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Nanocapsulas poliméricas vem sendo estudadas extensivamente para liberacdo de farmacos
por diversas vias de administracdo. Atualmente a nanoencapsulacdo de farmacos €
considerada o meio mais eficiente de assegurar liberacdo controlada, direcionamento
especifico e reducdo dos efeitos adversos. Neste contexto, o objetivo do presente trabalho foi
desenvolver nanocépsulas poliméricas para a liberacdo pulmonar do dipropionato de
beclometasona (DB). Nanocépsulas foram preparadas a partir de 2 polimeros, a poli(e-
caprolactona) (PCL) e a etilcelulose (EC). Para a quantificagdo do farmaco nas
nanoestruturas, 0 método analitico foi desenvolvido e validado. Este mostrou ser especifico,
linear, preciso, exato e robusto. As nanocapsulas foram preparadas por deposic¢do interfacial
do polimero pré-formado e avaliadas quanto ao pH, didametro de particula, indice de
polidispersdo, teor, eficiéncia de encapsulamento e potencial zeta. Todas as amostras
apresentaram eficiéncia de encapsulamento maior que 98%, valor de potencial zeta negativo,
valor de pH na faixa da neutralidade e teores proximos aos tedricos. A distribuicdo de
tamanho foi nanométrica (158-270 nm) com indice de polidispersdo menor que 0,2. Os
resultados do estudo de fotodegradacdo mostraram que as nanocapsulas poliméricas foram
capazes de proteger o DB da radiacdo UVC quando comparadas com uma solucdo do
farmaco. Os experimentos de liberacdo in vitro foram realizados empregando a técnica de
sacos de dialise, a qual mostrou, para todas as formulacdes, uma liberacdo prolongada do DB,
mediada por transporte andmalo e cinética de primeira ordem. A solucdo etantlica de DB
levou entre 24 e 36 h para alcancar 100% de liberacdo, enquanto que as nanocapsulas foram
capazes de controlar a liberacdo do farmaco por até 108 h, dependendo do polimero
empregado. Nanocapsulas de EC e PCL foram avaliadas quanto a toxicidade in vitro e in vivo
e o0s resultados obtidos sugerem que as formulagdes propostas séo seguras. Na etapa final do
trabalho, o pullulan foi proposto como agente estabilizador de nanocapsulas de PCL e os
resultados obtidos para o potencial zeta e o teor de farmaco sugerem que estas formulacgdes
tornaram-se mais estaveis. Desta forma, as nanocapsulas desenvolvidas neste trabalho
representam uma alternativa promissora para a liberacdo pulmonar do DB no tratamento da
asma e de outras desordens do trato respiratorio.

Palavras-chave: Dipropionato de beclometasona, nanocapsulas, liberacdo pulmonar, pullulan,
citotoxicidade in vitro e toxicidade pulmonar in vivo.
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Polymeric nanocapsules have been studied extensively for drug delivery by various routes of
administration. Currently, the nanoencapsulation of drugs is considered the most efficient
means of ensuring controlled release, specific targeting and reduction of adverse effects. In
this context, the aim of this work was to develop polymeric nanocapsules for pulmonary
delivery of beclomethasone dipropionate (BD). Nanocapsules have been prepared from 2
polymers, poly(e-caprolactone) (PCL) and ethyl cellulose (EC). To quantify the drug in the
nanostructures, the analytical method was developed and validated. This method showed to be
specific, linear, precise, accurate and robust. Nanocapsules were prepared by interfacial
deposition of preformed polymers and were evaluated as to pH, particle diameter,
polydispersity index, drug content, encapsulation efficiency and zeta potential. All samples
showed encapsulation efficiency greater than 98%, negative zeta potential, pH value in the
range of neutrality and drug contents close to their theoretical values. The size distribution
was nanometric (158-270 nm) with polydispersity index lower than 0.2. The results of the
photodegradation study showed that polymeric nanocapsules were able to protect BD from
UVC radiation when compared to the free drug solution. In vitro release experiments were
performed using the dialysis bag technique, which showed, for all formulations, a prolonged
drug release mediated by anomalous transport and first order kinetics. Free drug in solution
took between 24 and 36 h to reach 100% of release, whereas nanocapsules were able to
control the drug release for up to 108 h, depending on the polymer employed. Nanocapsules
of EC and PCL were evaluated for in vitro and in vivo toxicity and the results suggest that the
proposed formulations are safe. In the final stage of the work, pullulan was proposed as
stabilizer agent for PCL nanocapsules and the results obtained for the zeta potential and the
drug content suggested that these formulations have become more stable. Thus, the
nanocapsules developed in this work represent a promising alternative for the pulmonary
delivery of BD in the treatment of asthma and other respiratory disorders.

Keywords: Beclomethasone dipropionate, nanocapsules, pulmonary delivery, pullulan, in
vitro cytotoxicity and in vivo pulmonary toxicity.
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INTRODUCAO

Atualmente, o uso de corticoides é a terapia mais eficaz para o tratamento dos
sintomas de distarbios respiratérios tais como a doenca pulmonar obstrutiva crénica e a asma
(SAARI, 2003; COLICE; DERENDORF; SHAPIRO, 2004). Os corticoides sdo substancias
gue atuam como agentes anti-inflamatorios interrompendo o desenvolvimento da inflamacéo
brénquica, além de apresentarem acdo profilatica (ANTI; GIORGI; CHAHADE, 2008).
Podem ser administrados pelas vias parenteral, oral ou pulmonar, porém sdo mais efetivos
guando depositados através de inalacdo nas vias aéreas, seu local de atuacdo (SAARI, 2003).
A vantagem da inalacdo esta relacionada com a possibilidade de proporcionar uma liberagédo
direta e especifica nos pulmdes, alcangando, assim, tanto um efeito pulmonar seletivo quanto
uma reducdo de efeitos adversos (BARNES, 1995). Dentre os representantes desse grupo
incluem-se a budesonida, o furoato de mometasona e o dipropionato de beclometasona, sendo
este ultimo alvo de estudo deste trabalho.

O dipropionato de beclometasona foi utilizado pela primeira vez em grande escala
comercial em 1972 no tratamento topico da rinite e da asma (BROWN; STOREY; GEORGE,
1972). Tem mostrado eficacia quando utilizado de forma inalada em pacientes asmaticos em
comparacdo com placebo (COLE et al., 1999). Entretanto, o dipropionato de beclometasona é
um farmaco altamente hidrofébico com lenta dissolucdo nas vias aéreas, fato que conduz a
uma rapida remocao pelas células mucociliares, tendo como consequéncia duracdo de acdo
curta e reduzido efeito terapéutico. O regime de administracdo geralmente indicado para o
tratamento da asma inclui 3-4 doses diarias de 200 pg (ou menos) de farmaco (BOOBIS,
1998; TRESCOLI; WARD, 1998). Cabe ainda mencionar que parte do dipropionato de
beclometasona inalado pode retornar pela faringe e ser deglutida, aumentando a incidéncia de
efeitos adversos sistémicos. Além disso, a inalagdo do farmaco esta associada a efeitos
adversos no local de administracdo como imunossupressdo local, o que pode conduzir a
infeccbes fungicas como candidiase oral, faringite e laringite (SAARI, 2003). Portanto,
estender o tempo de residéncia do dipropionato de beclometasona nos pulmdes pode ser
considerada uma estratégia promissora para aumentar a dose do farmaco no sitio de absorcao
e, assim, seu efeito terapéutico, e/ou diminuir os riscos de efeitos adversos resultantes de sua

absorcéo extra-pulmonar.
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Para contornar os problemas associados a inalagdo do dipropionato de beclometasona
propds-se a incorporacdo do farmaco em nanocapsulas poliméricas. Neste tipo de
nanocarreador, a substancia ativa estd confinada em um nucleo, lipofilico ou hidrofilico,
circundado por uma membrana polimérica de modo a formar uma estrutura vesicular.
Dependendo do método de preparacdo e das possiveis interacdes entre o farmaco e os
constituintes da formulagdo, este também pode encontrar-se associado ao invélucro
polimérico (COUVREUR; DUBERNET; PUISIEUX, 1995; RAVI KUMAR, 2000; MORA-
HUERTAS; FESSI; ELAISSARI, 2010).

