhores rendimentos (KITAHARA, OGAWA, 1991; NAKAMURA et al.,
2002; REICHL, 2009; LUSIANA et al., 2011).

E importante ressaltar que a queratina expressa por humanos e bovinos é
muito similar em tamanho, carga elétrica e imunorreatividade. Além disso, os
cascos de bovinos e as unhas humanas compartilham a propriedade de serem
constituidos por diferentes tipos de queratina que séo caracteristicos de epitélio
cornificado/queratinizado macio e duro, enquanto que a maioria dos tecidos
produz apenas um dos tipos (BRAGULLA, HOMBERGER, 2009). Além disso,
ambos os tecidos (cascos e unhas) sao compostos, principalmente, por a-
queratina. Porém, se supde que a malha de queratina nos cascos seja menos
densa que nas unhas (menor contetdo de cisteina e de ligacfes dissulfeto nos
cascos) (MURDAN, 2002). Outra diferenca ocorre na capacidade de
hidratacdo. Khengar e colaboradores (2007) demonstraram que 0S cascoS
bovinos aumentam mais de peso, quando expostos a agua, do que as unhas

(40+£9% e 27+3%, respectivamente).

3.9 Cascos Bovinos como Modelo de Permeacao para Unha

Humana

Estudos de permeagéo de farmacos sao realizados com modelo in vitro

empregando cascos bovinos finamente fatiados de maneira a simular o efeito
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de barreira da unha humana (MERTIN, LIPPOLD, 1997a; MERTIN, LIPPOLD,
1997b; MERTIN, LIPPOLD, 1997c; KHENGAR et al., 2007; LUSIANA et al.,
2011; MONTI et al., 2011; NOGUEIRAS-NIETO et al., 2011; NOGUEIRAS-
NIETO et al., 2013). As principais vantagens do modelo com cascos bovinos
sdo: a facilidade de obtencédo e as maiores dimensdes das membranas fatiadas
que facilmente se adaptam as células de difusdo convencionais (MONTI et al.,
2011).

Mertin & Lippold (1997c) calcularam o coeficiente de permeabilidade (P)
para cinco substancias (paracetamol, fenacetina, diprofilina, cloramfenicol e
iopamidol) em condigdes experimentais equivalentes diferindo somente pelas
membranas (unhas humanas ou cascos bovinos). A permeabilidade foi sempre
maior para as membranas obtidas a partir de cascos bovinos, sendo que o
aumento da permeabilidade variou de 12 a 144 vezes em relacdo a membrana
obtida com unha humana. A maior diferenga (144 vezes) foi verificada para o
farmaco iopamidol que possui alto peso molecular (PM = 777,1 g/mol) em
relacdo as demais substancias avaliadas (maior PM das outras moléculas igual

a 323,1 g/mol para o cloramfenicol).

Monti e colaboradores (2011) compararam os resultados de fluxo de
ciclopirox por membranas obtidas de cascos bovinos e unhas humanas (6,90 e
0,52 upg.cm?dia?l, respectivamente). O resultado foi um maior fluxo
(aproximadamente, 13 vezes) do ciclopirox pela membrana de cascos bovinos.
Finalmente, Nogueiras-Nieto e colaboradores (2011) descrevem a causa do
aumento do fluxo e permeabilidade em cascos bovinos em relacdo a unhas
humanas empregando métodos de andlise de diametro de poro (porosimetria
de mercurio e microscopia eletrbnica de varredura). Neste estudo, verificou-se
que a distribuicdo dos diametros dos poros em ambos os tipos de membrana
sao similares (média de, aproximadamente, 10 pym), porém a membrana de
cascos bovinos possui mais poros (“mais vazada”) por unidade de area. Além
disso, fatores muito discutidos como hidratacdo e presenca de agente de
permeacdo (acetilcisteina, neste caso) demonstraram novamente, que ndo se
verifica aumento no diametro dos poros das membranas e sim, um aumento no
namero de poros, especialmente quando as membranas foram tratadas

previamente com acetilcisteina. Além disso, a relacdo entre a permeabilidade
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em unhas humanas e cascos bovinos foi estabelecida por Mertin e Lippold
(1997c) e pode ser verificada na forma da Equacdo 3.1 (ltem 3.10 -
Formulacao para unhas)

3.10 Formulac¢des para Unhas

O sucesso de uma terapia topica contra onicomicoses é dependente da
escolha apropriada do antifungico e da formulacdo que maximize a difusdo do
farmaco através da unha até obter-se concentracbes que excedam a

concentragédo inibitéria minima do agente infeccioso (MARTY, 1995).

Formulacdes topicas e orais continuam sendo a terapia de escolha para o
tratamento de onicomicoses. Porém, o regime oral pode levar meses para
tornar-se efetivo, pois requer grandes quantidades de farmaco na circulacao
para se ter concentracdo terapéutica local nas unhas. Além disso, a terapia
sistémica pode ser contra-indicada e possui efeitos adversos potenciais
conhecidos. Tratamento topico de onicomicoses € uma alternativa a terapia
sistémica de longo prazo (6 a 12 meses) comumente empregada (BROWN et
al., 2009).

Os resultados de Walters e colaboradores (1985) com uma série de
alcoois primérios (de 1-10 carbonos) demonstra reducdo na permeabilidade
através da unha a medida que se aumenta o peso molecular e a lipofilia dos
alcodis. Este comportamento difere do observado na pele e levou os autores a
caracterizar a unha como tendo propriedades de um gel hidrofilico (WALTERS
et al., 1983; WALTERS et al., 1985). Isto leva a primeira implicacdo, que o fluxo
maximo de farmaco por uma membrana do tipo gel hidrofilico aumenta com o
aumento da solubilidade do ativo no veiculo (aumento do gradiente de
concentracéo). Isto € comprovado por Mertin e Lippold (1997a), em estudo que
compara paracetamol e fenacetina (ambos possuem pesos moleculares
semelhantes, 151,2 e 179,2 g/mol, respectivamente, porém, solubilidades em
agua distintas, 16,8 e 0,95 g.L, respectivamente), no qual se verifica fluxo
maximo praticamente dez vezes maior para o farmaco com maior solubilidade.
Outra implicagdo é que o aumento do volume molecular (que pode ser

substituido por peso molecular) reduz a permeabilidade. Mertin e Lippold
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(1997c) e Kobayashi e colaboradores (2004) comprovam isto através da
andlise de uma série de substancias com peso molecular crescente que
mostram permeabilidade decrescente. Considerando as propriedades de gel
hidrofilico - tanto das unhas quanto dos cascos - Mertin e Lippold (1997c)
propuseram uma relacdo entre as permeabilidades de um farmaco na unha

humana e em cascos bovinos (Equagéo 3.1):
LogPy = 3,723 + 1,751Log P, (3.1)

Onde: Pu e Pc sdo os coeficientes de permeabilidade tendo como barreira a

unha ou casco bovino, respectivamente.

Apesar de ter necessario cuidado com o0 uso e extrapolacdes da
Equacdo 3.1, esta apresentou excelente correlagdo entre os coeficientes de
permeabilidade Py e Pc (r = 0,971), que de certa forma valida o uso de cascos

como modelo in vitro inicial para o teste de formulacdes farmacéuticas.

Mertin e Lippold (1997c) avaliaram a permeagédo de diferentes
antifingicos por membranas de cascos bovinos e para aqueles com peso
molecular entre 200-400 g/mol verificou-se P médio (+desvio padrdo) de 9,63
(£3,56) cm?2.ht. O meio doador e receptor foi composto de etanol 42% com
tampéo fosfato pH 8,1. Além disso, os autores determinaram um parametro de

eficiéncia antimicaotica relativo (E) através da equacgao a seguir:

_ Jmax

- MIC (3:2)

Onde: E é a eficiéncia calculada, MIC € a concentracdo inibitéria minima do

E

microrganismo € Jmax € 0 fluxo de farmaco a partir de uma solugéo

supersaturada garantindo condic¢des sink no meio receptor.

Apesar de ter pouco ou nenhum significado farmacoldgico a eficiéncia
calculada pela Equacéo 3.2 € um bom parametro de comparacéo e ferramenta
para escolha de potenciais formulagfes/farmacos.

Mertin e Lippold (1997b) também avaliaram o efeito do tipo de veiculo,
matriz e da concentracdo de cloranfenicol no fluxo através de unhas e cascos.
O fluxo maximo (solucdo de cloranfecicol saturada em tampéo fosfato 7,4, n-

octanol, triglicerideos de cadeia média) foi semelhante para todos os veiculos
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demonstrando que o fluxo € independente do veiculo. Porém, € importante que
o veiculo permita altas concentracdes de farmaco para garantir a manutengao
de fluxo constante por longos periodos minimizando o numero de aplicacdes.
Este trabalho também observou que a quantidade permeada de farmaco em
um filme de Eudragit® RL é inicialmente controlada pela membrana e
posteriormente pela matriz da formulacdo. Além disso, esmaltes com formacao
de filme (formulacéo de cloranfenicol com Eudragit® RL) tiveram o mesmo fluxo
maximo que as solugdes saturadas. No entanto, nas unhas a fase lag foi muito

superior no caso do esmalte (400 h) do que com a solucéo (200 h).

Kobayashi e colaboradores (1998) testaram diferentes promotores para
aumento da absorcao de 5-fluoruracil e tolnaftato através de unhas humanas.
O resultado foi maior fluxo para as formulagdes que continham acetilcisteina e
2-mercaptoetanol, enquanto que a ureia apresentou resultado inferior ao
controle (Agua como veiculo). Uma série de substancias (mercaptanos, sulfitos,
agentes queratoliticos e tensoativos) foram testadas por Malhorta & Zatz
(2002), porém o controle contendo acetilcisteina 5% e ureia 20% obteve os

melhores resultados de permeacéao pela unha.

Myoung & Choi (2003) relatam a preparacao de adesivos com diferentes
polimeros, sendo que os derivados do acido acrilico apresentaram melhores
resultados de fluxo através dos cascos de suinos. Neste estudo, diferentes
promotores foram avaliados, destacando-se o DMSO, propilenoglicol 400 (PPG
400) e o mercaptoetanol, que duplicaram o fluxo de ciclopirox em relagdo ao
controle. As formas de sal e &cido (ndo-ionizado) do ciclopirox foram avaliadas
e o sal obteve valores um pouco maiores de fluxo em relacdo ao farmaco na
forma acida. Como o sal € mais solluvel, evidencia-se a importancia da
solubilidade do farmaco, uma vez que a unha e cascos sdo, como modelo,

considerados geéis hidrofilicos.

Brown e colaboradores (2009) relatam pré-tratamento quimico com
acido tioglicolico seguido de ureia e peréxido de hidrogénio por 20 h. Em
relacdo ao controle, o pré-tratamento aumentou o fluxo dos farmacos entre 4 —

18 vezes.

O estudo de Traynor e colaboradores (2010) apresenta novo

experimento para avaliagdo da permeacdo através da analise da reducdo da
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atividade dos fungos que infectam a parte posterior de uma unha tratada com
diferentes produtos. Neste estudo, a terbinafina apresentou excelentes
resultados, superando os efeitos dos produtos comerciais contendo amorolfina

e ciclopirox.

Shivakumar e colaboradores (2010) apresentam uma nova estratégia
para minimizar os problemas relacionados as formula¢des hidrofilicas, que
geralmente possuem baixa adesividade e sdo removidas facilmente por agua e
atrito. Estes incovenientes foram vencidos através da formacdo de dupla
camada: primeiro o gel hidrofilico é aplicado e, em seguida, deixado evaporar
e, apbés 5 min é aplicado esmalte. Os resultados demonstram que a estratégia
da dupla camada, praticamente, duplicou o fluxo de terbinafina em relacdo a

aplicacao do gel hidrofilico como monocamada.

3.11Célculos para Obtencao do Fluxo e Coeficiente de

Permeabilidade

O estudo do movimento de moléculas em solucdo e do transporte
molecular através de barreiras/membranas artificiais ou bioldégicas pode ser
descrito matematicamente e pode auxiliar no desenho dos experimentos e
interpretacdo dos resultados (WANG, ZHMEIS, 2006; BRODIN et al., 2009).

O transporte de moléculas através de uma membrana pode ser medido
pelo seu fluxo. O fluxo de um soluto pode ser definido como a massa ou
namero de moléculas movendo-se através de uma seccéo de area durante um
determinado periodo de tempo (Equacéo 3.3):

B dm
]_dtxA

(3.3)

Onde: J é o fluxo de massa m através de uma seccéo de area A durante um
periodo de tempo t. O fluxo pode ser expresso por diversas unidades e neste

trabalho sera expresso como: yg.cm=2.h,

O coeficiente de permeabilidade (P) pode ser estimado a partir de um

simples experimento de fluxo (em que amostras do liquido receptor séo
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coletadas e o soluto quantificado) para um dado gradiente de concentracéo e
uma espessura h da membrana. O coeficiente de permeabilidade pode ser

obtido a partir da simplificacédo da Lei de Fick (Equacao 3.4):

dM Dy x A
=———(Cpp — Cpr) (3.4)

dt ~ hg
Onde: dM/dt é a quantidade de massa permeada por tempo, Dg € 0 coeficiente
de difusdo efetivo da barreira/membrana, hg € a espessura da

barreira/membrana, Cgp € Cgr S&0 as concentracfes do farmaco na barreira no

lado doador e receptor, respectivamente.

Como a concentracdo na barreira € comumente desconhecida, Cgp pode
ser substituido por PCgn.Cy, onde PCgyv € 0 coeficiente de particdo
barreira/veiculo e Cv é a concentracdo do farmaco no veiculo no lado doador
da barreira. O termo DgPCg é chamado de coeficiente de permeabilidade (P).
Em condi¢cdes onde ndo mais que 10% do farmaco presente no veiculo doador
penetrar a barreira, P pode ser calculado através da inclinacdo do grafico de M
vs t (Equagdo 3.5) (MERTIN, LIPPOLD, 1997a):

Dp X P, X A XC P XxAXC,
M = B B/V v _ Vt (3.5)
hg hg

O valor de permeabilidade obtido pode ser comparado com os valores
obtidos em outros estudos ou também pode ordenar uma classe de
substancias segundo sua permeabilidade (BRODIN et al., 2009). Neste
trabalho, P sera representado na unidade de cm?.h1,
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4.1 Introducéo

A caracterizacdo de Oleos volateis e quantificacdo de seus constituintes
sdo desafiantes, assim como a separacdo e quantificacdo de isdbmeros. A
espectrofotometria no ultravioleta (UV) pode ser uma alternativa rapida, simples
e sensivel para determinacao de substancias com grupamentos croméforos em
diferentes matrizes, incluindo analise de farmacos em medicamentos. Contudo,
na analise de misturas pode haver sobreposicéo dos espectros de UV e a lei da
aditividade das absorvancias inviabiliza a analise direta por UV. A associacao
do método de espectrofotometria UV a técnicas matematicas, como derivada e
analise multivariada, tem solucionado, em muitos casos, a falta de seletividade
deste método (FERREIRA et al., 1999).

As técnicas de analise multivariada permitem a avaliagdo simultanea de
multiplas medi¢cbes em individuos/unidades e sdo Uteis quando variaveis
aleatdrias sao relacionadas, pois a analise individual ndo leva a conclusdes
confiaveis (MINGOTI, 2005). A técnica dos minimos quadrados parciais (PLS)
tem, ultimamente, recebido consideravel atencdo na area da quimiometria para
analise de misturas complexas. O PLS constréi um modelo de regressédo a
partir das componentes principais geradas entre as matrizes X e Y, sendo, no
caso da andlise por UV, matrizes das absorvancias dos espectros UV e
concentracoes, respectivamente (HEMMATEENEJAD et al., 2007).

O emprego do PLS necessita de uma etapa de calibragdo, na qual a
relacao entre os espectros e as concentracdes dos analitos é deduzida de uma
série de amostras de referéncia. Em seguida, € realizada a etapa de predicdo
das concentracdes das amostras em teste a partir de seus espectros e dos
resultados da calibragdo (FERREIRA et al., 1999; HEMMATEENEJAD et al.,
2007) .

4.2 Artigo

A seguir encontra-se artigo publicado na revista Current Pharmaceutical
Analysis (v. 8, n. 4, p. 401-408, 2012) - Bentham Science Publishers. Este

artigo descreve o desenvolvimento e otimizacdo de método por PLS-UV para
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determinacao dos isbmeros do citral em amostras do 6leo e em complexos com

ciclodextrinas.

Spectrophotometric Simultaneous Determination of Citral Isomers in
Cyclodextrin Complexes with Partial Least Squares Supported Approach

Abstract

This article describes the development and optimization of a UV
spectrophotometric method to evaluate the isomers of citral in cyclodextrins
complexes by a partial least squares (PLS) regression model. The central
composite design (CCD) associated with the response surface methodology
(RSM) was applied to select the wavelength range that provides the best
prediction results. B-cyclodextrin (3-CD) and hydroxypropyl-B-cyclodextrin (HP-
B-CD) complexes with citral were prepared in ethanolic solution and spray dried.
These samples were analyzed by an optimized PLS-UV model and the results
compared with HPLC-UV determinations to evaluate the predictive power of the
PLS-UV model. The results from the PLS-UV model showed a relative standard
deviation of prediction (RSEP) ranging from 0.87% for neral up to 1.42% for
geranial. The relative standard deviation (RSD) obtained in analyses of four
replicates of citral-cyclodextrins complexes ranged from 2.2% to 4.1%. Geranial
showed higher affinity than neral for both types of cyclodextrins evaluated.
Finally, B-CD was shown to be a better complexing agent for citral than HP-[3-
CD.

Keywords: Citral, Cyclodextrins, Encapsulating Agents, Factorial Design,
Geranial, HPLC, Isomers, Microencapsulation, Neral, PLS, UV, Volatile Qils.

Introduction

Citral (Figure 4.1) is a volatile oil consisting of two geometric isomers -
neral (cis) and geranial (trans) [1]. It is commercially important in the food,

cosmetics and pharmaceuticals industries, and is widely used as flavoring for

42



Capitulo |

food, in the preparation of perfumes and as an intermediate of vitamin A [2].
Moreover, many studies have shown that citral has antibacterial, antifungal and
antiviral activities [3-9].