A proposi¢do de nanocapsulas como sistemas capazes de contornar limitagdes
associadas a terapéutica convencional esta principalmente relacionada com suas propriedades
de controle da liberacédo e transporte de farmacos para sitios de acdo especificos, o que leva,
consequentemente, a um aumento da eficacia terapéutica e reducdo dos efeitos adversos
(BARRATT, 2000; NIMESH et al., 2006; RAO; GECKELER, 2011). Além disso, as
nanocapsulas sdo potencialmente capazes de proteger o fArmaco contra a degradagdo quimica,
enzimatica ou imunolégica (MORA-HUERTAS; FESSI; ELAISSARI, 2010; RAO;
GECKELER, 2011; WU; ZHANG; WATANABE, 2011).

Assim, levando-se em consideracdo a potencialidade dos sistemas nanoestruturados
em controlar a liberagdo e o transporte de principios ativos, aliada a possibilidade de reducéo
da frequéncia de administracdo e da dose do farmaco, além da diminuicdo de seus efeitos
adversos, este trabalho foi realizado com o intuito de desenvolver nanocéapsulas poliméricas
contendo dipropionato de beclometasona visando sua liberacdo pulmonar. Para tal fim,
polimeros como a poli(e-caprolactona) e a etilcelulose foram empregados por suas
reconhecidas capacidades de controle da liberacdo de farmacos. Além disso, neste trabalho foi
proposta a utilizacdo do pullulan, um polissacarideo, como agente estabilizador das
nanocapsulas. Paralelamente, a validacdo de uma metodologia analitica para a quantificacéo
do dipropionato de beclometasona a partir das nanocapsulas foi conduzida.

Por fim, cabe mencionar que até 0 momento ndo existem relatos na literatura sobre o
desenvolvimento de nanocapsulas poliméricas contendo o farmaco, assim como ndo foram
encontrados registros sobre a utilizagdo do pullulan em nanocéapsulas e tampouco de métodos
analiticos validados para quantificacdo do dipropionato de beclometasona em nanocépsulas e

em estudos de estabilidade.
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OBJETIVOS

1.1 Objetivo geral

Desenvolver nanocapsulas poliméricas contendo dipropionato de beclometasona, bem

como avaliar in vitro e in vivo a toxicidade pulmonar das formulagoes.

1.2 Objetivos especificos

e Validar um método analitico para determinacéo do dipropionato de beclometasona em
nanocapsulas poliméricas;

e Avaliar a estabilidade do dipropionato de beclometasona em condigdes forcadas
(degradacdo acida, basica e fotolitica);

e Preparar nanocapsulas contendo dipropionato de beclometasona pelo método de
deposicao interfacial do polimero pré-formado, usando como polimero a poli(e-
caprolactona) ou a etilcelulose e como nucleo oleoso o 6leo de améndoas;

e Preparar nanocapsulas contendo dipropionato de beclometasona pelo método de
deposicdo interfacial do polimero pré-formado, usando pullulan como agente
estabilizador;

e Caracterizar as formulagdes quanto ao teor de farmaco, eficiéncia de encapsulamento,
tamanho de particula, indice de polidispersdo, potencial zeta e pH;

e Auvaliar o perfil de fotodegradacdo do dipropionato de beclometasona incorporado aos
sistemas nanoestruturados frente a radiagdo UVC;

e Estudar o perfil de liberacdo in vitro do dipropionato de beclometasona a partir dos
sistemas nanoestruturados pelo método de difusdo em sacos de dialise;

e Avaliar in vitro a citotoxicidade em fibroblastos da linhagem 3T3 das formulacdes
selecionadas;

e Auvaliar in vivo a toxicidade pulmonar das formulagdes selecionadas em ratos Wistar.
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REVISAO BIBLIOGRAFICA

1.1 Via Pulmonar

A administracdo pulmonar de farmacos é utilizada tradicionalmente para o tratamento
de doencas locais, como a asma e a doenga obstrutiva crbénica, porém, recentemente vem
sendo utilizada também para a liberacdo sistémica de farmacos (LABIRIS; DOLOVICH,
2003; CIPOLLA; GONDA, 2011).

O pulmédo possui alta capacidade de absorver substancias através das vias
respiratdrias, tanto moléculas pequenas, como macromoléculas. Estas, ao serem depositadas
nas regiGes mais inferiores do trato respiratorio sdo rapidamente absorvidas, devido a grande
area de superficie epitelial e rico suprimento sanguineo do pulmdo (VON WICHERT;
SEIFART, 2005). Farmacos com carater hidrofébico e de baixo peso molecular, quando
administrados pela via pulmonar, possuem maior biodisponibilidade em comparacdo com a
via oral (PATTON; FISHBURN; WEERS, 2004).

Tanto para o tratamento de doencas locais, quanto para acdo sistémica, a via
pulmonar oferece uma série de vantagens em relacdo as vias oral e parenteral, tais como:
grande superficie epitelial associada a um vasto suprimento sanguineo; membrana altamente
permeavel na regido dos alvéolos; baixo ambiente enziméatico e auséncia de metabolismo
hepatico de primeira passagem; via ndo-invasiva; no caso do tratamento de doengas locais, a
via pulmonar permite a administracdo de doses menores minimizando a ocorréncia de efeitos
adversos e proporcionando um inicio de acdo rapido (PATTON, 1996; LABIRIS;
DOLOVICH, 2003; VON WICHERT; SEIFART, 2005; SAKAGAMI, 2006).

O trato respiratorio é fisiologicamente dividido em via superior (cavidade nasal,
laringe e faringe) e via inferior (traquéia, brénquios, bronquiolos e alvéolos) (Figura 1)
(PATTON; BYRON, 2007; SEVILLE; LI; LEAROYD, 2007). Estes tecidos sdo responsaveis
pelas trocas gasosas e por movimentos mucociliares, os quais impedem a entrada de particulas
estranhas ou remoc¢édo das mesmas (SAKAGAMI, 2006; PATTON; BYRON, 2007). Assim,
para que quantidades adequadas de farmaco sejam liberadas e absorvidas, a formulacdo
precisa ser capaz de contornar essa defesa natural dos tecidos pulmonares (SEVILLE; LlI;
LEAROYD, 2007).
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Figura 1. llustracdo do aparelho respiratorio humano (Fonte: TRABULSI, Luiz Rachid;
ALTERTHUM, Flavio. Microbiologia. 5.ed. Sdo Paulo: Atheneu, 2008. p. 657-661).

Neste contexto, para que a terapia inalatoria tenha a eficacia desejada, é necessario que
quantidades adequadas da formulacdo entrem através das vias respiratérias, sejam distribuidas
e depositadas nos pulmdes (LABIRIS; DOLOVICH, 2003). A deposicdo das particulas nos
tecidos pulmonares pode ocorrer atraves de colisao inercial (particulas com diametro superior
a 5 um), sedimentacdo gravitacional (tamanho na faixa de 0,5 a 3 um) ou ainda por difusao
browniana (particulas menores que 0,5 um). Essa deposicao depende das propriedades fisico-
quimicas do farmaco e das caracteristicas da formulacdo (LABIRIS; DOLOVICH, 2003;
SEVILLE; LI; LEAROYD, 2007). Vale ressaltar que a localizacédo e distribui¢do do farmaco
nos pulmdes é determinada principalmente pelo tamanho da particula (PATTON, 2005).