Microencapsulation is an important process to improve the chemical
stability of volatile compounds and to protect them against oxidation and
evaporation. Cyclodextrins are well known for their ability to include apolar
molecules inside their hydrophobic cavity. The complexation of volatile oils with

cyclodextrins generally improves its stability and solubility [10].

Both the characterization and quantification of volatile oils and the
separation and quantification of their isomeric constituents are still a challenge.
The determination of citral isomers in different matrices is commonly performed
by gas chromatography coupled with a mass spectrometry [11-13] or flame
ionization detector [14]. Alternatively, liquid chromatography with UV detection

has been used in normal [15] and reversed phase systems [16].

CHs; CHs

N\ \
HsC / \ H,C / \o
o) CHs

Neral Geranial

Figure 4.1. Chemical structures of citral isomers — neral and geranial.

UV spectrophotometry can be a fast, simple and sensitive alternative for
the simultaneous determination of different active substances in different
matrices. The combination of UV spectrophotometry with mathematical
techniques, such as derivative and multivariate analysis, has, in many cases,
solved the problem of lack of selectivity of this method [17-24]. Quantitative
chemometric methods, particularly the method of partial least squares (PLS),
have been extensively used. This is due primarily to the digital signal output
from new devices and the development of advanced software for statistical

applications [21-26].
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PLS is defined as a method for building regression models on the
principal components obtained from the decomposition of matrices X and Y
(independent and dependent variables, respectively). Spectrophotometric
analysis using the PLS method requires a calibration step in which the
relationship between the spectra (X variable) and analyte concentrations (Y
variable) is determined from a series of reference samples. The matrices
obtained can be simultaneously decomposed into a sum of h principal

components so that the relation for X and Y can be described as follows:

X =TPT+E=)t,p,+E Equation 1
Y=UQ"+F =) u,q,+F Equation 2

where X is an n x m matrix of predictors, Y is an n x p matrix of responses, T
and U are n x | matrices of principal components (scores), P and Q are,
respectively, m x I and p x | loading matrices, E and F are the residual matrices.
Considering a spectrophotometric analysis, n is the number of samples, m is
the number of wavelengths selected, p is the number of analytes, | is the
number of principal components used. The X and Y matrices are correlated by

the scores T and U, as follows:
u, =byt, Equation 3

Where by is the regression coefficient for the h principal component. The matrix
Y can be obtained from the X scores matrix, regression coefficients matrix and
Y loading matrix, as follows:

Y =TBQ" +F Equation 4

The concentration of unknown samples is then predicted from its spectra data

replacing the X scores matrix (T) with the new scores T* (Eq. 5).
Yoo =T BQ' Equation 5

In this procedure, it is very important to find the maximum number of
principal components to be used in the PLS model. It is theoretically possible to
calculate as many principal components as the number of columns of X matrix
(m); however, only a few principal components are normally used, because the

smaller ones will only describe noise [25,27]. For predictive models, cross-
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validation methods are usually performed and the number of principal
components is established based on the determination of the minimum
prediction error. The lack of prediction accuracy can be estimated by the
predicted residual sum of squares (PRESS) (Eq. 6) [28].

PRESS =>'>'(C,-C;)* Equation 6
i=1 j=1
where Cj is the true concentration of the jth analyte in the ith sample; C is the
predicted concentration of the jth analyte in the ith sample; n is the number of

samples and m is the number of analytes.

Several techniques are used to reduce systematic variations, select
wavelengths and improve the results of the calibration by PLS. In general, these
are complex techniques such as orthogonal signal correction (OSC), moving
window selection strategy (MWSS) and genetic algorithms [23-25].

This article describes the application of the UV spectrophotometric
technique associated with PLS to determine neral and geranial in cyclodextrin
complexes. Derivative spectra of neral, geranial and mixtures were used to
decrease background noise and increase the difference among the spectra of
the isomers. The central composite design (CCD) associated with the response
surface methodology (RSM) was applied to select the wavelength range and to
improve the predictive results of neral and geranial. The optimized PLS-UV
method was employed in complexation studies of citral with cyclodextrins.

Materials and methods
Reagents

The reagents used were: methanol and acetonitrile from Tedia®
(Fairfield, USA) and ultrapure water produced by the Milli-Q Plus® filter system
(Millipore, Bedford, USA). Citral Standard: purchased from Aldrich® (Saint
Louis, USA), lot S22116, with a purity content of 97.1% (47.6% of neral, 49.5%
of geranial). B-cyclodextrin (B-CD) and hydroxypropyl-B-cyclodextrin (HP-B-CD)
were obtained from Fluka® (Saint Louis, USA) and Roquette® (Lestrem,

France), respectively.
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Equipment and Software

The spectrophotometric analysis was performed on a microcomputer-
controlled SHIMADZU UV-1601PC using 10 mm quartz cells. The acquisition of
absorbance was carried out between 200-290 nm using the UVPC program.
The data were pretreated in Excel® (Redmond, USA). A multivariate calibration
using the PLS method, CCD and RSM were performed on the Minitab® 14
software (State College, USA).

Chromatographic analyses were performed on a liquid chromatography
AGILENT Series 1200 controlled by the Agilent ChemStation® software (Santa
Clara, USA). The chromatographic conditions used for purification and
guantification of citral isomers were: mobile phase acetonitrile: water: methanol
(47: 43: 10), Ace® (Edison, USA) RP18 column (250 mm X 4 mm, 5 ym), flow
rate of 1.4 mL.min%, injection volume of 15 L, detection at 240 nm, and oven

temperature set at 30 °C.

Purification and quantification of citral isomers

Neral and geranial were purified injecting samples of citral with an
approximate concentration of 1.50 mg.mL? in a liquid chromatography
(conditions described above). Each isomer was collected individually after

detection.

The concentrations of purified isomers were subsequently determined
using the same chromatographic system described previously. The standard
citral curve in the 50-90 ug.mL? range (23.8-42.8 and 24.8-44.6 ug.mL* for

neral and geranial, respectively) was used for quantification of purified isomers.

Multivariate Standard Curve

Mixtures with varying isomer concentrations were prepared by
transferring appropriate volumes of neral and geranial to 5 mL volumetric flasks
and the volume was completed with a diluent (acetonitrile: water (6:4)). The

range of concentrations used for neral and geranial was 0.0 - 8.8 and 0.0 -
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7.9 ug.mL1, respectively (Table 4.1). The absorption spectra were obtained in
the range of 200-290 nm in 1 nm increments, using the diluent as a blank. The
first order derivative spectra of neral and geranial mixtures were obtained using
AA = 6 nm without smoothing and the PLS calibration was performed using two

main principal components.

Table 4.1. Concentration of citral isomers in different mixtures of the
standard calibration.

Mixture Neral (ug.mL™?) Geranial (pug.mL™?)
M1 4.36 3.95
M2 3.04 2.66
M3 5.96 5.16
M4 5.96 2.70
M5 3.15 5.48
M6 4.49 2.23
M7 2.49 3.96
M8 4.47 5.72
M9 6.77 3.94
M10 5.88 0.00
M11 8.80 0.00
M12 0.00 5.34
M13 0.00 7.91

Optimization of the multivariate calibration

The most relevant range of wavelengths for the multivariate PLS-UV
calibration of neral and geranial was found through full factorial experimental
design followed by optimization by CCD and RSM.

The factors considered in the full factorial experimental design were low
and high wavelength, with five levels for each factor (Table 4.2). Thus, there

were twenty-five multivariate PLS calibration models.
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Table 4.2. Factors and levels of factorial experimental design.

Factors Levels
Low wavelength 225, 230, 235, 240, 245 nm
High wavelength 252, 258, 264, 270, 276 nm

The evaluation of the predictive ability of the PLS-UV calibration models
generated for each experiment considered the relative standard error of
prediction (RSEP) (Eqg. 7) [26].

n

RSEP :% \/%Z(Ci -C,)? Equation 7
i=1

Where Ci is the predicted concentration of sample i; Ci is the true concentration

of sample I; C is the mean of true concentrations and n is the number of

samples.

The multivariate calibration by the PLS-UV method was optimized
employing CCD and RSM. The CCD used comprises the 2k factorial design (22
= 4) with one center point (1) and star design (a=1.5) (2x2=4), totaling nine
experimental points. The central point was the combination of low and high
wavelength with the lowest value of RSEP in the full factorial design. This CCD
allows evaluation of linear and quadratic models. RSEP was employed as a

response variable.

Multivariate calibration and prediction of test samples

The multivariate PLS-UV calibration was performed employing eleven
mixtures with known concentrations of neral and geranial (M3 - M13 in Table 1),
two main principal components and cross-validation of the leave-one-out type.

The wavelength bands of the first derivative spectra used were 239-271 nm.

The accuracy of optimized PLS-UV was evaluated by determining the

recovery of neral and geranial in seven mixtures. The concentrations of neral
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and geranial in samples of B-CD-citral and HP-B-CD-citral were determined
using the PLS-UV calibration model and HPLC-UV. The concentrations of neral
and geranial determined by PLS-UV and HPLC-UV were compared using
ANOVA.

Preparation of citral-cyclodextrin complexes by spray drying

B-CD was dissolved (11 g) in 110 mL of ethanol and water mixture (2:1,
v/v) heated at 55 °C. After that, a solution of citral in ethanol (10%, w/v) was
added slowly to the B-CD solution. The mixture was kept under magnetic stirring
for 4 h while cooling down to room temperature. The solution was dried in a Mini
Spray Dryer (MSD 1.0, LabMag, Brazil), operating under the conditions
described in Table 4.3. For the preparation of HP-B-CD citral complexes, the
same preparation and drying conditions were used. The dried powders were
packed on amber glass containers and stored on a desiccator. The samples
were named B-CD-Citral and HP-3-CD-Citral.

The samples of the citral-cyclodextrin complexes were weighed and
diluted with 60% acetonitrile to obtain neral and geranial concentrations within

the calibration curve.

Table 4.3. Operating conditions to prepare citral-cyclodextrins complexes
using a Mini Spray Drier equipment.

Parameter Condition
Feed rate 0.3 L.ht
Air flow rate 8.3 L.min?
Atomizing air pressure 3.9 atm
Inlet temperature 120°C
Outlet temperature 78 °C/90 °C
Nozzle diameter 1.2 mm
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Results and Discussion
Purification and quantification of citral isomers

Figure 4.2.a shows the HPLC chromatogram of citral. Even at a high
concentration it has a good resolution between the peaks of neral and geranial.
The isomers of citral were successfully purified and solutions with
concentrations around 32 and 30 ug.mL* were obtained for neral and geranial,
respectively (Figure 4.2.b).
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Figure 4.2. (a) Chromatogram of the solution of citral (1.5 mg mL-1). (b)
Chromatogram of neral and geranial purified.

Optimization of the multivariate calibration model

The UV absorption spectra of neral and geranial are quite similar, but
changes in diluent composition can alter the spectra profile accentuating the
difference between the isomers. These differences are essential to apply the
PLS method and to obtain good results in the calibration and prediction of
samples. Spectra of the isomers were obtained with methanol, acetonitrile and
different compositions of aqueous solvents. The difference between the spectra
of the isomers was maximized with 60% acetonitrile as a solvent (Figure 4.3.a).

The first-order derivatives highlight the differences between the spectra of the
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isomers, especially in the 230-270 nm region (Figure 4.3.b). These different UV
absorption profiles can be associated with different overlaps of the m orbitals of
the geometric isomers. Geranial has a higher maximum absorption wavelength

suggesting a greater overlap of the chromophore moiety present in this isomer.
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Figure 4.3. (a) UV spectra of neral (8.8 uyg.mL™?) and geranial (7.9 pg.ml?)
with 60% acetonitrile as diluent. (b) First derivative UV spectra of neral
and geranial.

The influence of standard samples (Table 4.1) on the multivariate
calibration was previously evaluated. This analysis was performed using two
principal components for calibration due to the presence of the two isomers in
the samples. The range of wavelengths used was previously selected to
minimize the influence of noise, which increases the number of principal
components, in order to obtain good predictive results. In general, the noise in
the UV spectrophotometry is greater at wavelengths near 200 nm and when the
absorptivity of a sample is low. Thus, the selected range was 225-275 nm.

Each mixture was withdrawn once from the calibration and RSEP and F
were calculated using ANOVA for regression for neral and geranial. Mixtures
with similar concentrations of neral and geranial, especially M1 and M2,
negatively influenced the ability of prediction of the PLS model. Mixtures M1
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and M2 were removed from the calibration model, increasing the percentage of
the model explained by the first principal component, consequently improving
prediction accuracy. It was also observed that the pure samples of neral (M10-
11) and geranial (M12-13) improved the quality of the predicted results and

provided fine-tuning of the model.

The PLS calibrations using the data from the first derivative spectra
resulted in smaller values of RSEP and better fittings of the linear regression
when compared with the results of zero order data. This result shows that the
first derivative increases the difference between the spectra of the isomers and

improves the predictive power of the PLS-UV model.

Figure 4.4 presents the results of RSEP obtained with first derivative
spectra for the different wavelength bands defined in the full factorial design
(5x5). For both isomers, the effects of interactions in all levels were low and,
therefore, used to estimate the error. Thus, high and low wavelength (main
factors) effects were significant (p < 0.01) for both isomers. The best settings for
calibration were obtained for the wavelength range of 240-270 nm. The bands
of spectra below 230 nm exhibit colinearity among the independent variables,
which determines the worst prediction results when used for calibration.
Moreover, the high RSEP values obtained at 245 nm show that wavelengths

around 240-235 nm are important for setting the PLS-UV model.
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Figure 4.4. RSEP values of the full factorial design for (a) neral and (b)
geranial.

CCD and RSM were employed to optimize the PLS calibrations using
RSEP as a response. The combination 239-270 nm was used as the central
point. A good fit of the quadratic model was obtained and the coefficients of
determination (r?) were 0.915 and 0.893 for neral and geranial, respectively.
The shaded area in Figure 4.5 shows the optimum region obtained in the CCD-
RSM analysis. It was possible to use the same range of wavelengths in the PLS
model for neral and geranial because the lowest values of RSEP for both
isomers overlap in the range of 239-271 nm.
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Figure 4.5. Overlaid contour plot of RSEP (%) for neral and geranial

obtained in the CCD-RSM analysis.

Multivariate calibration models and prediction of test samples

The number of principal components needed for describing a linear
model between absorbance and concentration by PLS must be equal to the
number of substances present in the sample. The lowest value of PRESS is
used to achieve the optimal number of principal components for a specific PLS
model. Two principal components for prediction of neral and geranial were
confirmed for the optimized PLS UV model, while for the non-optimized model
this number may increase to five, as shown in Figure 4.6. Thus, the optimization
and use of two principal components for the PLS-UV model for neral and

geranial allowed the exclusion of small principal components that describe

noise and have colinearity problems.

54



Capitulo |

(@) 1.0 {b) 1.0

Neral Geranial
—&—  Optimized (239-271 nm) —e—  Optimized (239-271 nm)
—aie— Not optimized (225-275 nm) —a&— Not optimized (225-275 nm)
0,8 -

0,8 4

0,6 4 0,6

PRESS
PRESS

0,4 0,4

0,2 0,2

0’ 0 A T T T T T T T U'U L
component component

Figure 4.6. Plot of PRESS against the number of components. (a) neral
and (b) geranial.

Table 4.4 contains the summarized results of the multivariate calibration.
The results are satisfactory and similar to those obtained from simple linear

regression.

Table 4.4, Summary of multivariate calibration for neral and geranial
obtained by PLS-UV method.

Isomer Wavelength F
) _ NPCP R? PRESS RSEP (%)
of Citral interval (nm)?2 (ANOVA)
Neral 2 0.9999 0.0111 29584 0.87
239-271
Geranial 2 0.9998 0.0247 15225 1.42

a wavelength range of first order derivative. b NPC — number of principal components.

The predictive ability of the optimized PLS-UV model was evaluated
using samples of the citral isomers and complexes of citral with cyclodextrins.
Table 4.5 shows the recoveries of seven samples containing various
concentrations of neral and geranial. Recoveries close to 100% and low
variability demonstrated the ability of the optimized PLS-UV model to determine
neral and geranial. The accurate determination of citral isomers was also

achieved even in samples containing cyclodextrins as adjuvant. The percentage
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of neral and geranial in the samples B-CD-Citral and HP-B-CD-Citral are
summarized in Table 4.6. The comparison of results obtained by the PLS-UV
and HPLC UV methods showed no significant difference for neral and geranial
concentrations in the cyclodextrins complexes (p > 0.05 for one-way ANOVA
test).

Table 4.5. Recovery of neral and geranial in seven samples using the PLS-
UV calibration model optimized by CCD-RSM.

Neral (ug.mL™?) Geranial (pg.mL™?)

PLS-UV  Theoretical Recovery (%) PLS-UV  Theoretical Recovery (%)
2.45 2.60 94.2 5.60 5.55 100.9
3.60 3.45 104.4 2.15 2.27 94.7
2.55 2.58 101.2 4.20 4.29 97.9
5.80 6.14 98.8 3.20 3.23 99.1
0.75 0.79 94.9 6.10 6.11 99.8
3.10 3.08 100.6 3.30 3.44 95.9
6.35 6.29 101.0 0.95 1.00 95.0

Mean + sd 99.3 £ 3.62 Mean + sd 97.6 £2.45

Moreover, geranial showed higher affinity than neral for both types of
cyclodextrins. These results may be associated with the more linear structure of
geranial compared to neral, which also explains the greater maximum in the UV
spectrum observed for the trans isomer. Higher amounts of the volatile oil were
found in samples with B-CD. Hence, B-CD (9.23%) was found to be a better
encapsulating agent for citral than HP-B-CD (5.36%).
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Table 4.6. Percentage of neral and geranial in the complexes of citral with
cyclodextrins determined from the multivariate calibration obtained by
PLS-UV method.

B-CD-Citral HP-B-CD-Citral
Neral (%) Geranial (%) Neral (%) Geranial (%)
Replicate 1 3.62 5.71 2.21 3.29
Replicate 2 3.51 5.39 2.19 3.04
Replicate 3 3.48 5.65 2.09 3.16
Replicate 4 3.64 5.91 2.13 3.33

PLS-UV — Mean + sd 3.56°+0.079 5.67*+0.218 2.16°+0.057 3.20°+0.134

HPLC-UV -Mean+sd  3.49+0.047 5.56 +0.092 2.21+0.025 3.19+0.037

anot significant by ANOVA test for a=0.05 when compared to HPLC-UV results.