A eficacia de medicamentos administrados através da inalacdo é dependente da
deposicdo pulmonar acima mencionada. Quando ocorre a inalagdo, a maior parte da dose
prescrita colide com os tecidos da orofaringe e é deglutida, desta forma apenas uma por¢édo
pequena penetra nos pulmdes (NEWMAN et al.,1981; MELCHOR et al.,1993). Esta pequena
dose depositada nos pulmdes pode ser absorvida pela corrente sanguinea ou pode ser
eliminada pelo clearance mucociliar (MAK; BARNES, 1990; MELCHOR et al.,1993).

As formulagdes administradas através de inalagdo precisam ser avaliadas quanto as
toxicidades local e sisttmica (CRYAN et al., 2007; PAULUHN, 2008), uma vez que podem
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induzir mudancas na funcéo respiratéria, alterar parametros bioquimicos e de permeabilidade
do pulméo, causar respostas imunogénicas e até provocar a morte do individuo (CRYAN et
al., 2007). Para avaliar a toxicidade pulmonar de uma substancia ou formulacéo, a anélise do
fluido de lavagem broncoalveolar (FLBA) é um dos métodos mais descritos na literatura
(HENDERSON, 2005). O FLBA pode ser analisado quanto ao nimero de células, presenca de
enzimas indicadoras de dano celular (desidrogenase l&ctica, fosfatase alcalina, N-
acetilglucosaminidase) e determinacdo da concentracdo de proteinas totais (HENDERSON,
2005; CRYAN et al., 2007).

Vale mencionar que a desidrogenase lactica (DHL) é uma enzima citoplasmatica e
quando ocorre morte celular, ela é liberada para o meio extracelular. Assim, niveis
extracelulares aumentados de DHL estdo relacionados com dano e morte celular (DRENT et
al., 1996). No que diz respeito as proteinas totais, quando estas sdo determinadas em elevada
concentracdo no fluido broncoalveolar, indica que ocorreu perda da integridade da barreira
epitelial dos alvéolos-capilares (ZHANG et al., 1996).

1.2 Nanoparticulas poliméricas como carreadores de farmacos

Nanoparticulas poliméricas, nanoemulsdes, dendrimeros, nanoparticulas lipidicas e
lipossomas, sdo sistemas que apresentam tamanho submicrométrico e vem sendo foco de
varios estudos devido ao interesse farmacoterapéutico, uma vez que atuam como
nanocarreadores de farmacos. Estes sistemas coloidais vém sendo alvo de importantes estudos
a fim de aperfeigoar a liberagdo de substancias ativas em determinado local, atuando como
carreadores, proporcionando a distribuicdo do farmaco no local desejado (MULLER,;
MADER; GOHLA, 2000; RAWAT; SINGH; SARAF, 2006).

Nanoparticulas poliméricas sdo estruturas coloidais que geralmente apresentam
didmetro médio entre 100-500 nm (QUINTANAR-GUERRERO et al., 1998). Dependendo da
composicdo e organizacdo estrutural podem ser distinguidas morfologicamente em
nanocapsulas e nanoesferas (Figura 2) (MORA-HUERTAS; FESSI; ELAISSARI, 2010). As
primeiras sdo estruturas vesiculares compostas por um nucleo oleoso circundado por uma
parede polimérica, onde o farmaco pode estar dissolvido ou disperso no nucleo e/ou adsorvido
no material polimérico. Quanto & nanoesferas, estas sdo sistemas matriciais onde o farmaco
pode ficar retido ou adsorvido (SOPPIMATH et al., 2001; SCHAFFAZICK et al., 2003;
RAWAT; SINGH; SARAF, 2006).
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Nanocapsulas Nanoesferas
Farmaco polimérica Nicleo oleoso Matriz polimérica

Figura 2. Representagdo esquematica de nanocépsulas e nanoesferas poliméricas: a) farmaco dissolvido no
nucleo oleoso; b) farmaco adsorvido a parede polimérica; ¢) farmaco retido na matriz polimérica; d) farmaco

adsorvido ou disperso molecularmente a matriz polimérica.

O interesse nas nanoparticulas esta relacionado com suas propriedades de controle da
liberacdo e transporte de farmacos para sitios de acdo especificos, com consequente aumento
da eficacia terapéutica e reducdo dos efeitos adversos. Além disso, esses sistemas sdo capazes
de proteger o farmaco frente a degradacdo enzimatica, quimica ou imunoldgica (KUMAR,
2000; ALONSO, 2004). Esses sistemas apresentam vantagens em relacdo aos lipossomas,
devido a sua maior estabilidade in vivo e durante o armazenamento, além da facilidade de
incorporacdo de farmacos lipofilicos (SCHAFFAZICK et al.,, 2003). A composicdo das
nanoparticulas pode influenciar na protecdo dos farmacos frente a degradacdo (WEISS-
ANGELLI et al., 2008), na cinética de liberagdo do farmaco in vitro e no seu efeito in vivo
(CRUZ et al., 2006).

O farmaco incorporado a nanoparticula pode estar associado a matriz polimérica, ao
nucleo, recoberto pela parede polimérica ou quimicamente conjugado ao polimero, ou ainda
adsorvido na superficie da particula. A forma de associacdo depende do tipo de método de
preparacao e das interacdes do farmaco com o polimero e o 6leo (HANS; LOWMAN, 2002;
SCHAFFAZICK et al., 2003).

A literatura apresenta relatos de diversas técnicas de preparagdo de nanoparticulas
poliméricas. Basicamente, estas se dividem entre os métodos que envolvem a polimerizacao
in situ de monémeros e os que utilizam polimeros pré-formados (FESSI et al., 1988). Em
1986, FESSI e colaboradores propuseram o método de nanoprecipitacdo, no qual a mistura de
um solvente miscivel com &gua (geralmente acetona ou etanol), contendo o farmaco a
encapsular, um polimero [poli(acido latico), ou poli(e-caprolactona)] e um co-tensoativo

opcional é vertida sobre um solvente que ndo dissolve o polimero (uma fase aquosa



23

adicionada de tensoativo). As nanoparticulas sdo formadas instantaneamente pela rapida
difusdo do solvente, o qual é removido por pressao reduzida. O mecanismo de formacdo das
nanoesferas pode ser explicado pela turbuléncia interfacial gerada durante o deslocamento do
solvente, devido a muatua miscibilidade entre este e a agua. As gotas de solvente,
provavelmente de tamanho nanométrico, sdo estabilizadas pelo tensoativo até que a difusdo
do solvente se complete, ocorrendo a agregagdo do polimero. Por este método obtém-se
nanoesferas com didmetro médio de 200 nm (ROBLOT-TREUPEL; COUVREUR;
PUISIEUX, 1988; PUISIEUX et al., 1994; QUINTANAR-GUERRERO et al., 1998;
MONTASSER et al., 2000).

Em 1989, FESSI e colaboradores adaptaram o método de nanoprecipitacdo para a
obtencdo de nanocépsulas, adicionando-se um 6éleo (Miglyol® ou benzoato de benzila) & fase
organica (deposicdo interfacial). Em geral, a eficiéncia de encapsulamento é elevada para
farmacos lipofilicos. A formacdo das nanocépsulas baseia-se no fato de que quando a fase
organica, contendo o polimero e o 6leo, é vertida na fase aquosa (ndo-solvente), as vesiculas
sdo formadas por emulsificacdo espontanea, enquanto o solvente difunde no ndo-solvente.
Assim, o polimero gque é insolavel tanto no 6leo quanto no ndo-solvente, é dessolvatado na
interface dos dois componentes imisciveis, onde se deposita formando a membrana das
nanocapsulas. Os tensoativos ndo sdo essenciais para a formacdo das nanocéapsulas, mas sdo
importantes para a estabilizacdo da suspensdo, de forma a prevenir a aglomeracdo das
particulas, durante o armazenamento (QUINTANAR-GUERRERO et al., 1998).