Conclusion

The first UV derivative spectra of mixtures of neral and geranial were
successfully used to improve the performance of PLS calibrations and
predictions. CCD associated with RSM was able to select the best wavelength
range for neral and geranial quantification. Good analytical results demonstrate
the usefulness of the PLS-UV calibrations for determination of neral and

geranial in samples of citral complexed with cyclodextrins.
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5.1 Introducéo

Diversos métodos sdo empregados para avaliacdo da atividade
antifdngica de substancias e compostos quimicos (macrodiluicao,
microdiluicdo, difusdo em agar com discos ou cilindros ou pocgos, turbidimetria,
inibicdo comparativa, entre outros). Os O6leos volateis vém extensivamente
sendo testados contra diversos tipos de microrganismos (ver Tabela 3.3),
contudo, uma revisdo sobre os resultados deixa muitas ddvidas quanto a
concentragdo efetiva destes. Devido a grande variabilidade nos resultados
obtidos com os diferentes métodos e mesmo dentro de um mesmo método, o
National Committee for Clinical and Laboratory Standards (NCCLS) prop6e

alguns métodos padronizados para determinacéo da atividade antifungica.

Neste trabalho, para determinacdo da concentracdo inibitéria minima
(MIC) foi empregado o método de microdiluicdo para leveduras (CLSI, 2008a) e
fungos filamentosos (CLSI, 2008b) proposto pelo NCCLS que é mundialmente
aceito (HAMMER et al., 1998; SERAFIN et al., 2007; SHUKLA et al., 2009;
ZORE et al.,, 2011). Algumas vantagens do teste de microdiluicdo s&o: o
emprego de menores quantidades de meio de cultura, substancias em analise
e demais reagentes; a atividade néo ser dependente da difusdo da substancia
pelo meio; possuir protocolo internacional e resultados mais facilmente
reprodutiveis; possibilidade do resultado (avaliacdo do crescimento) ser

realizado de maneira instrumental.

O mecanismo de acdo dos monoterpenos como antifingicos ndo é
esclarecido e métodos microbiolégicos para avaliacdo de dano na parede
celular e de afinidade com ergosterol sdo empregados para este fim. A
compreensao do mecanismo de acao favorece os estudos de otimizacdo das
moléculas e muitas vezes da relacdo estrutura atividade. Assim, a

determinacdo do mecanismo de acdo dos monoterpenos € um importante

passo para potencializagdo dos efeitos desta classe de agentes antifingicos.
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5.2 Avaliacao da Atividade Antifungica de Complexos de Citral

com Ciclodextrinas

As ciclodextrinas (CD) podem ser obtidas a partir do amido através da
acdo de enzimas especificas para formarem ciclos de 6-8 unidades de dextrina
que posteriormente podem ser modificadas dando origem a uma série de
produtos viabilizados comercialmente (CEREDA, 2001). As CD sao capazes de
formar complexos com diferentes farmacos, com diversos objetivos como, por
exemplo: aumentar a solubilidade, diminuir a volatiidade, aumentar a
biodisponibilidade através do aumento da taxa de dissociacdo do farmaco,
melhorar a estabilidade, reduzir a toxicidade, reduzir irritacées locais, modificar
o tempo de liberacdo durante a passagem pelo trato gastrintestinal, mascarar
sabores desagradaveis de certos farmacos, vetorizacdo com liberacdo de
farmacos em sitios especificos de acédo, prevenir interacbes farmaco-farmaco e
farmaco-adjuvante (RAWAT, JAIN, 2003; IACONINOTO et al., 2004; CHALLA
et al., 2005; IWATA et al., 2009; WEISHEIMER et al., 2010).

Visando melhorar a solubilidade e reduzir a instabilidade em meio
aguoso do citral foram preparados complexos com ciclodextrinas (3-CD e
HP-B-CD). Estudo realizado previamente no LCQFar, por Weisheimer e
colaboradores (2010), demonstrou aumento da estabilidade do citral em

complexos com CD em comparagdo com a substancia ndo complexada.

Com o objetivo de verificar a atividade antifiangica dos complexos
obtidos foram determinadas as Concentracdes Inibitérias Minimas (MIC)
através do método de microdiluicdo preconizado pelo documento M38-A do
CLSI (conforme descrito a seguir no artigo do Capitulo Il). Os complexos foram
preparados conforme descrito no artigo do Capitulo | (item Preparation of citral-
cyclodextrin complexes by spray drying). Foram testados os seguintes isolados
clinicos de dermatdéfitos: Microsporum gypseum, Microsporum canis,
Trichophyton rubrum, Trichophyton mentagrophytes e Sporothrix shenckii. As
substancias e concentracdes avaliadas foram: citral padrdo (Aldrich® lote
S22116) e dleo de C. citratus (Ferquimica® lote 169) — 256 a 0,5 uyg.mL%;

64



Capitulo Il

itraconazol, nistatina (Schemicals® com poténcia declarada de 5552 Ul.mg%),
complexos de citral com B-CD e HP-B-CD" — 16 a 0,03 ug.mL™.

A Tabela 5.1 apresenta os resultados de suscetibilidade e verifica-se que
o citral padrdo e o 6leo de C. citratus foram ativos contra todas as espeécies
avaliadas. O itraconazol ndo apresentou atividade nas concentracdes testadas,
apesar da bula do medicamento (Sporanox®) no bulario da ANVISA apresentar,
entre outras, indicacdo contra dermatofitos (ANVISA, 2013). E pertinente
ressaltar que o mesmo medicamento, no mercado norte americano, é indicado
somente para o0 tratamento de infeccdes causadas por espécies de
blastomicetos e aspergilus (RXLIST, 2013). A nistatina é um antifngico
poliénico potente que apresentou atividade contra alguns dos dermatofitos
avaliados, apesar de sua indicacdo, como medicamento, ser para tratamento
tépico de candidiase. Embora tenha se verificado atividade do citral em
concentragdes inferiores a 16 pg.mL?, seus complexos com CD néo
apresentaram efeito antifingico em concentragdes similares. Isto indica que o
citral ndo foi liberado dos complexos em quantidade suficiente para causar a
inibicdo dos fungos testados. Esta afirmacédo encontra respaldo no trabalho de
Ruktanonchai e colaboradores (2011) que relatam a baixa velocidade de
liberacdo do citral do complexo com B-ciclodextrina em meio aquoso (menos de
20% em 6 dias).

Tabela 5.1. Suscetibilidade de fungos aos complexos de citral-

ciclodextrinas, 6leos volateis e antifungicos.

MIC (pg/mL)
Citral oleo C. Citral-B- Citral-HP-B-

Fungo Padrdo citratus CD CD Itraconazol  Nistatina
Microsporum gypseum 4 8 >16 >16 >16 2
Microsporum canis 8 8 >16 >16 >16 >16
Trichophyton rubrum 16 8 >16 >16 >16 8
Trichophyton mentagrophytes 256 128 >16 >16 >16 >16
Sporothrix shenckii 16 2 >16 >16 >16 16

* Os complexos foram adicionados em concentragdes suficientes para se obter concentracdes

de citral na faixa de 16 a 0,03 pg.mL™.
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Os resultados confirmaram a viabilidade do método de microdiluicdo em
determinar, in vitro, a atividade antifingica do citral e do 6leo de C. citratus.
Contudo, os complexos demonstraram-se incapazes de manter este efeito.
Desta forma, a estratégia de viabilizar o citral como antifungico através de

complexos com ciclodextrinas foi abandonada.

5.3 Artigo

O geraniol, quimicamente, € muito similar aos isébmeros do citral e,
também, posssui atividade contra dermatofitos (GONCALVES et al., 2010;
ZORE et al., 2010; AIEMSAARD et al., 2011; KHAN AND AHMAD 2011; NGAN
et al., 2012). Devido a grande instabilidade quimica do citral e dificuldade em
preparar formulacdes estaveis, os isdbmeros geraniol e nerol foram testados nos

ensaios microbioldgicos.

A seguir encontra-se artigo que sera submetido ao periédico Journal of
Ethnopharmacology. Este artigo descreve a comparagdo da atividade
antifangica de monoterpenos (citral, geranial, neral, geraniol e nerol) contra
diferentes espécies de leveduras e dermatofitos. Além disso, é investigado o

mecanismo de acdo dos monoterpenos avaliados.

ANTIFUNGAL ACTIVITY AND MECHANISM OF ACTION OF
MONOTERPENES AGAINST DERMATOPHYTES AND YEASTS

Abstract

The antifungal activity of monoterpenes (geraniol, nerol, citral and its
isomers — neral and geranial) and control drugs (miconazole, terbinafine and
anidulafungin) against seven opportunistic pathogen yeasts and four
dermatophytes species was evaluated by the CLSI microdilution tests. The
monoterpenes had lower MIC values for dermatophytes than yeasts. T. rubrum
was the most sensitive microorganism to monoterpenes. Citral and geraniol

were the monoterpenes with the best activity against dermatophytes. Neral and
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geranial showed synergism in 19 of the 35 strains tested. The trans isomers
showed higher antifungal activity than the cis, probably due to their more linear
structure. The mechanism of action was investigated evaluating the damage in
the fungal cell wall (Sorbitol Protection Assay) and in cell membrane (Affinity
Ergosterol Assay). The monoterpenes showed increased MIC values in the
presence of ergosterol and the mechanism of action by structural modification
and alteration of thermodynamic properties of the cell membrane was proposed.

Key Words: synergism, dermatophytes, citral, geraniol, nerol, anidulafungin,

amphotericin B, miconazole

Introduction

Human mycoses are caused by primary pathogenic fungi that can invade
the tissues of a normal host, or by opportunistic fungi that invade the tissues of
individuals with severe alterations of the immune system. Dermatomycosis is
one of the most frequent dermal lesions that affect humans and animals, and
are often caused by dermatophytes of the genera Epidermophyton,
Microsporum and Trichophyton. These fungi infect keratinized tissue as skin,
nails and scalp and its lesions are characterized by irritation, scaling, local
redness, swelling and inflammation (Gupta and Cooper, 2008; Kyle and Dabhl,
2004; Patel and Schwartz, 2011). On the other hand, some dermatomycoses
may be associated with the presence of opportunistic yeast pathogens, among
them the genus Candida that can quickly colonize damaged nail or skin,

especially the mucous membranes.

Citral (CIT), geraniol (GOL) and nerol (NOL) are considered
monoterpenes and volatile oils. CIT is a mixture of two geometric isomers, neral
(NAL - cis isomer) and geranial (GAL — trans isomer), and commercially, the
proportions of the isomers are almost identical, around 50% for each isomer
(Weisheimer et al., 2010).

The diversity of medicinal plants contributes to several studies that aim to
demonstrate the action and effectiveness of some compounds against fungi. it

is worth noting that volatile oils containing CIT, GOL and NOL, have proved
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promising, and may be incorporated into pharmaceutical preparations, alone or
in combination (Prasad et al., 2010; Saddiq and Khayyat, 2010; Zore et al.,
2011).

The mechanism of action of these substances has not been completely
clarified. Some studies showed the breakdown of cytoplasmic and organelle
membranes exposed to certain volatile oils. The loss of membrane integrity can
cause changes in membrane function leading to the antifungal activity (Park et
al., 2009; Pinto et al., 2006; Sikkema et al., 1995). Despite these findings, it is
not known how the volatile oils cause membrane damage. The discovery of the
mechanism of action can help to maximize the effect of natural products, either

by concentration of active ingredients or formulation optimization.

Considering the significance of dermatomycosis and candidiasis as
prevalent diseases (Caputo et al.,, 2001; Ghannoum et al., 2000), the present
study was undertaken to establish the antifungal activity of some monoterpenes
found in volatile oils — GOL, NOL, GAL, NAL and CIT — and investigates

possible mechanisms of action for these substances.

Material and Methods
Antifungal Agents and Growh Media

Citral (97%), geraniol (99%), nerol (99%) and ergosterol were purchased
from Sigma-Aldrich® (Brazil). Miconazole (100,0%) was supplied by Brazilian
Pharmacopoeia. Anidulafungin (Ecalta®) was purchased from Pfizer® and each
1.0 g of injectable product contains 100 mg of anidulafungin. Terbinafine
hydrochloride (100,0%) and amphotericin B (972 ug.mg™) were kindly supplied
by Cristalia® (Brazil). Methanol (Tedia®, HPLC grade) and water filtered through
a Milli-Q purification system (Millipore®) were used for HPLC mobile phase
preparation. RPMI 1640 medium containing L-glutamine and without sodium
bicarbonate - Sigma-Aldrich Co., St Louis, MO, USA - buffered to pH 7.0 with
MOPS buffer (Sigma®).
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Isolates

The set of isolates included yeasts: C. albicans, C. krusei, C. glabrata, C.
tropicalis, C. parapsilosis, Cryptococcus neoformans, T. asahii, and
dermatophytes: T. rubrum, T. mentagrophytes, M. canis and M. gypseum, from
the culture collections of the Laboratory of Applied Mycological Research -

Federal University of Rio Grande do Sul.

Inoculum preparation

Inoculums were prepared according to M27-A3 and M38-A2 documents
determined by the Clinical Laboratory and Standards Institute (CLSI, 2008a, b).
Briefly, stock filamentous fungi inoculum suspensions were prepared from 7-day
cultures grown on potato dextrose agar (Oxoid) and adjusted in sterile saline
0.9% spectrophotometrically to optical densities that ranged from 0.085 to 0.100
(approximately 80 to 82% transmittance) and diluted (1:50) in RPMI 1640 with
MOPS buffer (RPMI-MOPS). Yeasts were grown on Sabouraud Dextrose Agar
(Oxoid) for 48 h at 35 °C and standardized to the turbidity of a 0.5 McFarland
standard and diluted 1:50 in saline followed by dilution 1:20 in RPMI-MOPS.

Microdilution assay

Minimal inhibitory concentration (MIC) values were determined by broth
microdilution using the twofold dilution method according to the CLSI guidelines
with RPMI-MOPS. Monoterpenes (CIT, GOL and NOL), isomers of citral (GAL
and NAL) and antifungal drugs (miconazole (MCZ), terbinafine hydrochloride
(TBF), anidulafungin (AFG) and amphotericin B (AMP)) were tested in the range
of 0.25 to 128 pg.mL?t. Afterwards, 100 pL were inoculated into all but the
negative control of a flat-bottom 96-well microtiter plate with a range of each
drug concentration. The microplates were incubated for 48 h at 35 °C for the
yeast fungi and dermatophytes were incubated for seven days at the same
temperature. All assays were tested in triplicate. The MIC was defined as the
lowest concentration of compounds at which the microorganism tested did not

demonstrate visible growth.
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Minimal Fungicidal Concentration

The minimal fungicidal concentration (MFC) was determined by sub-
culturing volumes of 10 pl from wells without visible grown in SDA with
Cloranfenicol (Difco, Detroit, USA) and incubated at 35 °C for 48 h for the yeast
fungi and for 7 days for dermatophytes. Minimum fungicidal concentration

(MFC) was defined as the lowest concentration yielding negative subcultures.

Mechanism of action

Sorbitol protection assay: MIC values were determined using T. assahii TAH10,
by the standard broth microdilution procedure described above. Duplicate plates
were prepared: one of them containing two-fold dilutions of AFG (positive
control), CIT, GOL or NOL from 1 to 256 ug.mL™" and the other one, containing
the same concentrations plus 0.8 mol.L™" sorbitol. MICs were determined at 2

and 7 days.

Ergosterol Effect Assay: MIC of AMP (positive control), CIT, GOL or NOL
against T. assahii TAH10 was determined following the guidelines of CLSI as
explained above, in the absence and in the presence of different (50-250
ug.mL™") concentrations of ergosterol added to the assay medium, in different
lines of the same microplate. MIC was determined at 24 h according to the

control fungus growth and confirmed after 48 h.

Purification of Citral Isomers

Citral isomers (GAL and NAL) were obtained from citral solution
(10 mg.mL) purified by High-performance liquid chromatography (HPLC).
Purification was performed in an Agilent instrument (serie 1200) using a
reversed phase ACE® RP18 column (250mm x 4 mm, 5 um particle size). The
system was set with mobile phase consisting of methanol and water (67:33,
v/V), injection volume 50 pL, and flow rate 1.4 mL.min"t. The citral isomers were
monitored with detection at 254 nm and the apex peak of each isomer was
collected separately in glass tubes. The purified isomers were subsequently
quantified with the same HPLC method (detection at 240 nm). NAL and GAL
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obtained by purification were diluted with water to a concentration of
256 ug.mLt. Thus, the initial concentrations of GAL and NAL in the
microdilution test were 128 pg.mL* with less than 7% methanol.

Statistical analysis

Statistical analysis was carried out with the Prism 5 for Windows
(GraphPad software®). MIC data were employed to compare the activity of the

antifungal agents by Friedman Test (a =0.05).

Results and Discussion
Antifungal Activity and Synergism

Yeasts isolates tested in this study exhibited differential sensitivity
towards volatile oils and antifungal drugs (Table 5.2). CIT was more active
against C. neoformans and T. asahii. Furthermore, CIT showed lower MIC
against Candida species than its isolated isomers. The median MIC results of
GOL and NOL against yeasts were not impressive, especially for Candida
species. It should be mentioned that all yeast strains were susceptible to CIT in
the concentration range evaluated (0.25 - 128 pg.mL?). AFG, MCZ and TBF

were employed as control and only MCZ has good results for C. neofarmans.

For isolates of dermatophytes, the monoterpenes have their main activity
against T. rubrum which in turn is most responsible for onychomycosis (Nazar
et al., 2012; Thomas et al.,, 2010). Microsporum species infect animals more
than humans, but reports demonstrate that dogs and cats can be involved in
transmitting these microorganisms to man (Grills et al., 2007; Segundo et al.,
2004). CIT was the most active monoterpene against Microsporum strains.
AFG, in most of the dermatophyte strains, had no activity and its greatest
activity could be achieved only for yeasts. TBF was the only control that showed

activity against all the dermatophyte strains tested.

For more than 90% of the strains tested, MFC was two to four times

greater than the MIC for yeasts and equal to or twice the dermatophytes. These
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results confirm the fungicidal effect of monoterpenes and suggest that they are

more effective against dermatophytes.