Recentemente, foram reportadas nanocapsulas de nucleo lipidico, um novo tipo de
nanoparticula polimérica, em virtude de modificagdes na composicdo das nanocapsulas, as
quais possuem um nuacleo hidrofébico contendo uma substéncia lipidica solida
(monoestearato de sorbitano) disperso em um lipideo liquido (triglicerideos de cadeia média)
envolto por uma parede polimérica [poli(e-caprolactona)] dessa maneira, apresentando um
niicleo mais viscoso do que as nanocapsulas convencionais (JAGER et al., 2009; OURIQUE
et al., 2010).

ApoOs a preparacdo, é fundamental avaliar as caracteristicas fisico-quimicas das
suspensdes de nanoparticulas. Geralmente, as particulas coloidais apresentam o efeito
Tyndall, um reflexo azulado resultante do movimento browniano destas em suspensdo. A
analise da distribuicdo de tamanho de particulas é determinada a partir dos métodos de
espectroscopia de correlacdo de fotons (PCS) e microscopia eletronica (varredura ou
transmissao), buscando-se uma distribuicdo de tamanho nanométrica e estreita da formulag&o.

O tamanho das nanoparticulas poliméricas pode ser influenciado pela concentracdo e a
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natureza quimica do polimero, do farmaco, do 6leo e do tensoativo, 0 método de preparacéo e
a presenca ou auséncia do 6leo (nanocépsula e nanoesfera) (SCHAFFAZICK et al., 2003;
MORA-HUERTAS; FESSI; ELAISSARI, 2010).

A avaliagdo de pH, realizada em potencidmetro, é importante pois fornece
informagdes quanto & estabilidade do sistema, uma vez que diferencas no pH durante o tempo
de armazenamento podem sugerir a degradacdo polimérica ou oxidacdo de outros
componentes da formulacdo (SCHAFFAZICK et al., 2003).

O potencial zeta é analisado através de técnicas de eletroforese, e reflete o potencial de
superficie das particulas. Esta andlise é importante porque pode ser Gtil na elucidacdo do
mecanismo de associacdo do farmaco as nanoparticulas e também para avaliar a estabilidade
do sistema, uma vez que um potencial zeta relativamente elevado em mddulo aponta para uma
melhor estabilidade fisico-quimica da suspensdo coloidal. O wvalor e a carga
(negativa/positiva) do potencial zeta depende da natureza quimica do polimero, do agente
estabilizante e do pH da disperséo (SCHAFFAZICK et al., 2003; MORA-HUERTAS; FESSI;
ELAISSARI, 2010).

O teor total de farmaco € determinado pela completa dissolucéo das nanoparticulas em
solvente adequado (SCHAFFAZICK et al., 2003). A eficiéncia de encapsulamento é
geralmente avaliada através de ultrafiltracdo-centrifugacdo, que consiste na centrifugacdo e
separacdo das duas fases da nanodispersdo (fase aquosa dispersante e suspensdo coloidal).
Assim, a quantidade de farmaco associada as nanoparticulas corresponde a diferenca entre o
teor total e o teor livre, este Gltimo quantificado no ultrafiltrado (GUTERRES et al., 2000).

A quantificagdo do farmaco a partir de um novo sistema de liberacdo, nas diferentes
etapas de caracterizagdo, em muitas situacdes requer o desenvolvimento de uma metodologia
analitica, a qual deve ser previamente otimizada e validada, para garantir que o método
corresponda aos objetivos propostos (THOMPSON; ELLISON; WOOD, 2002). Assim, a
validacdo deve garantir, através de estudos experimentais, que o0 método atenda as exigéncias
das aplicacOes analiticas, assegurando a confiabilidade dos resultados. Neste contexto, os
seguintes parametros sdo usualmente avaliados: especificidade, linearidade, precisdo,
exatiddo, robustez, limite de quantificacdo e deteccdo. Estes devem garantir que o método
atenda as exigéncias das aplicagcdes analiticas e assegurando a confiabilidade dos resultados
(BRASIL, 2003).

Além disso, uma caracterizacdo completa desses sistemas envolve a determinacao do
perfil de liberacéo in vitro do farmaco a partir do nanocarreador. A liberacdo do fa&rmaco pode

depender do polimero, podendo ocorrer relaxamento das cadeias poliméricas, erosdo ou
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dissolugcdo da matriz polimérica, para a subsequente difusdo do farmaco ou pela combinacéao
destes processos (SOPPIMATH et al., 2001; CRUZ et al., 2006). A viscosidade do nucleo
oleoso também pode influenciar a cinética de liberagdo do farmaco (JAGER et al., 2009).
Alguns dos métodos utilizados para estes experimentos sdo as membranas de dialise, técnica
mais utilizada (SCHAFFAZICK et al., 2003); as células de Franz e experimentos que
envolvam ultracentrifugacdo ou ultrafiltragcdo-centrifugacdo (GUPTA et al.,, 2010;
SOPPIMATH et al., 2001).

Devido ao tamanho reduzido, os sistemas nanoparticulados tém sido considerados
como alternativas promissoras para vetorizagdo de farmacos, pois sdo capazes de permear as
barreiras bioldgicas com potencial agdo nas vias intravenosa oral, oftdlmica e topica (RAVI
KUMAR, 2000; BARRATT, 2000; NIMESH, 2006).

Recentemente, o desenvolvimento de nanoestruturas objetivando administracdo
pulmonar tem recebido atencdo especial. Como exemplos de farmacos encapsulados para
liberagdo pulmonar encontram-se o hormoénio insulina em lipossomas (HUANG; WAN,
2006) e em nanoparticulas lipidicas solidas (XIAOYAN et al., 2012), o antibidtico
ciprofloxacino em niossomas (MOAZENI et al., 2010), o antifingico voriconazol em
nanoparticulas (SINHA; MUKHERJEE; PATTNAIK, 2013), entre outros. Estes sistemas
nanomeétricos, por apresentarem tamanho reduzido, possuem vantagens na liberacdo pulmonar
em relagdo aos demais sistemas convencionais, como a melhora na passagem de farmacos
através da barreira mucosa, o aumento da deposi¢cdo do farmaco no pulmdo, facilidade de
adsorcéo pelas células epiteliais pulmonares e fibroblastos, além de ndo serem capturados por
macrofagos (CARAFA et al., 2006).

1.3 Corticoides e Dipropionato de Beclometasona: caracteristicas, aspectos

farmacoldgicos, terapéuticos e formulacoes

Doencas respiratorias acometem as vias aereas superiores e outros 6rgdos do sistema
respiratério. Dentre as mais importantes figuram a asma e a doenga pulmonar obstrutiva
cronica. A asma € uma doenga inflamatoria cronica caracterizada por obstrucéo reversivel das
vias aéreas, remodelacédo das vias aéreas e hiperresponsividade das vias aéreas inespecificas.
Apresenta como sintomas a falta de ar, a tosse (geralmente sem catarro), o chiado e a
sensacdo de aperto no peito (BATEMAN et al., 2008; SUBBARAO; MANDHANE; SEARS,
2009).



26

Por sua vez, a doenca pulmonar obstrutiva cronica é caracterizada pela inflamac&o do
tecido pulmonar, apresenta diversas manifestagfes sistémicas e inclui os subtipos de
bronquite crénica e enfisema pulmonar. E caracterizada por ser progressiva, apresentar
obstrucdo parcialmente reversivel das vias aéreas, limitacdo do fluxo aéreo, tosse cronica,
producdo de escarro e dispnéia (ENGSTROM et al., 1996; DECRAMER et al., 2008).
Atualmente, o uso dos corticoides é considerado como a terapia mais eficaz para o tratamento
dos sintomas das doencas respiratorias acima citadas (SAARI, 2003; COLICE et al., 2004).