Figure 5.1 summarizes the effects of different substances against
dermatophytes and yeasts. The AFG and MCZ were the most active antifungals
against yeasts. Citral was the only monoterpene in which MIC did not differ
statistically from AFG and MCZ. CIT was active at the concentrations tested

against all strains of yeast and dermatophytes.

MCZ and TBF showed low values of MIC for the dermatophytes tested.
The monoterpenes were more active against dermatophytes than yeasts.
Again, CIT was not statistically different when compared to the antifungal
controls (MCZ and TBF in this case). GOL and GAL had intermediate activity,
similar to CIT in many strains. Furthermore, we found that the trans isomers
(GOL and GAL) were more active than cis (NOL and GOL). The better activity
of trans isomers can be related to their structures that are more linear than
those observed for cis isomers (Rungsardthong Ruktanonchai et al., 2011;
Weisheimer et al., 2010). This conformational property makes the transport of
trans isomers across the cell wall easier and can lead to higher concentrations

in cellular membrane and inside the cell.
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Figure 5.1. MIC Box plot of monoterpenes and antifungals against (a)
yeast and (b) dermatophytes. Substances were compared using the
Friedman test (nonparametric test for paired/matched data and Dunn’s
post test to compare all substances). When the substance showed MIC >

128 pg.mL1, MIC = 256 ug.mL* was used for statistical purposes.
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Table 5.2. Susceptibility of Yeast and Dermatophytes against monoterpenes and antifungal drugs. Median MIC in pg.mL*
(the results in brackets represent the maximum and minimum MIC for each specie).

Dermatophytes Yeasts
T. rubrum me-r:.tha M. canis gypl\sﬂéum C. albicans C. Krusei C.glabrata C. tropicalis parags.,ilosi as;re.lhii neo%rmb
(n:5) a (n:3) (n:4) (n:3) (n:3) (n:3) (n:3) (n:3) s (n:3) (n:3) (n:2)
NAL 32 128 80 >128 >128 >128 64 >128 >128 128 17
(128,16)  (128,16) (>128,32) (>128,32) (>128,>128) (>128,>128) (>128,32) (>128,>128) (>128,128) (>128,64) (32,2)
GAL 8 32 48 32 >128 >128 64 >128 64 128 8.5
(128,2) (64,8)  (128,16) (>128,16)  (>128,>128) (>128,64) (64,64) (>128,128)  (>128,32)  (128,64) (16,1)
cIT 4 32 48 16 64 64 64 64 64 32 12
(64,2) (128,2)  (64,16) (128,1) (128,64) (64,64) (128,64) (128,64) (128,64) (64,32) (16,8)
NOL 64 128 128 128 >128 128 >128 >128 128 64 128
(64,32) (128,64) (128,128)  (128,1) (>128,128) (128,128)  (>128,128)  (>128,128) (128,64)  (128,32)  (128,128)
GOL 64 32 40 128 >128 128 >128 128 128 128 72
(64,2) (64,32) (64,1) (128,1) (>128,128) (128,64) (128,32) (128,128) (128,64) (128,32) (128,16)
AFG >128 >128 >128 >128 <0.3 <0.3 <0.3 0.5 2 4 128
(>128,4)  (>128,4) (>128,4) (>128,1) (<0.3,<0.3) (<0.3,<0.3)  (<0.3,<0.3) (2,<0.3) (2,<0.3) (>128,1)  (>128,0.5)
MCZ 0.5 <0.3 0.5 4 8 0.5 0.5 4 2 <0.3 1.1
(0.5,<0.3) (2,<0.3) (32,<0.3) (»128,0.5) (8,<0.3) (32,<0.3) (4,<0.3) (32,2) (2,<0.3) (4,<0.3) (2,<0.3)
TBF <0.3 2 0.5 <0.3 >128 >128 >128 >128 1 4 130
(<0.3,<0.3) (4,<0.3) (4,<0.3) (0.5,<0.3) (>128,1) (>128,8) (>128,16) (>128,>128) (4,1) (8-1) (>128,4)

a T, menthagrophytes; b C. neoformans.
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These results clearly demonstrate that the monoterpenes are more toxic
to dermatophytes than to yeasts. CIT was the most active monoterpene and
there are indications of synergism among its isomers. Since CIT is composed of
two isomers and these were evaluated individually, the fractional inhibitory

concentration index (FICI) can be calculated by equation 1.

YMICor  YMIC
FICI = 2—=CIT | 2~ ~cIT Eq.1
MICyy | MICgn,

CIT had showed MIC lower or equal to 128 ug.mL* for all strains tested
in this study. For this reason, when NAL or GAL had MIC higher than
128 pg.mL%, 256 pg.mL* were used with no risk of underestimating FICI.

Figure 5.2 shows counting the FICI results for the 35 strains tested in this
study. Synergism could be defined as FICI < 0.5. Indifference was defined as
0.5 < FICI < 4, whereas antagonism was defined when FICI was > 4 (Mukherjee
et al., 2005). For most strains (55%) synergism was found between isomers of
citral. Furthermore, in no case antagonism was observed. Thus, a mixture of
monoterpenes may be an alternative for improving antifungal activity. Indeed, a
synergistic effect can be expected for oils extracted from plants, because these

are mixtures of different compounds.

20+ 55%

15
34%

10+

54 11%

Number of Strains

0

5 0 0
e\ o FC & e\

FIGURE 5.2. Synergism evaluation among CIT isomers. FICI 0.5 indicates

synergism.

Finally, the volatile oils are studied for a long time due to their

antimicrobial properties. Among the volatile oil extracts with antifungal activity
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are highlighted those containing CIT and GOL. In this study we are not able to
differentiate these substances statistically by their antifungal effect, especially
for dermatophytes. However citral showed the largest spectrum among the
compounds, in accordance with reports that usually had better results for
extracts containing CIT. GOL also had great results, even better than CIT in

some cases.

Mechanism of action

The Sorbitol Protection Assay (Frost et al., 1995) was performed to test
the effect of monoterpenes on the integrity of the fungal cell wall. In this assay,
MIC determinations were conducted with and without 0.8 mol.L™" sorbitol. It is
expected that the MIC of a compound that damages the cell wall will shift to a
much higher value in the presence of the osmotic support, because sorbitol is
an osmotic protectant used for stabilizing fungal protoplasts. T. assahii was the

microorganism test and AFG the positive control.

The positive control had MIC increased by the presence of sorbitol (Table
5.2). However, after seven days of incubation, there was no increasing on the
MIC of monoterpenes. This suggests that CIT, GOL and NOL would not act by
inhibiting the mechanisms of controlling cell wall synthesis or assembly. In
addition, morphological analysis of the microorganism not treated with any
antifungal showed perfect yeast cells in reproduction (Figure 5.3). Cells treated
with AFG and sorbitol, after seven days, are viable and recover their growth, but
dysmorphic cells still occur due to damage to the wall cell.

Table 5.2. MIC values (ug.mL?') of monoterpenes and anidulafungin

against T. assahii TAH10 in the Sorbitol Protection Assay.

No sorbitol Sorbitol 0.8 mol.L*
Drug Day 2 Day 7 Day 2 Day 7
AFG (control) 1 1 1 128
CIT, GOL and NOL 32 32 32 32
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Figure 5.3. Optical microscopy of T. assahii after 7 days of incubation in

culture medium (a) no antifungal, (b) medium with AFG and sorbitol.

To determine if monoterpenes damage the fungal membrane, the assay
based on the effect of exogenous ergosterol was performed. This test detects if
a compound binds to ergosterol. The affinity of a molecule to ergosterol can be
established by determining the MIC in the presence of exogenous ergosterol in
the extracellular media. If the compound has affinity to ergosterol, it will rapidly
form a complex, preventing the cellular membrane from interacting with
ergosterol. Consequently the observed MIC is increased. Amphotericin B is
used as a positive control in this test and increasing MIC confirms that the
compound interacts with ergosterol.

In our study we employed T. assahii in the “Affinity Ergosterol Assay”,
because a especific isolate strain showed the same MIC for CIT, GOL e NOL
(32 pg.mL1). Amphotericin B (AMP) had a MIC of 0.125 ug.mL™* for this same
strain. All substances had their MIC increased since larger amounts of
exogenous ergosterol were added to medium (Figure 5.4). When 200 ug.mL™* of
ergosterol was in the medium MIC for monoterpenes had increased five-fold
(MIC = 160 pg.mL?). There was an affinity of AMP to ergosterol and in
200 ug.mL* of ergosterol there was no more inhibition of AMP. This is probably
due to the low concentrations of AMP and the large relative concentration of
ergosterol.
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Figure 5.4. Effect of exogen ergosterol (50-250 pug.mL™") on the MIC of
monoterpenes (CIT, GOL and NOL) and amphotericin B (AMP) against
T. assahii TAH10.

The mechanism of action of AMP is associated with effects on the fungal
cell membrane through interaction with ergosterol. The specific interaction of
AMP with ergosterol determines the formation of pores in the membrane that
leads to changes in cell permeability and fungicidal effect, since it allows the
output of intracellular metabolites and ions essential for cell survival. Inside the
cell, AMP can act as a pro-oxidant and induce the accumulation of reactive
oxygen species. However, it is possible that this effect requires prior interaction
with intracellular ergosterol. Because reactive oxygen species are the products
of the respiratory chain, one can not rule out the influence of AMP on
mitochondrial activity. The accumulation of free radicals has a deleterious effect
on essential components such as membrane proteins, DNA and mitochondria

leading to cell death (Mesa-Arango et al., 2012).

Park et al. (2009) reported the effect of citral at the cellular level in strain
of T. menthagrophytes employing the Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM) techniques. The authors found
reduced thickness and the presence of discontinuities in the cellular membrane,
concluding that the membrane was degraded. The results with high

concentrations of terpenes (citral, eugenol, nerolidol and a-pinene) also show
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the breakdown of the cell membrane and, moreover, the abnormal structure of

mitochondria.

The positive results on the “Affinity Ergosterol Assay” and the other
reports on the subject lead us to postulate that the mechanism of action of the
monoterpenes tested (CIT, GOL and NOL) is related to the destabilization of the
cell membranes by interaction with ergosterol. Since the formation of pores in
the cell membrane was not investigated, it can only be said that monoterpenes
may act by modifying structural and thermodynamic properties of the lipid

bilayer.

Conclusion

A serie of monoterpenes including CIT, NAL, GAL, NOL and GOL were
evaluated for their antifungal activity with CLSI reference assays against 11
species of pathogenic fungi. Based on MIC results it was verified that
monoterpenes are more active against dermatophytes than yeasts. CIT and
GOL were the most active monoterpenes against dermatophytes. The trans
isomers had a lower MIC than the cis. Synergism among NAL and GAL was
established in over half of the strains tested. The monoterpenes showed affinity

for ergosterol relating their activity to cell membrane damage.
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6.1 Introducéo

O método comumente empregado para andlise de Oleos volateis é a
Cromatografia Gasosa (CG) com deteccédo por lonizacdo de Chama (DIC) ou
Massas (MS). O indice de Kovats associado ao tempo de retencéo é utilizado
para identificagdo dos componentes dos 0leos volateis, bem como os espectros
de massa dos picos cromatograficos (BRASIL, 2010; BASSOLE et al., 2011;
OMAR et al., 2011;).

Alteragbes estruturais de substancias termolabeis geralmente sé&o
negligenciadas, porém podem ocorrer devido a alta temperatura do injetor na
CG ou por catalise de superficies ativas das colunas cromatograficas. Além
disso, a analise por CG em produtos com matriz contendo agua, como cremes,
pode ser problematica requerendo varias etapas de processamento (TUREK &
STINTZING, 2011).

A andlise de Oleos volateis por Cromatografia Liquida (LC) associada a
deteccdo no UV vem ganhando espagco e se mostra como uma alternativa a
técnica de CG. Os tempos de retencdo associados aos espectros de UV séo
empregados para identificacdo dos componentes dos 6leos volateis (RAUBER
et al., 2005; VILLA et al., 2007; TUREK & STINTZING, 2011).

Apesar do carater lipofilico dos Oleos volateis, o uso da LC em fase
reversa (RP) é facilmente empregado utilizando mistura de solventes organicos
com agua. A mistura dos isdbmeros do citral empregando RP-LC é obtida com
tempos de andlise inferiores a 10 min (WEISHEIMER, 2008; WEISHEIMER et
al., 2010).

A avaliacdo da estabilidade de substancias ativas € altamente
especializada e complexa por natureza. Esta avaliacdo em diferentes
condi¢cOes favorece a preparacdo de formulacdes e, também, a definicdo de
cuidados que devem ser tomados durante 0 manuseio e armazenagem
(CARSTENSEN; RHODES, 2000).

Isbmeros geométricos podem se interconverter através de reacodes
reversiveis chamadas isomerizagdo cis-trans. Estas envolvem rotagédo de 180°

sobre a liga dupla C=C (Figura 6.1) e comumente sdo ativadas por calor e luz
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(ALBINI, FASANI, 1998; SALTIEL, SUN, 2003). Em solucdes aquosas o pH
também pode exercer influencia na velocidade de converséo cis-trans (SHOJI
et al., 2007).

Geranial Neral

Figura 6.1. Isbmeros do citral e a rotacdo de 180° em torno da liga dupla.

Estudos demonstram que formulacfes contendo citral sdo suscetiveis a
perda de teor por volatilidade (SILVA, 2005; WEISHEIMER, 2008) e
degradacdo em meio acido (KIMURA et al., 1983; UENO et al., 2004; CHOI et
al., 2009).

O objetivo deste estudo foi validar método analitico por LC-UV para
determinacao da estabilidade dos isémeros do citral em solu¢des tamponadas
com diferentes pH e presenca e dispersao por meio de creme ao qual o citral

foi incorporado como fase oleosa.

6.2 Materiais e Métodos

Reagentes

Os reagentes empregados foram: methanol Tedia® (Fairfield, EUA),
etanol e acetona Merck® (Darmstadt, Germany) e agua ultrapura obtida por
sistema de filtracdo Milli-Q Plus® (Millipore, Bedford, EUA). Citral padrdo
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adquirido da Aldrich® (Saint Louis, EUA), lot S22116, com pureza determinada
de 97,1% (49,5% de geranial e 47,6% de neral).

Condi¢des Cromatograficas

As solucdes analisadas por LC-UV foram previamente filtradas com filtro
de membrana Milipore® Milex HN Nylon, com abertura de poro nominal de

0,45 um e corpo de polietileno de 47 mm de diametro interno.

Para a realizacdo das andlises utilizou-se cromatografo a liquido, marca
AGILENT, modelo 1200 Series, equipado com bomba de fluxo G1311A, injetor
automatico G1329A, termostato G1330B, desaerador G1322A, detector de
arranjo de diodos G1322A e operado pelo programa Agilent ChemStation®. As
condi¢cdes cromatograficas utilizadas na validacdo estdo resumidas na Tabela
6.1.

Tabela 6.1. Condi¢cGes cromatograficas utilizadas na validacao de método
por LC-UV para determinacao de citral em solucdo e em cremes.

Parametro Descricao
Fase movel (FM) Metanol: 4gua (70:30)
Vazao 1,2 mL/min
Coluna ACE® C18 (250 mm X 4 mm, 5 pm)
Deteccéo Quantificagdo em 240 nm.
Temperatura do forno 30°C
Volume injetado 20 uL
Programa Agilent Aquisicao, tratamento e apresentacao dos
Chemstation B.02.01 resultados

Os seguintes parametros de desempenho analitico foram avaliados a fim
de garantir os resultados obtidos pelo método de LC-UV para quantificagdo dos
isbmeros do citral: especificidade, linearidade, precisao, exatiddo e robustez
(BRASIL, 2003; ICH, 2005).
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Especificidade

A especificidade do método foi avaliada através da verificacdo da

influéncia do creme base na andlise do neral e geranial.

Linearidade

A linearidade foi realizada através da andlise da curva padrdo obtida a
partir dos resultados das areas dos picos de neral e geranial com
concentracfes crescentes. Foram utilizadas 5 concentracfes crescentes de

citral padréo correspondentes a faixa de 10 — 30 ug.mL* para cada isdmero.

Precisao

A precisdo foi determinada através da repetibilidade e da precisédo
intermediaria. A determinacdo da repetibilidade foi realizada por meio da
determinacdo do DPR de sete amostras do creme contendo citral e a precisdo
intermediéaria foi avaliada a partir da determinacdo do DPR entre os resultados
obtidos em dois dias de analise empregando dois analistas. As amostras foram
preparadas conforme descrito a seguir. Pesar, individualmente, 350 mg de
creme (contendo 3% de citral (p/p)). Adicionar e homogeneizar,
sucessivamente, 3 por¢cdes de 0,5mL de agua, evitando a formacdo de
grumos. Adicionar mais 2 mL de agua e homogeneizar. Transferir a mistura
para BV 50 mL. Adicionar e agitar, sucessivamente, 3 por¢cdes de 5 mL de
metanol. Completar o volume com metanol. Filtrar por papel filtro. Transferir
2 mL para BV 10 mL e completar o volume com metanol 70% (v/v). Filtrar a

amostra com filtro 0,45 um.

Exatiddo

A exatiddo foi avaliada por meio do método de adi¢do de citral padréo a
amostra de creme base. Foram realizados 5 niveis de concentracdes

diferentes, com duas réplicas para cada nivel, contemplando o intervalo linear.
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Robustez

A robustez foi avaliada por meio da determinacdo da influéncia de
variacdes deliberadas nos parametros cromatograficos (fatores) considerados
criticos para quantificacdo dos isdmeros do citral — pH da fase movel, %da fase
organica, temperatura do forno, coluna, vazao e comprimento de onda (Tabela
6.2).

Tabela 6.2. Fatores e niveis empregados no teste de robustez.

Fatores Nominal Limites Nivel (-) Nivel ( +)
pH 6,0 1,0 5,0 7,0
Metanol (%) 70 2 68 72
Forno 30 2 28 32
Colunas ACE - ACE Hypersil
Vazdo (mL.min?) 1,2 0,1 1,1 1,3
Comp. onda (hm) 240 2 238 242

O efeito dos fatores foi obtido empregando desenho factorial fracionado
— Placket-Burman (11 fatores e 12 experimentos). Cinco fatores dummy foram
incluidos para completar o experimento e foram empregados para estimar o

erro experimental (Tabela 6.3).