Os corticoides sdo farmacos analogos sintéticos do cortisol, substancia enddgena
produzida pela glandula supra-renal, e apresentam elevada eficacia no tratamento da asma
pela sua acdo anti-inflamatoria na mucosa bronquica (por inibicdo da formacdo, liberacdo e
atividade dos mediadores da inflamacdo), por contribuirem para a reducdo do edema e da
secrecdo de muco nas vias aéreas, além de serem broncodilatadores. Os corticoides
administrados por via inalatoria e intranasal, como a beclometasona e a budesonida, séo
farmacos de primeira escolha no tratamento da rinite alérgica sazonal ou permanente e na
rinite ndo alérgica, vasomotora. Por via sistémica sdo utilizados em situacdes graves de asma
crbnica ou de exacerbacdo aguda de asma, sendo também eficazes na agudizacdo da doenca
pulmonar obstrutiva cronica aguda (KATZUNG, 2006).

Os corticoides, mesmo sendo administrados com técnicas avancadas de inalagéo,
alcancam apenas proporgoes pequenas de doses liberadas nas vias aéreas, geralmente menores
gue 30%, resultando em uma maior absorcdo sisttmica do farmaco ou de seus produtos de
degradacdo (SAARI, 2003). Em decorréncia disso, surgem efeitos colaterais sisttmicos como
a osteoporose, a reducdo do crescimento dos 0ssos em criancas e a supressdo da producéo de
cortisol (COLICE et al., 2004). A inalacdo de corticoides também pode apresentar efeitos
adversos no local de administracdo, como a imunossupressdo local que pode conduzir a
infeccdes fangicas como candidiase oral, faringite e laringite (DARWIS; KELLAWAY,
2001).

A eficacia dos corticoides inalados depende do tempo de residéncia nos pulmdes e da
interacdo com o receptor glicocorticoide presente nas células do parénquima pulmonar. A
permanéncia prolongada dos corticoides nos pulmdes permite maior disponibilidade para a
sua atuacdo topica, maximiza a interagdo com o receptor especifico, produzindo o efeito anti-
inflamatdrio desejado. Ao mesmo tempo, a retencdo do farmaco nos pulmdes limita a sua
atividade sistémica, diminuindo os efeitos colaterais indesejaveis. Dentre 0s representantes
desse grupo incluem-se o dipropionato de beclometasona, a budesonida e o furoato de
mometasona (COLICE et al., 2004).
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O 17,21-dipropionato de beclometasona (DB) é um glicocorticoide tépico potente e
tem fraco efeito mineralocorticoide. A afinidade do DB aos receptores especificos, que reflete
a poténcia intrinseca do farmaco, é cerca de 200 vezes maior que a do cortisol e 15 vezes
maior que a da prednisolona. Em 1972, foi relatado por Brown e colaboradores o uso do DB
no tratamento da asma cronica. Cole e colaboradores, em 1999, mostrou a eficacia do DB
quando utilizado de forma inalada em pacientes asmaticos, em comparacdo com placebo.

O DB (Figura 3) é um corticoide halogenado, diéster da beclometasona, apresentando
uma massa molecular de 521,04 g/mol e férmula molecular C3gH2sCIO; (DALEY-YATES et
al., 2001). Caracteriza-se por ser um p6 branco ou quase branco, cristalino, pouco soltvel em
agua, com pKa de 13,6 e faixa de fusdo entre 117-120°C (Farmacopéia Britanica, 2010).

Figura 3. Estrutura quimica do dipropionato de beclometasona.

Apenas a forma livre do DB (10 - 29%) é capaz de interagir com 0s receptores
glicocorticoides, mas como este farmaco possui fraca afinidade de ligacéo a estes receptores
(DALEY-YATES et al., 2001; ROHATAGI et al., 2003), ele liga-se extensivamente a
proteinas plasmaticas (87%) o que limita seus efeitos farmacoldgicos. O DB é rapidamente
absorvido pelos tecidos respiratdrio e gastro-intestinal, e é extensamente (95%) convertido no
seu metabolito ativo, 17-monopropionato de beclometasona, comprometendo sua
biodisponibilidade pulmonar (25%). Este farmaco, quando inalado é hidrolisado por enzimas
esterases, e sdo formados também metabdlitos inativos, como o 21-monopropionato de
beclometasona e beclometasona. O DB apresenta clearance de 3,8 I/min e tempo de meia-vida
plasmatico de 0,5 horas (DALEY-YATES et al., 2001).
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Como outros corticosteroides, 0 DB é um farmaco pouco solivel em agua, o que
favorece a sua penetracdo celular, mas complica a sua dissolugdo no interior das vias
respiratorias. Devido a sua lenta dissolucdo, o DB é rapidamente removido por depuracédo
mucociliar antes de ser absorvido, resultando em curta duracdo de acdo, o que afeta sua
eficcia terapéutica (BOOBIS, 1998). Como consequéncia, recomendam-se duas a quatro
doses por dia do DB (BARNES, 1995). Além disso, é importante comentar que mesmo o
farmaco sendo administrado por inalacdo, uma fracdo deste pode ser deglutida, o que pode
aumentar os efeitos secundarios sisttmicos (TRESCOLI; WARDS, 1998).

Quanto ao mecanismo de acdo, o DB atua no nucleo celular, onde ocorre sua ligagdo
aos receptores glicocorticoides, fato que ocasiona a inibicdo da producdo dos mediadores da
inflamacdo, prostaglandinas e leucotrienos, evitando assim o processo inflamatorio
(BENEDICTS; BUSH, 2012).

O DB ¢ indicado para o tratamento de rinites alérgicas e vasomotoras, rinofaringites,
sinusites e em outras afeccdes alérgicas e inflamatérias das cavidades nasais e paranasais;
asma bronquica, bronquite e processos inflamatérios das vias aéreas superiores (Manual
Farmacoterapéutico, 2009). Seu efeito terapéutico no tratamento da asma crénica esta bem
estabelecido (NICOLINI; CREMONESI; MELANI, 2010.). Para o tratamento da asma é
recomendado 300-400 pg diarios de DB e no caso de sintomas persistentes leves, recomenda-
se entre 100-200 pg diarios do farmaco, ambas as dosagens pela via intranasal (BOUSQUET
et al., 2008).

O DB apresenta alguns efeitos adversos, tais como: rouquiddo, secura da boca, tosse
ou respiracdo ofegante, reacfes de hipersensibilidade, sensagdes de irritacdo e ardéncia no
nariz, além de candidiase limitada a orofaringe (FRANCA; KOROLKOVAS, 2006).

Atualmente, os medicamentos comercializados no Brasil para administracdo do DB
s30: Beclosol®(GlaxoSmithKline) como spray nasal na dose de 50 pg; Clenil®(Farmalab),
como jato de spray na dose de 400 pg; Miflosona®(Novartis), nas doses de 200 g ou 400 pg
e Beclate®(Cipla), como capsulas de pé inalavel na dose de 50 pg.

Levando em consideracdo as limitacbes do DB, além do interesse por sua liberagdo
pulmonar, haja vista suas potencialidades anti-inflamatdrias previamente citadas, este farmaco
ttm sido alvo de estudos que tratam do desenvolvimento de sistemas de liberagédo
nanoestruturados.