Tabela 6.3. Desenho factorial fracionado de Placket-Burman.
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Os efeitos dos fatores séo calculados da seguinte forma:

c XY YO

" N/2 N/2

Equacéo 6.1

onde Ex é o efeito do fator em analise; Y Y(+) e > Y(-) sdo a soma das respostas
onde x (fator) esta nos niveis extremos (+) e (-), respectivamente; e N € o

namero de experimentos do desenho experimental.

A estimativa do erro do experimento (Ee) é obtida pela seguinte férmula:

E = ZEdzummy

¢ n

erro

Equacéo 6.2

Onde Y E%qummy € a soma quadrada dos Nerro dummy.

Finalmente, pode-se determinar a significancia dos fatores através da

realizacdo do teste t-Student, da seguinte maneira:

t S Equacéo 6.3

O valor tcac Sera comparado com teriico bicaudal para a=0,05 e nero graus
de liberdade. Alternativamente, pode-se estimar o valor critico (Ecrit) para

determinacao da significancia estatistica dos efeitos com a seguinte equacao:

E t . xE Equacéo 6.4

crit — ‘it e

Preparacao do Creme Base

As matérias-primas empregadas na preparacdo do creme base para
incorporacao do citral estéo listadas na Tabela 6.4. As fases oleosa e aquosa
foram aquecidas a 75 °C e, entdo, a fase aquosa foi vertida sobre a fase
oleosa, lentamente e sob agitacdo. A agitacdo foi mantida e quando a
temperatura encontrava-se abaixo de 45 °C o citral foi incorporado a

formulacdo. Parte da formulagdo, sem adicdo de citral, foi separada para
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estudo da especificidade e exatiddo do método analitico. O creme obtido foi

acondicionado em bisnaga de polipropileno.

Tabela 6.4. Substancias empregadas na preparacédo do creme base.

Substancia Peso (9)
Alcool Cetoestearilico Etoxilado P 2,75
MEG P 3,00
Polissorbato 80 @ 1,00
Alcool Cetilico P 4,00
Alcool Estearilico P 2,50
Miristato de Isopropila ® 3,00
Imidazolinidiluréia 2 0,10
BHTP 0,20
EDTA Na? 0,05
Agua 87,8

a fase aquosa; P fase oleosa.

Purificacdo dos isbmeros

Para purificagdo dos isémeros foram injetados 40 uL de solugao de citral
a 6,0 mgmL?' Foi utilizada a mesma coluna cromatografica citada
anteriormente, poréem a fase mdvel empregada foi metanol: agua (66:34, v/v)
para se obter melhor resolucdo entre os picos dos isdmeros. Estes foram
monitorados em 254 nm e somente os apices dos picos foram coletados.

Estabilidade

Solugcbes contendo os isbmeros do citral purificados por LC foram
diluidos com tampéo fosfato (10 mM) em diferentes pH (4,0; 5,0; 6,0; 7,0 e 8,0).
As solucbes obtidas foram acondicionadas em frascos de polipropileno e
mantidas a 6, 18 ou 30 °C. Estas soluc¢des foram analisadas no tempo 0, 9 e 30
dias. Amostras do creme e de citral em etanol 95% (v/v), etanol 70% (v/v) e
acetona, foram mantidos sob refrigeracéao (6 °C) e avaliados nos tempos 0, 9,
30 e 60 dias.
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6.3 Resultados e Discussao

A Figura 6.2 apresenta o cromatograma do creme base e da amostra de
creme contendo citral. E possivel verificar a auséncia de sobreposicdo de
picos nos tempos de retencdo do neral e geranial. Além disso, ndo foram
detectadas impurezas na andlise dos picos dos isdbmeros do citral, sendo que

ambos apresentaram indice de pureza igual a 1,000.
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Figura 6.2. Cromatogramas em 240 nm do creme base (a) e do creme

contendo citral (b) com avaliacdo das purezas dos picos do neral e
geranial.

A Tabela 6.5 apresenta o resumo dos resultados dos parametros
linearidade, precisao e exatiddo. A excelente correlacdo entre a area do pico e
concentracdo dos isdbmeros, a baixa variabilidade verificada dentro e entre os
dias de andlise em ensaios com a amostra realizados por diferentes analistas e
os valores de recuperagdo proximos a 100% confirmam que o método possui

linearidade, precisdo e exatidao.
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Tabela 6.5. Resumo dos resultados da Linearidade, precisao e exatidao.

Parametro Neral Geranial
Linearidade
Equacéo (r?) y=88,57x+4,39 (0,9984) y=96,01x+2,95 (0,9991)
Andlise dos residuos Sem tendéncias e sem outliers
Preciséo
Média Dia 1 (DPR) 1,42% (1,50%) 1,47% (1,64%)
Média Dia 2 (DPR) 1,41% (0,68%) 1,55% (0,75%)
fr&‘ggio(g‘;e%”edié”a 1,41% (1,12%) 1,51% (2,56%)
Exatidao
Média (DPR) 99,9% (1,36%) 99,1% (1,51%)
Intervalo Confianga (95%) 99,0 -100,8% 98,0 - 100,2%

r2 — coeficiente de determinacéo; DPR — Desvio Padrdo Relativo

A Figura 6.3 apresenta os efeitos percentuais dos fatores na
quantificacdo dos isébmeros do citral no teste da robustez. Nenhum fator
avaliado foi significativo na quantificacdo dos isdbmeros, mesmo considerando
gue o efeito critico foi muito baixo para ambos. Estes resultados confirmam que

0 método é robusto com relacdo aos fatores cromatograficos testados.

Neral Geranial
Comprimento de onda
Fluxo
Coluna
Temperatura Forno

Fase orgénica

-0,05 pH

-0,6 -04 -0,2 0 02 04 0,6 04 03 02 -01 0 0,1 02 03 04

Percentual Effect Percentual Effect

Figura 6.3. Efeito dos fatores avaliados no teste de robustez na
quantificacdo dos isbmeros do citral.

A Figura 6.4 relaciona o0s parametros cromatograficos (resolucao,
assimetria, pratos teoricos e fator capacidade) e os fatores considerados

significativos. O dnico fator significativo para todos o0s parametros
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cromatograficos foi a coluna. Isto confirma que a reprodutibilidade do método
ndo é garantida pela mesma especificacdo de coluna, apesar de neste caso as
colunas terem se mostrado robustas para quantificacdo. A resolucéo foi
influenciada pela quantidade de fase organica na fase movel e a medida que se
aumenta a porcentagem de metanol diminui a resolucdo entre os picos dos
isbmeros. A vazao da fase movel ndo apresentou efeito significativo no fator
capacidade, enquanto que em temperaturas mais altas este parametro foi

reduzido, verificando-se reducao no tempo de retencdo dos isdmeros.

Resolugiao %2 Assimetria

- 0.020
035 Eerit = 0.02 0,020

0,020

0.019
0,013

0,013

-0.1 0.018
0013

01
0,013
0,05 -0.03

Faze Organica Coluna Temperatura Fluxo Coluna (Cis) Fase Orgdnica (Cis) Fase Orgénica (Trans)

°

-3000 Pratos Teéricos 08 Fator Capacidade
-2657 —0.79

-2500
-2000

1500

-1000

B . l
0 Fase Organica coluna Temperatura Fase Organica  Coluna Temperatura
(s (trans) v trans

Coluna (cis) Fluxe (Cis) Coluna (trans) Fluxo (trans) ) (cis) (cis)

Figura 6.4. Efeitos dos fatores nos parametros cromatogréficos.

A adequabilidade do sistema cromatografico é importante durante o uso
do método na rotina e na obtenc¢éo de resultados confidveis e reprodutiveis. Os
fatores que apresentaram resultados significativos para o0s parametros
cromatograficos foram novamente testados para determinacao dos seus limites
de aceitacdo. Os niveis e fatores avaliados, assim como os limites

estabelecidos para cada parametro encontram-se na Tabela 6.6.
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Tabela 6.6. Relacdo dos resultados extremos encontrados para 0s
parametros cromatograficos no teste de robustez e os limites de
aceitacao estabelecidos experimentalmente.

Parametr . Fator nivei levam
arametros Neral Geranial atores (niveis) que levam aos casos
cromatograficos extremos

Resolucéo (menor Coluna (+); Fase organica (+); Temperatura

resultado) 2,05 do forno (+); Fluxo (+)
Assimetria (maior . A

resultado) 1,22 1,21 Coluna (+)*; Fase Orgénica (+)
Eficienciadacoluna 1,157 19359 Coluna (+): Fluxo (+)

(menor resultado) '

Fator capacidade 3.05 3.34 Coluna (-); Fase organica (+); temperatura

(menor resultado) do forno (+); pH (-); fluxo (+)

* fator e nivel significativo somente para o pico do neral. No restante dos fatores verificou-se
influéncia para ambos os picos (neral e geranial).

Os limites cromatogréficos estabelecidos experimentalmente
encontram-se de acordo com os valores preconizados pela literatura (CDER,
1994; SHABIR, 2003). Assim, os valores dos parametros cromatograficos
presentes na Tabela 6.6 devem ser considerados como limites durante o uso
do método na rotina (adequabilidade do sistema). Este cuidado garante que 0s
resultados de identificacdo e quantificacdo obtidos em analises posteriores

estejam em acordo com as condicfes em que o método foi validado.

Solucdes contendo neral ou geranial purificados, em concentracdes
iniciais aproximadas de 30 pg.mL?, foram submetidas a diferentes pH
(diluigbes com tampédo fosfato na faixa de 4,0-8,0) e acondicionadas em
incubadora refrigerada a 18 °C, além disso, solucbes em &gua foram
acondicionadas em diferentes temperaturas (6, 18 ou 30 °C) para avaliagao de
sua estabilidade. Durante o estudo foram quantificados o geranial e neral e os
produtos de degradacéo foram calculados por diferenca do percentual inicial
(100%).

A andlise da estabilidade do geranial (Figura 6.5) permite verificar que
em solucdo aquosa o geranial rapidamente é degradado. Além disso, em pH
6,0 foi observada menor degradacao no tempo 30 dias em relacdo aos outros
pH avaliados.
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Figura 6.5. Estabilidade do geranial em diferentes pH. Cada ponto é média
de trés determinagdes.

Para o neral resultados semelhantes ao verificado para o geranial foram
observados (Figura 6.6). Isto pode ser explicado pelas propriedades fisicas e
guimicas semelhantes dos isémeros, incluindo sua reatividade. Mais uma vez
se verificou intensa degradacédo e, no caso do neral, os pH 6,0 e 8,0 foram
onde a degradacao foi menor. Estes resultados estdo em acordo com outros
estudos de estabilidade com o citral que demonstraram a instabilidade em meio
acido do citral (KIMURA et al., 1983; UENO et al., 2004; CHOI et al., 2009).
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Figura 6.6. Estabilidade do neral em diferentes pH. Cada ponto é média de
trés determinagdes.

A Figura 6.7 apresenta o cromatograma do neral em pH 4,0 nos tempos
0 e 30 dias. Verifica-se a degradacédo do neral e estabilizacdo da quantidade
geranial. Nao foi verificada a presenca de outros picos em analises com 60 min
de corrida nos comprimentos de onda de 200, 205, 210, 225 e 240 nm. Isto
indica a formacdo de produtos sem grupamentos cromoforos ou sem
absortividade significativa. Deve-se considerar também que, com 30% de agua

na fase moével substancias, como o mirceno, ficam retidas na coluna.

mAT
375 .0 4

275 .0 4
225.0 -

175.0 4

Heral _
J —, Geranial
75.0

25.0 4 b)

—25.p 14l . ,
a 2 4 5 B 10 12 min

Figura 6.7. Cromatograma em 240 nm de solucdo de neral em pH 4,0 no
(a) tempo zero e (b) apds 30 dias de acondicionamento a 18 °C.
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A Figura 6.8 apresenta o perfil de degradacdo do geranial e neral em
funcdo do tempo em diferentes temperaturas de acondicionamento.
Considerando que a volatilizagdo foi minimizada empregando frascos
herméticos cheios de solucdo, pode-se verificar que a medida que a
temperatura aumenta maior degradacao € observada. Nota-se que o perfil da
curva a 30 °C demonstra rapida degradacdo dos isdbmeros em meio aquoso,

enquanto que a 6 °C a curva possui uma queda menos acentuada.
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Figura 6.8. Estabilidade do geranial e neral em diferentes temperaturas.
Cada ponto é média de trés determinagdes.

Diferente das solu¢cfes aquosas, as solu¢cdes em solventes organicos e o
creme apresentaram melhores resultados com relagdo a estabilidade dos

isdmeros do citral (Figuras 6.9 e 6.10).
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Figura 6.9. Estabilidade dos isdmeros do citral em diferentes solventes e

no creme, mantidos a temperatura de 6 °C. Cada ponto é média de duas

determinacdes.

A acetona ndo se mostrou como um bom solvente, ja que, em média 50%

do citral foi degradado em 60 dias. O creme apresentou baixa degradacao até

30 dias, porém na analise em 60 dias havia degradado praticamente 15% do

citral. Etanol 95% apresentou maior degadacao para o neral do que para o

geranial com degradacgao levemente superior a 15% em 60 dias. O etanol 70%

foi o solvente com melhores resultados. O geranial praticamente manteve-se,

em termos de concentracdo, e o neral teve uma leve queda. A quantidade de

citral, ap6s 60 dias, foi superior a 95%.
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Figura 6.10. Cromatograma em 240 nm do citral no tempo zero
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dias de acondicionamento a 6 °C, nas diferentes solucdes e no creme de
citral. a) Etanol 95%; b) Etanol 70%; c) Acetona; d) Creme.
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6.4 Conclusao

A utilizacdo da LC-UV para quantificacdo dos isdbmeros do citral € uma
alternativa a técnica de CG para formula¢gdes que contém altos teores de agua.
O método por LC-UV validado possui preparacdo simples e répida das
amostras de creme, € reprodutivel e exato, e permite a analise individual dos

isdmeros com pequenos tempos de analise.

O neral e geranial em meio aquoso sdo suscetiveis ao processo de
iIsomerizagao, independentemente do pH e temperaturas avaliadas. O citral
apresentou estabilidade quando mantido a 6 °C em etanol 70% por pelo menos
60 dias.
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7.1 Introducéo

Atualmente, os parametros de desempenho analitico necessarios para as
diferentes categorias de testes e seus requisitos gerais sdo bem entendidos.
No entanto, h4 uma tendéncia para o uso indevido das guias de validacdo de
métodos analiticos como uma lista de caracteristicas que sdo automaticamente
aplicadas, levando a uma rapida validacdo. Porém, existe o risco de se tomar
decisbes incorretas devido a escolha equivocada ou pouca compreensao do
método. Como o0s ensaios analiticos integram todo processo de
desenvolvimento e controle de farmacos, procedimentos inapropriados podem
conduzir, por exemplo, a decisGes erradas, repeticdo de trabalho (resultados
fora das especificacfes) e atrasos. Consequentemente, o planejamento dos
ensaios e a avaliacdo dos resultados devem se ajustar ao procedimento
analitico em estudo, para que se tenha a compreensao da sua performance
real. SO6 assim, pode-se comprovar a obtencdo de um procedimento
“apropriado para a finalidade pretendida” (ERMER, 2001).

A cromatografia a liquido associada a detectores de arranjo de diodos
(DAD) é uma técnica potente, pois alia a precisdo e reprodutibilidade da técnica
de UV a possibilidade de obtencdo de espectros. Assim tem-se cromatogramas
em 3 dimensfes (tempo, intensidade do sinal e comprimento de onda) com
maior quantidade de informacdo. Destaca-se neste tipo de detector a
possibilidade da avaliacdo da pureza de pico com grande sensibilidade, desde

gue 0s parametros instrumentais sejam ajustados de maneira adequada.

7.2 Artigo

BN

A seguir encontra-se artigo que sera submetido a revista Journal of
Pharmaceutical and Biomedical Analysis. Este artigo descreve o0
desenvolvimento e caracterizacdo de métodos por HPLC-DAD que seréao
empregados na parte analitica do estudo de permeabilidade. As substancias
avaliadas foram: isbmeros do citral, geraniol, fluconazol, miconazol, terbinafina

e butenafina.
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O nerol néo foi incluido no artigo, pois ndo possui resolucdo com relacao
ao pico cromatografico do geraniol. No estudo de permeacédo as formulacdes
foram avaliadas independentemente, ndo havendo assim problema de
especificidade para o nerol ou geraniol. E importante ressaltar que grandes
esforcos foram dispensados para obtencdo de método que garantisse a
resolucdo entre estes isbmeros. A Figura 7.1 apresenta um método que foi
capaz de separar estes isdbmeros. Contudo, o tempo de andlise mostrou-se

extremamente alto e dificultaria as analises do estudo de permeacéo.

A Condigdes Crometograficas
50 1 FM: Metanol: Agua: Acetonitrila (55:40:5)
Fluxo: 1,25 mL/min
40 Coluna: C18 de 25 cm
Detecgdo: UV 210 nm
20 4 Forno: 20 °C

20 4
10
o4
10 4

-0 =m0 =

—_—- 0=
_g-:mF

-0 =3I ® =00

T T T
10 15 25 mirg

0 5 20 30
Figura 7.1. Cromatograma obtido por HPLC-DAD para anélise do Citral,

Nerol e geraniol.

HPLC-DAD for the Determination of Three Different Classes of
Antifungals: Method Characterization, Statistical Approach, and

Application to a Permeation Study

Abstract

This study describes and characterizes methods for HPLC-DAD analysis of
formulations containing molecules with antifungal activity of three different
classes: terbinafine and butenafine (allylamines), miconazole and fluconazole
(azoles), and geraniol, neral and geranial (monoterpenes). All methods used the
same chromatographic column (RP-18) enabling the analysis to be performed
in a single batch. The analytical parameters (linearity, precision and accuracy)
were calculated and discussed in detail using specific statistical approaches. All
substances showed satisfactory results. Limits of 1.3% to mean repeatability

and 2.0% for intermediate precision are suggested as acceptance criteria in
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validation of methods by HPLC-DAD, in situations where there is no extensive
pretreatment of the samples. The methods proved to be robust and significant
factors were discussed regarding their influence on chromatographic
parameters (retention time, resolution, tailing factor and column efficiency).
Finally, the application of the developed methods was demonstrated by the
results of a permeation study of the antifungal agents through bovine hoof

membranes.