Waldrep e colaboradores (1994) prepararam lipossomas contendo DB (0,5 mg/mL) e
dialoruilfosfatidilcolina em uma proporc¢éo de 1:25 (p/p). Estes lipossomas, que apresentaram

eficiéncia de encapsulamento entre 97-99%, foram colocados em nebulizadores e avaliados
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quanto ao seu desempenho. Um total de 18 nebulizadores de escoamento continuo a jato
foram analizados, com a producdo de gotas de 0,9-7,2 um. Os resultados mostraram que a
maioria dos nebulizadores testados, os quais produziam goticulas na faixa de diametro
aerodinamico de massa média de 1 a 3 um, propiciavam a administracdo de doses
significativas de lipossomas as regides periféricas dos pulmaes.

Na sequéncia, 0 mesmo grupo de pesquisa estudou 0 comportamento in vivo dos
lipossomas contendo DB em seis voluntarios (VIDGREN et al.,1995). As formulacdes foram
marcadas com 99mTc para estudar e visualizar a deposicdo e a remocdo do composto
radioativo. Este foi medido apos trés horas e foi observado que entre 82 e 93% da atividade
inicial estava presente. Além disso, foi mostrado que os lipossomas inalados estavam
gradativamente sendo removidos dos pulmdes. Em outra avaliacdo in vivo, a formulacéo foi
instilada pela via nasal de camundongos, o que permitiu observar que cerca de 50% dos
lipossomas radiativos com DB permaneceram nos pulmdes até 24 h, sendo que 75% da dose
foi distribuida aos pulmdes, enquanto que cerca de 12% ficou retida na nasofaringe e 13% foi
deglutida. Porém, apenas 14 a 17% da formulacdo lipossomal com 99mTc em forma de
aerossol foi depositada nos pulmdes dos voluntarios.

Posteriormente, 0 mesmo grupo de pesquisa avaliou formulagdes contendo DB em 11
voluntarios (SAARI et al., 1999). Foi estudada a distribuicdo e a remoc¢do pulmonar de
lipossomas preparados com dois tipos de lipideos: dialoruilfosfatidilcolina e
dipalmitoilfosfatidilcolina com DB, marcados com 99mTc. Neste estudo, os autores
observaram que depois de 24 horas ap6s a inalacdo, 83% da radioatividade referente aos
lipossomas de dipalmitoilfosfatidilcolina, e 79% da radioatividade referente aos lipossomas de
dialoruilfosfatidilcolina, permaneceu nos pulmdes. Portanto, concluiu-se que a remogéo dos
lipossomas de dipalmitoilfosfatidilcolina foi um pouco mais lenta do que a remocdo dos
lipossomas de dialoruilfosfatidilcolina, e também que o encapsulamento lipossomal realmente
pode oferecer uma liberagdo lenta e controlada do DB no trato respiratdrio.

Batavia e colaboradores (2001) estudaram duas metodologias diferentes para avaliar a
incorporagdo méxima do DB em lipossomas de dipalmitoilfosfatidilcolina. A primeira
metolodologia analisada foi a microscopia de contraste diferencial de fase e a microscopia de
polarizacdo cruzada, as quais avaliaram a concentracdo maxima de DB em que puderam
visualizar cristais de farmaco. Esta estimativa, semi-quantitativa e simples, mostrou valores
de 1,5 a 2 mol% de DB. O segundo método de quantificacdo utilizou agua deuterada (D,0)

para suspender a solucdo lipidica. A suspensdo foi centrifugada para separar o DB livre dos
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lipossomas, e analisada por cromatografia liquida de alta eficiéncia (CLAE), a qual mostrou
2,52 mol% de DB.

Em um estudo envolvendo nanoparticulas, foram preparadas nanoesferas contendo
DB, utilizando os polimeros Eudragit E100 e Eudragit L100, através de um novo metodo que
emprega um reator de fluxo. Foram obtidas nanoesferas com didmetro meédio entre 90-150
nm, forma arredondada e superficie lisa. Além disso, os autores observaram que quando
utilizaram na formulacdo Eudragit L100, este produziu particulas maiores que o Eudragit
E100. A eficiéncia de encapsulamento do farmaco também apresentou uma pequena variacao
conforme a proporcéo e o tipo de Eudragit utilizado, porém todas amostras apresentaram
eficiéncia de encapsulamento maior que 90% (EERIKAINEN; KAUPPINEN, 2003).

Hyvonen e colaboradores (2005) prepararam nanoesferas de poli(L-acido latico)
(PLA) incorporando o DB pelo método de nanoprecipitacio modificado (deposicdo de
polimero interfacial ap6s deslocamento solvente). O estudo teve como objetivo avaliar a
influéncia do método de preparacdo nas caracteristicas fisico-quimicas do polimero e do
farmaco e avaliar as possiveis interacbes farmaco-polimero por microscopia eletronica,
difracdo de raios X, analise térmica e de espectroscopia de infravermelho. A forma cristalina
do DB mudou quase que completamente de um cristal anidro a monoidratado, durante o
processo de nanoprecipitacdo. As formulacfes apresentaram tamanho nanométrico na faixa de
300-500 nm. Neste estudo, foi concluido que a nanoprecipitacdo reduziu a cristanilidade do
polimero PLA e nenhuma interacdo clara entre este e o farmaco foi detectada.

Vesiculas ndo-iénicas de polissorbato 20 e colesterol contendo DB foram preparadas
pelo método de evaporacdo de camada delgada seguido de sonicacdo. As formulacdes
contendo 0,4 e 50,0 mg/mL de DB apresentaram tamanho médio de 186 e 205 nm e eficiéncia
de encapsulamento de 14,7 e 77,0%, respectivamente. Além disso, as vesiculas ndo-ibnicas
ndo mostraram atividade citotdxica significativa frente a fibroblastos humanos em todos os
momentos de incubagdo para concentracdes entre 0,01 e 1,0 uM. O tratamento das células de
fibroblastos do pulm&o humano mostrou um aumento notavel da atividade anti-inflamatoria
do DB, uma vez que reduziu a secrecdo dos fatores da inflamagdo, como a interleucina 1
(MARIANECCI et al., 2010).

Outra abordagem estudada para a liberagdo pulmonar do DB foi a preparacdo de
micelas poliméricas usando os copolimeros poli(acrilato 2-hidroxietil) (PHEA) e 1,2-
distearoil-sn-glicero-3-fosfoetanolamina-N-[amino  (polietileno  glicol)-2000]  (DSPE-
PEG2000-NH2). O copolimero PHEA-PEG200-DSPE foi capaz de se auto-associar para

formar micelas em meio aquoso, que apresentaram 3,0% do DB em peso e valores de
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tamanho médio abaixo de 80 nm. A liberacdo in vitro foi realizada em sacos de diélise (meio:
tampé&o fosfato pH 7,4/etanol, 80:20) e apos 48 h, cerca de 30% do DB foi liberado. O estudo
da viabilidade celular in vitro, realizado em células do epitélio brénquico (16HBE), com 24 e
48 h de incubacao, indicou que as micelas ndo sdo citotoxicas. As micelas do copolimero de
PHEA-PEG2000-DSPE foram consideradas promissoras devido a capacidade em solubilizar
uma quantidade adequada de DB e penetrar nas células epiteliais do pulmdo (CRAPARO et
al., 2011).