Keywords: Terbinafine, Butenafine, fluconazole, miconazole, geraniol, citral.

Introduction

The analysis of different classes of substances is challenging, can be
exhaustive and often requires the use of various techniques. Reversed-phase
(RP) high performance liquid chromatography (HPLC) remains one of the most
widely used techniques for quantification of drugs and it can be used to analyze
several molecules in a single run. However, differences in solubility, ionization
and molecular weight can make the analysis complex and usually each

substance will be better quantified under specific chromatographic conditions.

Statistical analysis of the analytical parameters is crucial to better
understand the quantification methods. Several tests and statistical parameters
are used to interpret analytical results and each one has its application and

interpretation and the acceptance limits are not always obvious [1-4].

The characterization of chromatographic parameters such as retention
time, resolution, tailing factor and column efficiency, and the definition of how
they behave with deliberate variation in the system are essential for routine
analysis and the transference of methods between laboratories. The robustness
test examines the potential sources of variability in one or more responses of
the method and it plays a key role in quantitative and system suitability aspects
[5-7].

Miconazole (MCZ) and fluconazole (FLU) are potent antifungals against
dermatophytes, as well as terbinafine (TBF) and butenafine (BTF) [8-11].
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Geraniol (GOL) and citral (CIT) are monoterpenes that also are active against
dermatophytes [12-14]. Onychomycoses are fungal infections of the fingernails
and toenails. Dermatophytes are the main cause of onychomycosis and clinical
treatment lacks effective products [15]. The efficacy of this kind of treatment
depends largely on how the drug is capable of permeating and reaching the
deeper layers of the nail in inhibitory concentrations. The permeation of drugs
through membranes of bovine hoof is used as a model for human nail and the

research of new formulation, penetration enhancers and antifungals [16-18].

Citral is a mixture of two geometric isomers (neral (NAL) and geranial
(GAL)) and they are usually found in similar proportions, around 50% for each
isomer [19]. In this study, the HPLC-DAD method was able to separate the

isomers and, for this reason, they were treated as isolated substances.

The aim of this study was to develop methods for liquid chromatography
and DAD detection for GOL, NAL, GAL, FLU, MCZ, TBF and BTF in
formulations and the media acceptor of a permeation study. The challenge has
been to develop methods for the antifungals employing the same column for all
of them, so that the analysis could more easily be performed in batches.
Statistical analyses were performed to better characterize and interpret the
analytical results. The robustness test was used to define the significant factors
and their influence on chromatographic parameters (retention time, resolution,
tailing factor and efficiency of the column). Finally, the analytical methods were
applied to evaluate the amounts of drug permeated through bovine hoof

membranes.

Materials and Methods

GOL, CIT and N-acetyl-L-cysteine (AC) were purchased from Sigma Co (St
Louis, MO, USA). Terbinafine hydrochloride (TBF), fluconazole (FLU) and
ascorbic acid (AA) were kindly supplied by Cristalia® (S&o Paulo, Brazil).
Miconazole (MCZ) and Butenafine hydrochloride (BTF) were kindly supplied by
Brazilian Pharmacopoeia (Santa Maria, Brazil) and Brainfarma Co (Rio de
Janeiro, Brazil), respectively. Methocel® F4M (HPMC) was supplied by
Colorcon (Cotia, Brazil). All reagents were analytical or HPLC grade.
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Acetonitrile and methanol were purchased from Tedia Co (Fairfield, USA), the
ethanol and triethylamine from Merck Co (Darmstadt, Germany). Purified water
was obtained by a Millipore® Direct-Q 3UV with pump (Molsheim, France).

Preparation of samples

Standard curves with five concentrations ranging from 1 to 100 pyg.mL?! were
employed for each drug. All formulations had the equivalent of 5 mg of drug
weighted and diluted with ethanol 70% (v/v) to obtain a concentration of 100
pug.mL?t. The samples were filtered through teflon filter (Millipore® - 0.45 pm)
before injection into an HPLC. All standard solutions were stable for at least
48 h at ambient temperature.

Chromatographic conditions

Analyses were performed in a Shimadzu (Kyoto, Japan) HPLC consisting of a
pump system (LC-20AT), a diode array detector (SPD-10A), a system controller
(CBM-20A), an auto injector (SIL-20A), an oven (CTO-20A) set at 25 °C, and
Phenomenex® (Torrance, CA, USA) Synergi Fusion C18 column (250 mm x 4.0
mm, 4 yum). The injection volume was 20 yL. The chromatographic conditions
are described in Table 7.1.

Table 7.1. Chromatographic conditions.

Flow rate WL

Drug Mobile Phase (mL.mint) (nm)
GOL, . }
NAL, GAL ACN:Water (52:48, viv) 1.2 210
MetOH: ACN: NH4Ac (pH 6.7; 6.5 mM)
FLU (30:15:55, viviv) 1.0 210
MCZ ACN: TEA (pH 5.0; 0.3%) (82:18, V/v) 1.2 225
TBF, BTF ACN: TEA (pH 5.0; 0.3%) (85:15, V/v) 1.2 282

WL: wavelength; MetOH: methanol; ACN: acetonitrile; NH4Ac: ammonium acetate; TEA:

Triethylamine.
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Table 7.2 summarizes the variations in the conditions employed in the
chromatographic robustness test. When substituted, the amount of methanol in
relation to the original percentage of acetonitrile in the mobile phase was
increased (+ 5-10%). This was done because acetonitrile is considered a

stronger eluent in reverse phase chromatography.

Table 7.2. Variations in chromatographic conditions for the robustness

test.
Replacement
of ACN by
Drug MetOH Water (%) pH TEA
GOL, NAL,
+ t5 - -
GAL
FLU + +3 + (3.0, 4.5) -
MIC, TBF, + (0% and
+ + + (3. )
BTF 3 (3.0.6.0) 0.2%)

Preparation of the Hoof Membranes

About 200 um thick slices were taken from bovine hooves with a
microtome (Reichert Viena, Austria). The slices were punched with a 12 mm
diameter. Careful visual inspection was carried out looking for pores or any
discontinuity. The thickness of the swollen slices/membranes was measured

with a digital micrometer (Mitutoyo, Tokyo, Japan).

Drug formulation

HPMC gel 3% (w/v) in ethanol 70% was prepared under magnetic stirring and
heating (70 °C). The gel base obtained was translucent and consistent.
Formulations of antifungals (GOL, NAL, GAL, FLU, MIC, TBF and BTF) were
prepared at 2% in 50% gel base, 5% acetylcysteine, 0.2% ascorbic acid and the
weight adjusted with ethanol 70%. GOL-Lacquer was prepared adding 50% of
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lacquer base (Colorama® Léréal, Rio de Janeiro — Brazil), GOL 2% and the

weight adjusted with ethanol.

Permeation Studies

The bovine hoof membrane was inserted in the diffusion cell. The acceptor
compartment was filled with a solution containing AA 0.2% in ethanol 70%
(acceptor media). The cells were equilibrated at 32 °C in a water bath and
maintained under magnetic stirring. Approximately 2 mL of the formulation was
added and 1.0 mL samples were taken from the acceptor media at 6, 12, 18,
24, 36 and 48 h. The acceptor compartment was immediately filled with 1.0 mL

of acceptor media.

RESULTS AND DISCUSSION

The design of scientific experiments should consider the feasibility and ease of
obtaining reliable and meaningful results. For this purpose, chromatographic
methods were developed to analyze seven antifungals, contemplating three
different classes: allylamines (TBF and BTF), azoles (MCZ and FLU) and
monoterpenes (GOL, NAL and GAL). The approach used was to adjust the
chromatographic conditions so that all drugs could be analyzed with the same
column. Thus, the samples were run in batches and the permeation study of
antifungals through membranes of bovine hooves could have short sampling

intervals without freezing the samples.

Analytical parameters and statistical analysis

An essential requirement of a chromatographic method is the ability to verify the
purity of the separated species ensuring that there are no coeluting impurities
contributing to the peak response. The specificity of the methods developed
was assessed by determining the peak purity from a spectra range of 205 — 300
nm. Background correction was selected for substances with low wavelength
determination (GOL and FLU) to avoid influence from the noise of mobile

phase. The peak was considered pure when its peak purity index was equal or
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higher than 0.999 and the purity angle was lower than the threshold angle
(visual determination). All conditions for peak purity determination were first
employed in standard samples and immediately after that in the test samples
(formulation and the receptor media from the permeation study). No impurity
was detected for antifungal peaks in any of the chromatograms of standard or
test samples. The purity determined by comparing the UV spectra of a peak has
some limitations. Among them, is the case where the impurity completely
coelutes with the main analyte, with both having exactly the same peak profile.
To minimize this problem, the spectrum from the peak apex of each antifungal
standard was recorded in the software library. The spectrum of peak upslope,
apex and downslope of the samples from the permeation study and from the
formulation tested after 48 h of incubation was searched for in the software
library. A similarity index greater than 0.999 was considered as indicative of
purity. All samples pass this test and Figure 7.2 shows the chromatograms and

the results of searching for spectra in the software library.
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and GAL; c) FLU; d) MCZ; e) TBF; f) BTF.
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Good statistical parameters of linearity ensure good estimates of the
amount of drug in the test samples. Some of these parameters refine the
analysis and ensure the accuracy of the quantification method (Table 7.3). The
significance of regression (95% confidence interval (Cles%) should not contain
zero) and the correlation coefficient should be investigated, but generally, in the
HPLC-DAD analysis, these parameters are statistically significant. Parameters
such as precision of regression, relative percentage of intercept and residual
analysis should also be investigated. The relative precision of the regression
(RSDreg) can be estimated from the ratio of the standard error of regression
(SER) and the mean response predicted by the linear regression and, in
concept, is similar to the Relative Standard Deviation (RSD) calculated in the

precision test (Equation 1).

~ 2
n—2

SER
RSD = — X 100% = —x 1009 1
Reg bxX g bxX % (1)

where Y, is the predicted response, Yi is the observed response, b is the slope

and X is the mean drug concentration.

In general, RSDreg values smaller than those expected for a precision
test can be expected. As can be seen from the results of this study, in the
analysis by HPLC-DAD in which the standard curve samples do not undergo
pre-treatment it is common to see RSDreg Values lower than 1%. High RSDreg
values indicate that the observed responses deviate substantially from
predicted responses. This reduces the accuracy with respect to predictions of

the amounts of drug in the test samples.
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Table 7.3. Summary of analytical parameters for the seven antifungals analyzed by HPLC-DAD.

GOL NAL GAL FLU MCZ TBF BTF
Slope 405,7 814.5 953.3 274.2 445.4 191.6 167.3
Linearity?
Intercept -0.23 27.7 40.8 13.2 13.6 -4.0 3.9
RSDreg (%) 0.64 0.32 0.35 0.57 0.60 0.30 0.25
Interception (%) 0.00 0.09 0.12 0.13 0.08 -0.06 0.06
rsatsggard'zed residual 1.67,+1.90 -1.72,+1.70 -1.47:+1.73 -1.87:+2.00 -1.98: +1.94 -1.95 +1.84 -1.60:+1.75
Accuracy® 99.4 91.1 90.2 99.8 98.9 101.6 100.2
Classs 98.4,100.4  81.4,1004  796,100.8 97.6,102.0 97.7,100.0 99.9,1033 993, 101.1
Repeatibility®
Repeatibility?
Intermediate Precision® 1.01 10.12 11.24 210 1.09 1.57 0.84

an=10;Pn=6; cn=3;9n =5.

111



Capitulo IV

If the chromatographic peaks do not contain impurities and the ratio of
response and concentration is similar over the linearity range, especially in the
central points, it would be expected that the intercept (a) is low in relation to the
mean response predicted (Equation 2). In this case, values of %lntercept
equivalent to RSD of precision test can be expected. Thus, the variation in
relation to the expected zero intercept can be explained by the method
variability. High values of %intercept can indicate the presence of interference
of another substance. The results of the intercept for the drugs tested were very
low. This is due to the large concentration range (1-100 pug.mL™t). However, in
narrower ranges of concentration, as in the determination of drugs in medicines
(80-120%)), the intercept can easily be considered significant. One way to solve

this problem is to add a point with a lower concentration on the standard curve.

a
%Intercept = XX X 100% (2)

Errors in sample preparation or equipment destabilization can lead to
atypical results or outliers. Outlier, in linear regression, is a response which
largely deviates from expected response. The search for outliers can be done
easily by the standardized residuals (SR) (Equation 3) or residual plots. Values
of SR between -2.0 and +2.0 indicate the absence of outliers. Results out of this
range can indicate the presence of an outlier and a statistical test can be
performed to confirm it [2]. Outliers greatly influence the slope (especially when
present at the extreme points of the curve) and the intercept (when present in
the central points) deteriorating the predictive ability of the model. Excluding the
outlier usually ensures the adjustment of statistical parameters of the
regression. However, it is important to identify what caused the outlier to avoid
problems in the prediction of test samples.

SR, = ¥i-Y) R 3)

n o2 IR
i=1(Yi — Yz)

n—1

where R; is the residual i and or is the standard deviation of residuals.
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Method accuracy was evaluated by the ratio between the amount of drug
found experimentally and the amount added in the formulation (~ 2% of drug).
The formulations were kept at 32 °C to simulate the incubation temperature of
the permeation study. The formulations were analyzed at zero and 48 h,
covering the entire period of the permeation study. The results of the accuracy
test were satisfactory, except for NAL and GAL that showed reduced
concentrations at 48 h due to degradation. The reactivity of these two
compounds is known and ascorbic acid was added to the formulations to
improve stability. However, the formulation contains large amounts of
acetylcysteine having thiol and amine groups which can react with the aldehyde
group of NAL and GAL.

The results of repeatability showed low variability because there is no
pretreatment of samples, and these were only diluted and filtered prior to HPLC
analysis. The degraded samples, NAL and GAL, had increased variability in
intermediate precision and for this reason were not included in the estimation of
overall precision of the experiment. The mean repeatability (RSD,.,) and the
overall intermediate precision (RSD;,,; proc) Were calculated by Equations 4 and

5, respectively.

I Yda) ?:1 RSDL
RSDyep = =—— 4)
(Y —1)?
- n
RSDint prec = 7 X 100% (5)

where RSD; is the calculated repeatibilities, Y; is the observed results and Y is

the overall mean of all antifungal determinations.

The overall values of repeatability and intermediate precision were
estimated as 0.99% and 1.61%, respectively. A one-tailed 95% confidence
interval for mean repeatability was calculated and maximum mrep values
around 1.3% can be expected. Calculating the maximum variance (s2,;)
obtained from a 95% confidence interval (Equation 6.1), the maximum value for

intermediate precision could be estimated as 2.0% (Equation 6.2). These
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maximum values can be used as quality control limits in HPLC-DAD validation

studies where the samples are homogeneous and easy to extract/dilute.

(n—1)s?
ax = ——5——— (6.1)
X&)
W Shax
RSDpqx = 2 X 100% (6.2)

where s? is the variance and )(égl Is the critical value of chi-square distribution.
>

Injection repeatability is a requirement related to accuracy of equipment
measurements. The use of replicates at the beginning of a batch analysis can
mask trends that may occur during test sample runs. When the number of
samples to be analyzed is small, an alternative is to use duplicates to monitor

trends and estimate the value of injection repeatability (Equation 7).

\/Z?=1(Yj,r1 - Y},rz)z
2n
Y

RepInj(%) = x100%  (7)

where Yjr1 and Yjr are the observed responses for the same sample j for

injections r1 and r2, respectively.

When duplicates are randomized this technique can also check whether
the results show some kind of trend or drift (time effect). The injection
repeatability results found for the different samples of antifungals were
consistent with the variations established by the European Pharmacopoeia that

has the narrower limits (RSDmax = 0.73% for five injections) [20].

Chromatographic parameters and robustness test

The reproducibility of the analysis during routine and successful
transference of chromatographic methods between laboratories are strongly
linked to good analytical results in the robustness test and a broad

characterization of the significant factors of the system.
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Table 7.4 shows the results of chromatographic parameters for the
methods that have been developed and employed routinely. It also contains the
value of RSD obtained for the test samples determined under different
chromatographic conditions. For each method, different factors were considered

relevant and deliberate variations were tested. .

Table 7.4. Chromatographic parameters and robustness result for the
seven antifungals analyzed by HPLC-DAD.

Chromatographic
GOL NAL GAL FLU MCZ TBF BTF
parameter

Retention time (Ry) 8.5 10.6 11.3 4.9 6.8 8.3 11.2

Theoretical Plates 19550 21259 21489 5102 15355 19102 20204

Tailing Factor 1.09 1,07 1.07 1.14 1.27 1.09 1.10
Resolution >10 7.85 2.242 2.99 >10 >10 >10
RSDRrobustness(%0) 0.37 0.28 0.30 0.55 0.92 0.78 0.57

a resolution between GAL and NAL.

All methods presented low values of RSD in the robustness test and the
methods were accurate even with large variations in chromatographic

conditions.

The pH of mobile phase for GOL, NAL and GAL was not adjusted, since
the analytes are neutral molecules. The peak width is increased for GOL, NAL
and GAL when acetonitrile is replaced by methanol. Methanol increases the
retention time for GOL significantly, and in this condition GOL has greater
column retention than NAL and GAL. Addition of methanol increases the
difference between the retention times of NAL and GAL, but as the peak width
increases, there is no improvement in resolution between these peaks. Addition
of water in the mobile phase improves resolution between NAL and GAL, but
quickly increases the retention time and with 53% water in mobile phase the

running time exceeds 20 min.
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The method for FLU employed a ternary mixture of solvents, since
acetonitrile increased peak width and the methanol:water mixture raise the
system pressure excessively. To solve this problem, the solvent concentrations
were adjusted and the flow rate set at 1.0 mL.min-1. The retention time was
reduced and the tailing factor was significantly increased when the pH of the
buffer was adjusted to 3. This was probably due to ionization of FLU that has a
pKa of 2.03.

The chromatographic conditions for MCZ, BTF and TBF are very similar
and the highest concentration of acetonitrile for analysis of allylamines was
employed to reduce the retention time of these analytes. The adjustment of the
pH to 3 significantly reduces the retention time of these analytes, particularly for
TBF and BTF. The withdrawal of triethylamine greatly increases the tailing
factor. The pH adjusted to 3 improves the tailling factor, however, the use of

triethylamine yielded better results.

Permeation studies

The methods developed by HPLC-DAD were finally used to determine
the amount of antifungal permeated versus time (Figure 7.3) in a study of
permeation through bovine hoof membranes. The gel had permeated much
larger amounts of GOL than the traditional lacquer formulation. This result can
be linked to the presence of acetylcysteine in the gel formulation that acts as a
penetration enhancer. The molecular weight decreases in the following order for
antifungals: MCZ> BTF> TBF> FLU> GOL. Thus, one can easily verify that the

increased permeation is related to molecular weight reduction.
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Figure 7.3. Cumulative amount of drug permeated through bovine hoof

membranes versus time. Each point is the mean of four determinations.

Conclusion

The use of same chromatographic column (RP-18) was suitable for
accurate quantification of all antifungals by HPLC-DAD. The robustness test
was able to define the significant factors and the chromatographic parameters
were well characterized. The statistical analysis was a valuable tool to
understand and ensure reliable results. The analysis of multiple drugs allowed
the establishment of acceptance limits for precision tests. Finally, the developed

methods have proved to be suitable for application to a permeability study.
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8.1 Introducéo

Os estudos de permeacdo in vitro sdo ensaios para avaliacdo de novas
formulacdes e farmacos e, atualmente, como rotina de controle de qualidade de
produtos topicos, especialmente, aqueles de aplicacdo sobre a pele. Para os
produtos farmacéuticos de acdo sistémica sédo esperados coeficientes de
permeacdo mais altos em comparacdo com o0s produtos tépicos que devem

ficar retidos no tecido que foram aplicados.

As unhas sdo barreiras com grande resisténcia mecéanica e quimica,
sendo dificeis de serem transpostas. Membranas de cascos bovinos possuem
composicdo similar as unhas e sdo empregadas como modelo in vitro para
estudos de novas formulacdes. As grandes vantagens deste modelo séo: a
facilidade em obter cascos bovinos, a possibilidade de obter membrans com
grande area que facilmente se ajustam as células de difusdo convencionais e
maior quantidade de farmaco permeado em menor tempo que reduz o tempo

dos experimentos.

8.2 Resultados Preliminares

Os resultados preliminares do estudo de permeacdo demonstraram que o
citral a 32 °C (temperatura de incubacdo das células de difusdo) néo tinha a
estabilidade em etanol 70% verificada anteriormente a 6 °C. A adicdo de acido
ascorbico solucionou este problema. Porém, na presenca de acetilcisteina
(promotor de permeacdo com melhores resultados) novamente o citral ndo
manteve-se estavel o que acabou influenciando os célculos relacionados a

permeabilidade.

As formulac¢des com citral interagem/reagem fortemente com a membrana
de cascos bovinos deixando-as com coloragéo laranja-amarelada (Figura 8.1).

Esteticamente, o resultado é muito ruim e simulacdo com cortes de unhas

humanas mostraram efeito similar.

Assim, as formula¢des contendo citral ndo foram descritos no artigo a

seguir, pois a degradacédo influenciou negativamente as estimas dos
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parametros de permeacao (fluxo e coeficiente de permeacéo, especialmente) e

0s resultados estéticos ndo sao aceitaveis.

Figura 8.1. Fotografias das células de difuséo e visualizagdo da coloracéo

das membranas ap6s 48 h. Todas as imagens sdo em formulagdes gel,
exceto por (b) que é esmalte. a) citral; b) citral — esmalte; c) geraniol; d)
fluconazol; e) miconazol; f) terbinafina; g) butenafina.

8.3 Artigo

A segquir artigo que sera submetido a revista Pharmaceutical Research.
Este artigo descreve os resultados de permeacgéo do geraniol na presenca de
diferentes promotores de absorcdo e de diferentes antifungicos na formulagéo

com melhores resultados de permeacéo.

Influence of Penetration Enhancers and Molecular Weight in Antifungals
Permeation Through Bovine Hoof Membranes and Prediction of Efficacy

in Human Nails
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Abstract

This work aimed to evaluate the effect of different substances on the
permeation of geraniol through bovine hoof membranes. Different penetration
enhancers were able to increase the permeability up to 25 times compared to
control. It was demonstrated that acetilcysteine in association with ascorbic acid
increased the permeation, even in acid formulations. In addition, some
antifungal drugs were incorporated into a gel formulation of HPMC containing
acetylcysteine 5% and ascorbic acid 0.2% and then the permeation coefficient
through bovine hoof membranes was evaluated. The relationship between
permeability and molecular weight was established for fluconazole, miconazole,
terbinafine, butenafine, geraniol and nerol. Geraniol and nerol, the antifungals
with lower molecular weight, had the better permeability results. Permeability
coefficients for nail plates were estimated and geraniol demonstrated similar or
even better efficacy index values against T. rubrum, T. menthagrophytes and M.

canis compared with terbinafine and miconazole.

Keyword: Fluconazole, miconazole, terbinafine, butenafine, geraniol, nerol,

permeation, penetration enhancer, onychomycosis.

Introduction

Onychomycosis are fungal infections of the fingernails and toenails [1-3].
A survey among athletes in Europe and East Asia showed a prevalence of
onychomycosis on the order of 26% and 22%, respectively [4]. In the United
States the prevalence in the population was approximately 14% with higher
rates in the elderly [3,5]. Trichophyton rubrum, a dermatophyte, is the most
common species in toenails and Candida spp in fingernails. In women more

fingernail infection occurs and in men more toenail infection [6].

Topical and oral formulations are still the medication of choice for treating
onychomycosis. However, the oral regimen may take months to become
effective and it requires large amounts of the drug in blood circulation to have a

therapeutic concentration spot in the nails. The inefficiency of current
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treatments demonstrates the need for a topical treatment that minimizes the

systemic exposure to antifungal drugs [7,8]

The presence of keratin in the structure of the nail confers rigidity and
impairs the permeability of drugs causing low concentrations in the nail bed [9].
The disruption of disulfide bonds of keratin by reducing agents, especially those
containing thiol groups (acetilcysteine, 2-mercaptoethanol, thioglycolic acid,
etc.), have demonstrated an excellent effect on permeation through the nail and
bovine hoof [10-12].

Drug permeation studies can be performed using finely sliced bovine
hooves in order to simulate the barrier effect of the human nail [13-19]. The
main advantages of the model with bovine hooves are: easy to obtain, higher
permeability (experiments in shorter time periods) and larger membranes that

easily adapt to conventional diffusion cells.

Considering the similar characteristics of the nails and bovine hoof,
Mertin and Lippold [14] proposed an equation describing the relationship
between the permeability of a drug in human nails and bovine hooves. Although
care must be taken in using this equation, it showed excellent correlation
between the permeability coefficients of the nail and the hoof membranes (r =
0.971), which somehow validates the use of bovine hooves as an in vitro model

for the initial tests of pharmaceutical formulations.

Nerol and geraniol are stereoisomers of a class of substances known as
monoterpenes and have great antifungal activity against dermatophytes [20,21].
Due to their low molecular weight their permeability was tested against classical

antifungal drugs.

This work aimed to evaluate the effect of different substances as
penetration enhancers of geraniol through membranes of bovine hoof. The
influence of pH and increasing concentrations of acetylcysteine were also
investigated. The permeability of several antifungal drugs was established and
its relationship to their molecular weights was defined in formulations containing
acetylcysteine and ascorbic acid. Finally, minimum inhibitory concentrations
against T. rubrum, T. menthagrophytes and M. canis were determined by CLSI

reference methods [22] and the permeability coefficients for nail plates were
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estimated to calculate efficacy index values to compare GOL and NOL with the

classical antifungal drugs.

Materials and Methods
Materials

Geraniol (GOL), nerol (NOL), citral (CIT), N-acetyl-L-cysteine (AC) and
panthenol (PAN) were purchased from Sigma Co (St Louis, MO, USA).
Terbinafine hydrochloride (TBF), fluconazole (FLU) and ascorbic acid (AA) were
kindly supplied by Cristalia® (Sdo Paulo, Brazil). Miconazole (MCZ) and
Butenafine hydrochloride (BTF) were kindly supplied by Brazilian
Pharmacopoeia (Santa Maria, Brazil) and Brainfarma Co (Rio de Janeiro,
Brazil), respectively. Methocel® F4M (HPMC) was supplied by Colorcon (Cotia,
Brazil). All reagents were analytical or HPLC grade. Acetonitrile and methanol
were purchased from Tedia Co (Fairfield, USA), the ethanol and triethylamine
from Merck Co (Darmstadt, Germany). Purified water was obtained by a

Millipore® Direct-Q 3UV with pump (Molsheim, France).

Drug Formulations

Different formulations using HPMC as viscosity agent were evaluated.
HPMC gel 3% (w/v) in ethanol 70% was prepared under magnetic stirring and

heating (70 °C). The gel base obtained was translucent and consistent.

Formulations containing GOL 2% were prepared adding 50% of gel base,
antioxidant (AO), penetration enhancers and the mass adjusted with ethanol
70% (Table 8.1). All percentages are given as w/w in relation to total weight

formulation.
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Table 8.1. Content of pharmaceutical adjuvants in formulations containing
GOL 2%.

Formulation Penetration enhancer (%) Antioxidant (%)
Control - -
Control AO - AA 0.2%
AC2.5% Acetylcysteine 2.5% AA 0.2%
AC5% Acetylcysteine 5% AA 0.2%
AC5% pH6 Acetylcysteine 5% AA 0.2%
AC5%+U10% Acetylcysteine 5% + urea 10% AA 0.2%
AC10% Acetylcysteine 10% AA 0.2%
CIT5% Citral 5% AA 0.2%
PAN10% Panthenol 10% AA 0.2%
DMSO010% DMSO 10% AA 0.2%

Lipo-Lacquer - -

AA —ascorbic acid.

Lipo-Lacquer was prepared adding 50% of lacquer base (Colorama®

Léréal, Rio de Janeiro — Brazil), GOL 2% and the weight adjusted with ethanol.

Aqueous solutions of 20% (w/v) of all formulations had a pH ranging from
3.25 to 3.70, except for formulation AC5%pH6 which had its pH adjusted with
sodium hydroxide 2 M.

After permeation enhancement studies, formulations of antifungals (GOL,
NOL, FLU, MIC, TBF and BTF) were prepared at 2% in 50% gel base, 5% AC,
0.2% AA and the weight adjusted with ethanol 70%. Afterwards, the

formulations were submitted to the permeation studies.
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Preparation of the Bovine Hoof Membranes

Hooves were taken from freshly slaughtered cattle, stripped of adhering
cartilaginous and connective tissue and put into ethanol 70% (v/v) for 24 h.
Ethanol 70% was used because Khengar et al.(2007) found no change in
swelling / hydration of nails in ethanol 70% compared to water. Ethanol 70%
has the advantage of being a good preservative. About 200 um thick sections
were taken from the bottom of the hoof with a microtome (Reichert Vienna,
Austria) with the knife positioned at six degrees. The sections were punched
with a 12 mm diameter. Careful visual inspection was carried out looking for
pores or any discontinuity. The hoof membranes obtained were maintained in
ethanol 70%. The thickness of the swollen membranes was measured with a

digital micrometer (Mitutoyo, Tokyo, Japan).

Permeation Studies

The hoof membrane was inserted into the diffusion cell (effective
diffusion area 2.5 cm?). The acceptor compartment was then filled (10 mL) with
a solution containing 0.2% AA in ethanol 70% (acceptor media). The cells were
equilibrated at 32°C in a water bath and maintained under magnetic stirring.
Approximately, 2 mL of each formulation (mean formulation viscosity of 2922 cP
at 25 °C) were deposited on the upper hoof membrane surface and 1.0 mL
samples were taken from the acceptor media at 6, 12, 18, 24, 36 and 48 h in
order to determine the amount of drug permeated. The acceptor compartment
was immediately filled with 1.0 mL of fresh acceptor media.

Analytical methods

The samples were filtered through teflon filter (Millipore® - 0.45 pm)
before injection into HPLC. Analysis were performed in a Shimadzu (Kyoto,
Japan) HPLC consisting of a pump system (LC-20AT), a diode array detector
(SPD-10A), a system controller (CBM-20A), an auto injector (SIL-20A), an oven
(CTO-20A) set at 25 °C, and Phenomenex® (Torrance, CA, USA) Synergi
Fusion C18 column (250 mm x 4,0 mm, 4 um). The volume injected was 20 yL

and the samples were diluted when necessary. Standard curves with five
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concentrations ranging from 1 to 100 yg.mL* were employed for each drug

analyzed. The chromatographic conditions are described in Table 8.2.

Table 8.2. Chromatographic conditions.

Flow rate WL

Drug Mobile Phase (mL.mint) (nm)
GOL, NOL ACN:Water (52:48) 1.2 210
MetOH: ACN: NH4*Ac buffer 6.5 mM
FLU 1.0 210
(30:15:55)
MIC ACN: Triethylamine 0,3% pH 5.0 (82:18) 1.2 225
TBF, BTF ACN: Triethylamine 0,3% pH 5.0 (85:15) 1.2 282

WL - wavelength; MetOH — methanol; ACN — acetonitrile; NHs*Ac —ammonium acetate.

Microdilution assay

Minimal inhibitory concentration (MIC) values were determined by broth
microdilution using the twofold dilution method according to the CLSI guidelines
with RPMI-MOPS [22]. The clinical isolates of T. rubrum, T. menthagrophytes
and M. canis were obtained from the culture collections of the Laboratory of
Applied Mycological Research — Pharmacy School - Federal University of Rio
Grande do Sul. GOL, NOL, MCZ and TBF were tested in the range of 0.25 to
128 pg.mL 1. These results were employed to calculate the efficacy index.

Results and Discussion
Influence of Different Enhancers on GOL Permeability

The permeability coefficients (P) were estimated from the slope of a plot
of the cumulative penetrating amount of GOL per time. Distinct time periods
were used to calculate P for each formulation, because there is great variability
in lag time and, in some cases, the flux rates (J) became constant after 18 h

(e.g., control). Ascorbic acid (AA), used primarily as an AO agent, even at a low
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concentration (0.2%), showed a significant difference for GOL permeation
compared with control (Fig. 8.2). AA probably acts as a disulfide bond reductant
cleaving the ternary structure of keratin improving drug permeability [23,24].
The antifungal activity of some volatile oils presents synergism and, for this
reason, CIT was added to test its influence on GOL permeation. Nevertheless,
Citral, as panthenol and DMSO had no effect beyond an increase caused by
AA.
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Figure 8.2. Permeability coefficient of GOL (mean + sd, n =4) for
formulations with different penetration enhancers through bovine hoof
membranes. Statistical analysis was performed comparing the control

against the other using Dunnett’s post-test.

Formulations with pH around 3.5 and acetylcysteine (AC) concentration
of 5% or more exhibited the best results. Among these formulations there is a
positive correlation between the concentration of AC and permeability, and
AC10% shows a greater result. This formulation increased the permeability of
geraniol 25 times compared to control. Urea has a demonstrable effect. It
probably softens and swells the hoof membranes, and its association with
AC5% showed results very similar to formulation AC10%. AA and AC are used
as reactants in the cleavage of disulfide bonds at neutral or basic pH (range 7.2
to 9.0) [17, 23-35]. Although, there was greater permeability of GOL in lower pH
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(formulation AC5% pH 3.35 had 46% greater permeability than the same
formulation with pH 6.0) showing that AA and AC also have an effect on acid
pH. The nails and hooves are theoretically considered as hydrophilic gels [26-
27]. It was shown that the maximum flow is independent of the vehicle
lipophilicity and, in our study, similar permeability results between the control
and lipo-lacquer confirm this rule [15]. It is also known that the pH influences the
solubility of acids and bases and could alter the saturation concentration of the
drug in the vehicle. However, GOL can be considered a neutral molecule and
the increasing permeability observed in pH 3.35 could only be due to changes

caused in the effects of AA and AC as penetration enhancers.

Influence of Different Enhancers on the Lag Time Phase of GOL

The lag time was calculated from the intercept of the simple linear
regression of the cumulative amount of drug permeated vs time. Fig. 8.3
illustrates the lag time of GOL from the formulations tested through hoof
membranes. The control showed a longer lag time than formulations containing
AA. Mertin and Lippold (1997) reported long lag times in a study testing
chloramphenicol permeability through human nails [13]. The two formulations
tested showed similar permeabilities, but the lag times were quite different (200
and 400 h) and the authors concluded that reduction of time to obtain steady

state flux of drug is critical for in vivo efficacy.

In our study, the association of AA and AC5% led to negative lag times
for GOL (mean of -5.05 h). This result has no physical meaning, but in practical
terms indicates that the association of AA and AC5% significantly reduces the
lag time phase. The formulations AC5%+U10% and AC10%, which showed
higher permeability, had mean lag times of 3.74 and 2.05 h, respectively.
Additionally, we note that the flux of GOL is approximately constant since the
first sampling point (6 h) for formulation AC5%. However, formulations AC5%
+U10% and AC10% required more time for the flux reach the steady-state.
There was no further investigation but Nogueiras-Nieto et al. [28] discussed the
importance of water on AC effects as penetrating enhancers of nails and
hooves. The authors reported that AC treatment reduces disulfide links

facilitating water diffusion and water-protein bonding which disrupts the
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structure of nail and hoof creating new pores and increasing permeability.
Therefore, it can be assumed that the increased permeability is a balance
between the amount of AC (to reduce the disulfide bonds) and water (to
stabilize the pores). The low water concentration and high levels of solute in the
formulations AC5%+U10% and AC10% can slow down the hydration of the
membrane and increase the lag time phase. For this reason, other formulations

used 5% AC as penetrating enhancer.
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Figure 8.3. Box Plot of GOL Lag time for formulations with different
penetration enhancers through bovine hoof membranes (n = 4).