Mais recentemente, Jaafar-Maalej e colaboradores (2011) prepararam nanoparticulas
lipidicas com 4&cido estearico pelo método de homogeneizacéo a alta pressdo. Esta técnica
demonstrou ser simples, reprodutivel, rapida, ndo necessitando o uso de solventes organicos.
Os carreadores lipidicos nanoestruturados foram preparados com 20, 30 e 40% v/v de Migliol
812 (triglicerideos caprilico/caprico), enquanto que as nanoparticulas lipidicas solidas foram
preparadas com Tween 80 (monoestearato de sorbitano), Poloxamer 188 e com a mistura dos
mesmos na proporcdo de 1:1. As nanoparticulas lipidicas sélidas contendo DB apresentaram
tamanho médio entre 193-217 nm, eficiéncia de encapsulamento entre 80,46 - 89,88%,
enquanto que os carreadores lipidicos nanoestruturados apresentaram tamanho médio entre
197-184 nm e eficiéncia de encapsulamento entre 97,23 - 99,56%. A liberacdo in vitro do
farmaco foi estudada em sacos de dialise (meio de liberacdo: dodecil sulfato de sédio, 0,55
mM). Os resultados mostraram que apdés 16 dias, 20% do farmaco foi liberado pelas
nanoparticulas lipidicas solidas e 77% a partir dos carreadores lipidicos nanoestruturados.
Assim, foi concluido que nanoparticulas lipidicas sdo sistemas promissores de liberacédo

controlada para nebulizagdo pulmonar.
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CAPITULO 1: Validacdo de metodologia analitica por cromatografia liquida de alta
eficiéncia para determinacgdo do dipropionato de beclometasona em nanocépsulas poliméricas

1.1 Apresentacdo

O doseamento de um farmaco, seja ele isolado ou incorporado em formulagdes,
necessita ser realizado através de métodos devidamente validados. Apesar do DB ser um
farmaco amplamente empregado na terapéutica e ter sido aprovado pelo FDA em 2006,
apenas as Farmacopéias Britanica e Americana apresentam métodos validados para este
farmaco. Contudo, estes apresentam algumas limitagGes do ponto de vista prético, dentre elas:
etapas laboriosas, eluicdo por gradiente, temperatura elevada, longo tempo de retencdo ou
utilizacdio de solventes organicos de alto custo (FARMACOPEIA BRITANICA, 2010;
FARMACOPEIA AMERICANA, 2009). Além disso, cabe ainda ressaltar que apesar de
existirem diversos estudos propondo novas formas farmacéuticas para o DB, ndo foram
encontrados relatos de métodos indicativos de estabilidade para estas formulagdes.

Desta forma, o0 objetivo deste capitulo foi desenvolver e validar um método simples de
HPLC com detecgdo por UV para a quantificacdo do DB em nanocépsulas, bem como estudar
a degradacdo do DB em condigdes aceleradas a fim de tornar o método indicativo de
estabilidade do farmaco. Os resultados apresentados nesta parte da dissertacdo foram
redigidos na forma de artigo cientifico e serdo submetidos para publicacdo no periddico

Chromatographia.
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Abstract

A simple stability-indicating RP-HPLC/UV method was validated for the
determination of beclomethasone dipropionate (BD) in nanocapsule suspensions.
Chromatographic conditions consisted of a RP C;3 Phenomenex column (250 mm x 4.60 mm,
5 um, 110 A), using a mixture of methanol and water (85:15 v/v) as mobile phase at a flow
rate of 1.0 mL/min with UV detection at 254 nm. The developed method was validated as per
ICH guidelines with respect to specificity, linearity, precision, accuracy, robustness, limits of
quantification and detection and provided good results regarding all parameters investigated.
The calibration curve was found to be linear in the concentration range of 5.0-25.0 pg/mL
with a correlation coefficient > 0.999. Precision (intraday and interday) was demonstrated by
a relative standard deviation lower than 2.0%. Accuracy was assessed by the recovery test of
BD from nanocapsules (98.03% to 100.35%). Specificity showed no interference from the
components of nanocapsules or from the degradation products derived from acidic, basic and
photolytic conditions. In conclusion, the method is suitable to be applied to assay BD in bulk
drug and in polymeric nanocapsules and can be applied for study the stability and degradation

kinetics.

Keywords: Beclomethasone dipropionate, RP-HPLC/UV, Validation, Stress conditions,
Nanoparticles.
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Introduction

Beclomethasone dipropionate (BD; CsgH2sClO;; MW: 521.0 Da) (Figure 1), a
synthetic chlorinated glucocorticoid diester is a well-established anti-inflammatory agent used
in the treatment of asthma [1]. BD is characterized by a white or almost white crystalline
powder, presenting pKa of 13.6 and melting range between 117-120°C [2-5]. The mechanism
of action of BD occurs at cellular nucleus level by interacting with DNA and hence
stimulating or suppressing gene transcription. This drug can act as a transcription factor,
altering the expression of target genes in response to a specific hormonal signal [6].

BD has been proven to be effective when used by inhalation in asthmatic patients
compared to placebo. In this way, the therapeutic effect of conventional doses of inhaled BD
is attributed to its direct action on the respiratory tract [7]. However, BD is a highly
hydrophobic drug, and thus presents slow dissolution rate within airways and rapid
mucociliary clearance, resulting on a relative short local duration of action following
administration with a consequent reduction in the therapeutic effect [8, 9]. Following powder
aerosol administration, BD is partially removed from its primary site of action, the lower
airways, by mucociliary clearance prior to dissolution and absorption, and eventually,
swallowed into the gastrointestinal tract [10]. Therefore, BD entrapment within biocompatible
and biodegradable nanocarriers is a promising approach to improve therapeutic efficacy,
reduce the risk of side effects by prolonging BD retention time in the lung and achieve
controlled or targeted drug delivery [11].

Nanocapsules are colloidal drug carriers characterized by a lipophilic core surrounded
by a polymeric layer, in which the drug can be dissolved in the oily core and/or adsorbed at
the polymeric wall [12]. The advantages of using such colloidal carriers include: potential to
increase the bioavailability of poorly water-soluble drugs, ability to control the rate and/or the
site of drug release and possibility to improve drug stability related to enzymatic,
immunological or chemical/photochemical degradation, among others [13]. In spite of these
advantages, there is no report on the development of nanocapsules containing BD. In this
way, experiments are being conducted in our laboratory in order to formulate BD-loaded
biodegradable nanocapsules. At the same time, it is necessary to work with a validated
analytical technique for assaying BD from these formulations.

A literature survey indicated few HPLC methods to determine BD in pharmaceutical
formulations. BD is officially listed in the British and in the US Pharmacopeias. In the first
one, it is described a laborious method using elution by gradient, elevated temperature, and

presenting retention time of 25 minutes [5]. In its turn, US Pharmacopeia [14] reports a
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simpler HPLC method with a mobile phase constituted by acetonitrile and water eluting at
room temperature. The retention time is approximately 6 minutes. In the open literature, it
was not found works on the validation of analytical methods for the determination of BD in
bulk drug and pharmaceutical formulations. In relation to its determination in biological
fluids, Foe and co-workers [15] compared the kinetics of metabolism of BD and its
monopropionate ester in human lung homogenates and plasma using a HPLC method with an
isocratic mobile phase composed by a mixture of methanol/water/acetonitrile/acetic acid
(352:166:50:1, v/v) eluting at a flow rate of 1.3 mL/min. The UV detection was at 242 nm.
According to Girault and co-workers [16], low levels of corticosteroids cannot be accurately
measured with conventional HPLC methods due to the lack of sensitivity. For this reason,
HPLC coupled to mass spectrometry has been used for BD quantification in complex
biological matrices [16, 17].

According to The International Conference on Harmonization (ICH) stability
guideline [18], stress testing of a drug substance can be carried out to elucidate its inherent
stability characteristics under hydrolytic, oxidative and photolytic conditions. Considering
BD, to the best of our knowledge, there is no stability-indicating method published for this
drug.

Taking all of this into account, in the present study, a simple reverse-phase HPLC
method with UV detection was validated for quantifying BD in nanocapsules, as well as to
study forced degradation of the drug under stress conditions. The experiments were performed

in accordance with ICH guidelines parameters [18-20].