Determining the Influence of Molecular Weight on the Permeability of

Antifungals

Kobayashi et al. [29] show the relationship between permeation through the

human nail and the molecular weight using Eq. (1):

logP = log (=) — g'MW 1)

where P is the permeability coefficient, Do is the diffusivity of a hypothetical
molecule having zero molecular weight, h represents the membrane thickness,

B’is a constant and MW represents the molecular weight.
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Fig. 8.4 illustrates the relationship between permeability through bovine
hooves and molecular weight (Table 3) of six substances with antifungal activity
from three classes of drugs (imidazoles, allylamines and monoterpenes). The
simple linear regression applied to data was statistically significant (p<0.001),
the slope (B) and the intercept (log(Do/h)) being 0.00257 and -3.805,
respectively. The strong inverse correlation between log P and MW (r = -0.976)
shows that the permeability of drugs can be predicted accurately by their

molecular weight.
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Figure 8.4. Relationship between the permeability coefficient (P) and de
molecular weight (MW) for a series of antifungal drugs. Each value
represents the mean of four determinations. The dotted line represents

the 95% confidence interval of the regression line.

It should be noted that the antifungals tested in our study have AC5% in
the formulation as permeation enhancer. It can be stated that the use of AC
increases permeability through hoof membranes, but the size of the molecule
still determines the amount of drug permeated. Similar relations are expected

for human nails [14] and the use of low molecular weight antifungal is an
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alternative to enhance topical treatments of onychomycosis which generally are
ineffective. Nogueiras-Nieto et al. (2011) described the cause of the increased
permeability in bovine hoof compared to human nails employing methods to
determine pore diameter (mercury porosimetry and scanning electron
microscopy) [28]. In this study, it was found that the distribution of pore
diameters on both types of membranes (nail and hoof) is similar (average of
approximately 10 ym), but the bovine hoof membrane has more pores per unit
of area ("more leaked"). In addition, factors such as moisture and the presence
of permeation enhancer demonstrated that they do not increase the mean pore
diameter. However, an increasing number of pores were observed when the

membranes were pretreated with acetylcysteine.

Kobayashi et al.(2004) found that drugs in non-ionic form are able to
permeate 10 times more through the nail plate than ionized drugs [29]. The
authors associated this result with a small increase in the apparent molecular
weight due to ion hydration. However, in our study, the correlation between
permeability and molecular weight was established for non-ionized (GOL and
NOL) and ionized (FLU, MCZ, TBF and BTF) molecules without distinction. The
difference between these studies is the type of membrane used (nail plates or
bovine hooves). To obtain the membranes, the bovine hooves were sliced and
the inner layers used. The nail plate was used intact, washed and pretreated
with phosphate buffer. It is known that the layers of the ventral and dorsal nail
are less thick and containing more lipids, increasing lipid:weigh ratio [30]. The
behavior observed by Kobayashi is compatible with the permeation properties
of the stratum corneum (rich in lipids) [31]. It can be considered that the nail has
thin layers that behave like the stratum corneum and therefore drug ionization is

important.

Flux and Lag Time Phase for antifungals in a formulation containing 5% of AC

The flux (J) of a solute can be defined as the mass of molecules (m)
moving through a given crosssectional area (A) during a given period of time (t)
(Equation 2):

dm

“aca @

J
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Medications that enhance the flux of the drug through the nail are
desired. However, the time to reach the maximum flux is usually a problem and
it appears that in most of the contact time of the formulation with the nail the flux
of the drug is low [13, 19, 32]. The time to achieve effective antifungal
concentrations in the deeper layers of the nail is critical to the efficacy and
adherence to treatment. Table 8.3 shows that the presence of AC 5% in the
formulation maintains the values of lag time negatives for the low molecular
weight drugs. The lag time negative, mathematically, is due to the fact that in
the first sampling point (6 h), drugs like GOL, NOL and FLU have high amounts
permeated and flux has already reached the steady state (Fig. 8.5). The lag
time rapidly increases with increasing molecular weight. It can be seen that the
flux variation in these cases is higher, particularly for miconazole (relative
standard deviation (RSD) = 45%), which is the larger molecule. Hence, the use
of AC 5% as penetrating enhancer and drugs with low molecular weight shows
up as an option to improve the efficacy of topical treatments against

onychomycosis.

Table 8.3. Molecular weights (MW), Lag Time and Flux (J) of antifungals in
gel formulation containing AC 5% through bovine hoof membranes (h =
200 pym, A = 2.5 cm?).

Lag Time Phase (h) J (ug.cm2.h1)
Drug MW Mean? sd Mean? Sd
Geraniol 154.25 -5.1 2.6 67.4 11.9
Nerol 154.25 -3.6 1.9 62.5 9.8
Fluconazole 306.27 -2,4 1.8 47.4 15.3
Miconazole 416.13 6.9 3.9 12.9 5.8
Terbinafine.HCl 327.89 3.7 2.8 18.7 6.3
Butenafine.HCl 353.93 3.3 1.8 19.7 7.2

an=4,
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Figure 8.5. Cumulative amount of drug permeated per crossectional area
through bovine hoof membranes versus time. Each point is the mean of

four determinations.

Prediction of the topical efficacy of antifungal drugs

Mertin and Lippold (1997) introduced the concept of efficacy (E) in studies of
permeation through the relationship between flux (J) and minimum inhibitory
concentration (MIC) [14]. It was assumed that the therapeutic efficacy is
proportional to the concentration available at the site of action which depends
on the flux and the reciprocal of MIC (Equation 3).

J

E=—"—
MIC

(3)

Kobayashi et al. [29] established the relationship between permeability
and molecular weight of drugs through nail plate for ionized and non-ionized
drugs (Table 8.4). The coefficient of permeability can be obtained from these
equations if the molecular weight of the drug is known. The drug flux through

the nail can then be calculated using the relationship of equation 4.
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dm

= %A~

PG, (4)

where Cy is the drug concentration of drug formulation/vehicle (the value of this
parameters was fixed in 20000 yg.mL?* or 2%, because its was the antifungal

drugs concentration in the gel formulations).

The MIC values were obtained in a previously experiment designed to
measure the potency of GOL and NOL against dermatophytes. MCZ and TBF
were used as positive controls in this study. T. rubrum and T. menthagrophytes
were choosed because they are the most common pathogens infecting toenails.
M. canis was selected due to its great prevalence in domestic animals and,

consequently, can potencially infect humans.

Table 8.4. Values for permeability and flux through the nail plate estimated

from the equations of kobayashi et al.

Equation  10gPnon = -0.00856MW -5.260 logPion = -0.0103MW -5.907
P(cm.s?) J(ug.cm?Zs?) P(cm.s?) J(ug.cm?s?)
GOL 2.63.107 5.26.103 MCZ 1.51.10° 3.01.10°
NOL 2.63.107 5.26.103 TBF 8.58.10° 1.72.10*

The estimated permeability coefficients through the nail for GOL and
NOL exhibited values 30 and 175 times larger than TBF and MCZ, respectively.
As expected, the differences of permeability across the nail are accentuated
due to the differences in molecular weight. In bovine hoof membranes the
permeability of GOL was 3.2 and 5.2 times larger than TBF and MCZ,

respectively.

GOL has higher MIC values and hence is less potent against
dermatophytes than TBF and MCZ (Figure 8.6). Due to its greater flux, GOL
equals or even surpasses TBF and MCZ in terms of efficacy. For T. rubrum, the

efficacy index of GOL was 2.4 times greater than MCZ and for M. canis GOL
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was 35% higher than TBF. The GOL efficacy index against T. menthagrophytes
was similar to TBF and 2.2 times higher than MCZ.

The fact that the efficacy index was advantageous for GOL does not
necessarily imply equivalent or superior efficacy in vivo. However, it was
demonstrated that antifungals with lower molecular weight are potential drugs

for the treatment of onychomycosis.
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Figure 8.6. MIC and Efficacy Index prediction of antifungals against
dermatophytes. MIC results are represented as geometric mean. a) T.

rubrum (n =5); b) T. menthagrophytes (n = 3); ¢c) M. canis (n = 4).

Conclusions

This study demonstrated that there is an inverse relationship between the
logarithm of permeability through bovine hoof membranes and molecular
weight. In addition, AC at 5% showed to be an excellent penetration enhancer
and also reduces the lag time phase. The efficacy index for nail plate was
calculated and demonstrated the potential of geraniol and low molecular weight

substances as antifungals for the treatment of onychomycosis.
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O Capitulo | apresenta o artigo publicado (Anexo - Revista Current
Pharmaceutical Analysis) desta tese, entitulado Spectrophotometric
Simultaneous Determination of Citral Isomers in Cyclodextrin Complexes with
Partial Least Squares Supported Approach. O trabalho foi concebido e
realizado durante a Disciplina de Métodos Quantitativos do Pos-Graduacéo da
Engenharia da Producdo — UFRGS que foi realizada, no segundo semestre de
2009, sob superviséo da Profa. Dra. Carla Caten.

Este artigo descreve o desenvolvimento e otimizacdo de método por
espectrofotometria no UV associado a técnica dos Minimos Quadrados Parciais
(PLS) para quantificagdo dos isdbmeros do citral. O PLS é uma técnica
complexa e potente para relacionamento de variaveis que possuem correlagéao.
O emprego do Desenho Composto Central (CCD) associado a Analise de
Superficie de Resposta (RSM) foi util para otimizacdo do método empregando
o Erro Padrdo Relativo da Predicdo (RSEP) como resposta. Os resultados
obtidos foram satisfatérios para quantificacdo dos isbmeros em misturas e
permitiram a andlise e caracterizacdo de amostras de citral complexadas com
ciclodextrinas. O complexo do citral com [-ciclodextrina apresentou maior
percentual de inclusédo do 6leo. Considerando que o citral degrada rapidamente
em Aagua e que as ciclodextrinas protegem farmacos e melhoram a
solubilidade, pode-se considerar o complexo citral-B-ciclodextrina como uma
alternativa no caso de se optar por preparar formulacdo aquosa. Além disso,
este trabalho viabilizou a obtencdo de solugbes purificadas dos isbmeros em
torno de 30 pg.mL? que posteriormente foi otimizado para obtencdo de
concentracbes mais elevadas que foram empregadas nos ensaios

microbiolégicos de atividade antifungica.

O Capitulo 1l descreve o0s resultados obtidos no ensaio
microbiolégico por microdiluicdo para avaliacdo da atividade antifungica dos
isémeros do citral, além de geraniol e nerol. Estudo preliminar apresentou boa
atividade do citral contra dermatdéfitos e, além disso, demonstrou que 0s
complexos do citral com ciclodextrinas ndo foram capazes de manter o0 mesmo
efeito. Assim, a estratégia de melhorar as propriedades fisico-quimicas do citral
através de microencapsulacéo foi descartada. Estes resultados foram obtidos

no Laboratorio de Fungos Patogénicos do Instituto de Ciéncias Basicas —
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UFRGS sob a supervisdo da Profa. Dra. Maria Lucia Scroferneker e auxilio
pratico da, entdo doutoranda, Tatiane Caroline Daboit e resultaram em
apresentacao oral no VI Congresso Brasileiro de Micologia ocorrido em

novembro de 2010 em Brasilia (resumo e certificado — Anexo).

O artigo resultante deste estudo foi entitulado Antifungal Activity and
Mechanism of Action of Monoterpenes Against Dermatophytes and Yeasts.
Este trabalho foi executado em parceria com o Laboratdrio de Micologia da
Faculdade de Farméacia — UFRGS com supervisdo do Professor Dr. Alexandre

Fuentefria e auxilio pratico de seus colaboradores.

Neste estudo, se verificou que os dermatéfitos sdo mais suscetiveis aos
monoterpenos que as leveduras. Os resultados permitiram determinar que 0s
iIsdbmeros trans (forma Z) sdo mais ativos, embora os isomeros cis (forma E)
também possuam atividade antifingica. Citral e geraniol tiveram boa atividade
contra dermatofitos. Estudos sobre o mecanismo de acdo indicam que os
monoterpenos agem alterando a estrutura da membrana, pois interagem com o

ergosterol.

O Capitulo Il descreve a validagdo de método analitico por LC-UV para
quantificacdo dos isbmeros do citral em creme contendo 3% de citral. Além
disso, este capitulo caracteriza a estabilidade dos isémeros do citral em meio
aguoso, em solventes organicos e em creme. O teste de robustez deste estudo
de validacdo de método analitico foi apresentado na forma de poster no 36th
International Symposium on High-Performance Liquid Phase Separations and
Related Techniques realizado em junho de 2011 em Budapeste — Hungria

(certificado - Anexo).

O método de LC-UV descrito apresentou excelentes resultados de
exatiddo e reprodutibilidade na determinacdo dos isbmeros. Estes sao
separados com tempos de analise inferiores a 10 min. Ressalta-se neste
método a preparacdo répida, sem tratamento prévio, das amostras para
andlise. A preparacdo das amostras de creme envolve a solubilizagcéo do citral,
filtracdo, diluicdo e nova filtracdo para injecdo no Cromatdgrafo a Liquido. Com
este tratamento, parte dos componentes da formulacdo fica insoluvel e é

eliminada na primeira filtragdo. O resultado € um cromatograma “limpo” sem a
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presenca dos interferentes da matriz do creme e com todo o citral solubilizado,

conforme comprovam os resultados de recuperacgao (exatiddo) do método.

O estudo de estabilidade do neral e geranial em solu¢cées aquosas com
diferentes pH e armazenados em diferentes temperaturas demonstrou rapida
degradacéo, restando 25% ou menos dos isdmeros apos 30 dias em qualquer
das condic¢des avaliadas (faixa de pH 4,0 — 8,0 e temperaturas 6, 18 e 30 °C). A
avaliacdo do citral em solventes orgénicos e no creme apresentou melhores
resultados. Citral solubilizado em etanol 70% apresentou estabilidade quando
mantido a 6 °C por pelo menos 60 dias. Este resultado levou a obtencéo de
formulacdes, utilizadas no estudo de permeacado, tendo etanol 70% como

veiculo.

O Capitulo IV apresenta os resultados obtidos para os diferentes
métodos de quantificacdo por HPLC-DAD dos antifungicos (geraniol, neral,
geranial, fluconazol, miconazol, terbinafina e butenafina) submetidos ao estudo
de permeacdo. Todos os métodos empregaram a mesma coluna o que permitiu
rapidez e agilidade nas analises dos permeados durante o estudo de
permeacdo. A abordagem estatistica dos parametros analiticos garantiu a
confiabilidade dos resultados obtidos pelos métodos e, além disso, permitiu
estabelecer critérios de aceitacdo para os estudos de precisdo. O estudo de
robustez permitiu caracterizar os efeitos de diferentes fatores (como:
composicdo da fase mével, pH e presenca de trietlamina) no tempo de
retencdo, resolucdo, fator de cauda e eficiéncia da coluna dos picos dos
antifangicos. Os meétodos desenvolvidos foram, entdo, utilizados na etapa
analitica do estudo de permeacdo. Os resultados deste capitulo foram
condensados na forma de artigo que sera submetido a Revista — Journal of

Pharmaceutical and Biomedical Analysis.

O Capitulo V apresenta os resultados do estudo de permeacgéo atravées
de membranas de cascos bovinos. A obtencdo das membranas mostrou-se um
desafio. O auxilio e expertise do Prof. Mariath e de seus colaboradores do
Labotdrio de Anatomia Vegetal — UFRGS foi fundamental para o sucesso na
obtencdo das membranas de cascos bovinos com espessura média de 200 um.
Este estudo demonstrou que existe uma relacdo inversa entre o logaritmo da

permeabilidade e o peso molecular. Além disso, a acetilcisteina 5% mostrou-se
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um excelente promotor de permeacdo para as membranas de casco bovino,
reduzindo também a fase lag. O indice de eficacia foi calculado e demonstrou o

potencial do geraniol como antifingico no tratamento de onicomicoses.

O citral, apesar de possuir a melhor atividade antifUngica entre os
monoterpenos testados, € uma molécula pouco estavel devido a presenca de
insaturagdes e, principalmente, ao grupo aldeido. Diversas estratégias foram
avaliadas buscando viabilizar esta substdncia como farmaco, mas

invariavelmente sua degradacao prevaleceu.

A estrutura quimica e propriedades fisico-quimicas do geraniol séo
similares ao citral. A troca do grupamento aldeido do citral pela hidroxila
alcodlica do geraniol é suficiente para garantir a estabilidade das formulacdes.
Os estudos de atividade antifiangica associado aos ensaios de permeacao

demonstraram que o geraniol possui potencial para utilizacdo como antifangico.

O sinergismo verificado para os isomeros do citral demonstra a
possibilidade de potencializacdo dos efeitos dos monoterpenos quando
emprega-se misturas destes. O mecanismo de acdo, por interacdo com
ergosterol, pode guiar a busca de moléculas que possam potencializar o efeito

antifangico do geraniol.

A permeacgdo através de membranas de cascos bovinos mostrou-se
eficiente para os estudos iniciais de formulacdo para uso topico em unhas
humanas. A acetilcisteina mostrou-se um excelente promotor de permeacao e
a reducdo no tempo da fase lag merece maiores estudos, pois este € um fator
determinante para o sucesso de formulagdes para unha.
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Spectrophotometric Simultaneous Determination of Citral Isomers in
Cyclodextrin Complexes with Partial Least Squares Supported Approach
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Abstract: This article describes the development and optimization of a UV spectrophotometric method to evaluate the
isomers of citral in cyclodextrins complexes by a partial least squares (PLS) regression model. The central composite de-
sign (CCD) associated with the response surface methodology (RSM) was applied to select the wavelength range that
provides the best prediction results. f-cyclodextrin (f-CD) and hydroxypropyl-B-cyclodextrin (HP-B-CD) complexes with
citral were prepared in ethanolic solution and spray dried. These samples were analyzed by an optimized PLS-UV model
and the results compared with HPLC-UV determinations to evaluate the predictive power of the PLS-UV model. The re-
sults from the PLS-UV model showed a relative standard deviation of prediction (RSEP) ranging from 0.87% for neral up
to 1.42% for geranial. The relative standard deviation (RSD) obtained in analyses of four replicates of citral-cyclodextrins
complexes ranged from 2.2% to 4.1%. Geranial showed higher affinity than neral for both types of cyclodextrins evalu-
ated. Finally, §-CD was shown to be a better complexing agent for citral than HP--CD.

Keywords: Citral, Cyclodextrins, Encapsulating Agents, Factorial Design, Geranial, HPLC, Isomers, Microencapsulation,
Neral, PLS, UV, Volatile Oils.
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