Experimental
Materials

Beclomethasone dipropionate (97% w/w) was obtained from Henrifarma (Séo Paulo,
Brazil), Poly(e-caprolactone) (PCL) and Span 80® (sorbitan monooleate) were acquired from
Sigma Aldrich (S&o Paulo, Brazil). Tween 80® (polysorbate 80) was purchased from
Delaware (Porto Alegre, Brazil). Sweet almond oil was kindly donated by Campestre (Sao
Bernardo do Campo, Brazil). HPLC-grade methanol was purchased from Tedia (S&o Paulo,
Brazil). Ultrapure water was obtained from a Milli-Q® Plus apparatus (Millipore, Billerica,
USA). All other solvents and reagents were of analytical grade and used as received.

Apparatus and chromatographic conditions
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All the experiments were performed on a Shimadzu LC-10A HPLC system (Kyoto,
Japan) equipped with a LC-10 ADVP pump, an UV-VIS SPD-10AVP detector, a SCL-
10AVP system controller, and a Rheodyne valve sample manual injector with 50 pL loop. For
separations, a RP Cig Phenomenex column (250 mm X 4.60 mm, 5 pm particle size, 110 A
pore diameter) at room temperature and a mobile phase consisting of methanol and water
(85:15 v/v) at isocratic flow rate (1.0 mL/min) was used. The injection volume was 50 pL and
the detection was monitored at a wavelength of 254 nm. The peak areas were automatically
integrated by the Class VP solution software program. In order to protect the analytical

column, a guard column was used (Security Guard C;g 4 X 3.0 mm).

Preparation of nanocapsule suspensions

BD-loaded nanocapsule suspensions were prepared by interfacial deposition of PCL
[21]. An organic solution consisting of acetone (27 mL), BD (0.005 g), PCL (0.100 g),
sorbitan monooleate (0.077 g) and almond oil (330 pL) was added into an aqueous solution of
polysorbate 80 (0.077 g) under moderate magnetic stirring at 40°C. After 10 minutes, the
acetone was eliminated and the water was concentrated under reduced pressure to achieve 0.5
mg/mL of BD. The sample was named NC-BD. For comparison purposes, a blank
formulation was prepared omitting the drug (NC-B).

Preparation of standard and sample solutions

A stock standard solution (0.5 mg/mL) of BD was prepared by accurately weighing
0.005 g of drug, transferring to 25 mL volumetric flask and making up to volume with
methanol. For BD quantification in the nanocapsules and evaluation of the validation
parameters the suspensions were diluted with methanol, sonicated for 10 minutes and then
subjected to centrifugation for 20 minutes to extract the drug. All solutions were filtered

through a regenerated cellulose membrane (poro size 0.45 um) before HPLC injection (n=3).

Method development

Detection wavelength for the HPLC study was selected as 254 nm. The
chromatographic conditions were optimized for resolution of the peak of BD and degradation
products under each forced degradation condition by varying the proportion of methanol-
water in the mobile phase. Samples of different stress conditions were used to optimize the
chromatographic conditions for resolving BD and all the degradation products in a single run.

An appropriate blank was injected before the analysis of all forced degradation samples. The
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method was then validated and applied for the determination of BD in nanocapsule

suspensions.

Method Validation

Validation studies were conducted using the optimized assay conditions based on the
principles of validation described in the ICH guidelines.The method was validated for
specificity, linearity, limit of detection (LOD), limit of quantitation (LOQ),accuracy,
precisionand robustness.

The specificity was determined by analyzing the chromatograms of unloaded
nanocapsule suspensions (blank nanocapsules) in comparison with those obtained for BD-
loaded nanocapsules aiming to confirm that none of the excipients interfere with the
guantitation of the drug. Peaks due to degraded products and excipients were examined.

Forced degradation studies were also carried out in order to provide some information
about drug stability and specificity of the proposed method. The standard solution of BD was
subject to accelerated degradation by acid, basic and photolytic conditions. To study the acid
degradation, 6.25 mL of the stock solution (1.0 mg/mL of BD) was diluted in a 25 mL
volumetric flask with 0.1 M HCI. This solution was maintained at room temperature and
protected from light for 1 h. After the reaction time, the solution was neutralized with 0.1 M
NaOH. The solution was diluted with methanol to achieve a final concentration of 15 pg/mL
before injection into the HPLC system. The same procedure was adopted for thealkaline
degradation, except by the fact that 0.1 M HCI was replaced by 0.1 M NaOH in sample
preparation. For photodegradation, 1.5 mL of BD methanolic solution (0.5 mg/mL of BD;
BD-MS) was placed in a plastic cuvette and subsequently exposed to UV radiation (Phillips
TUV lamp-254 nm, 30 W) for 6 h in a mirrored chamber (1 m x 25 cm x 25 c¢cm), at a fixed
distance. At predetermined times (0, 1, 2, 3, 4 and 5 hours) of exposure to light, 300 uL of the
samples were withdrawn and diluted with methanol (final concentration of 15 pg/mL of BD)
in order to quantify the remaining BD according to the method previously described. In order
to refute the hypothesis of thermal degradation, a cuvette containing BD-MS was covered by
aluminum paper and was evaluated as the same way. The degradation rate kinetics of BD was
determined and the best fit observed indicates the reaction order. The kinetics model used
were: zero order (C=Cy-kt), first order (InC=InCy-kt) and second order equation
(1/C=1/Cy+kt).

Linearity test solutions for the assay method were prepared from BD stock solutions at

five concentration levels (5.0, 10.0, 15.0, 20.0, and 25.0 pg/mL). The peak area versus
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concentration data was performed by least-squares linear regression analysis. The calibration
graph was obtained by plotting the peak areas of the standard solutions against standard
concentrations.The linearity test was performed for 3 consecutive days in the same
concentration range for assay method. The solutions were injected in triplicate into the HPLC
column keeping the injection volume constant (50 pL) and chromatograms were recorded.
The % RSD value for the slope and Y-intercept of the calibration curve were calculated.

LOD and LOQ were calculated based on the standard deviation of the response ()
and the slope (S) of the calibration curve and were expressed as 3.3 6/S and 10 &/S, for LOD
and LOQ), respectively.

The accuracy of the analytical method was investigated by spiking blank nanocapsules
with known concentrations of the stock solution to achieve final theoretical drug
concentrations of 7.5, 12.5 and 17.5 pg/mL. The analyses were performed in triplicate in three
different days.

The precision of the assay method was determined in two levels: repeatability
(intraday precision) and intermediate precision (interday precision). Six samples of
nanocapsules (15ug/mL) were assessed on the same day in order to evaluate the repeatability
of the method and in two different days in order to determine intermediate precision. Results
were reported in terms of relative standard deviation (RSD %).

To determine the robustness of the method, experimental conditions were purposely
altered to check the reproducibility of the method. Robustness was evaluated by analyzing
drug content of the nanocapsules with small variations in the flow rate (0.9 and 1.1 mL/min)
and composition of the mobile phase (80:20 and 90:10 methanol/water, v/v). Samples were
evaluated in triplicate for each variation of the method conditions. Chromatograms were

recorded and compared with chromatographic conditions mentioned earlier.

Evaluation of encapsulation efficiency

Encapsulation efficiency was estimated by ultrafiltration-centrifugation technique
using Amicon Ultra® 10,000 MW devices (Millipore). After centrifugation at 2200 xg for 10
minutes, free BD was assayed in the ultrafiltrate. The encapsulation efficiency was calculated

as the difference between the total and the free drug concentrations, as follows:

_ Total content - Free content X
Total content

EE 100
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Results and Discussion
Optimization of chromatographic conditions

Viewing to establish the chromatographic conditions, preliminary tests were carried
out in order to select the detection wavelength and the mobile phase composition. The organic
solvent chosen to compose the mobile phase was methanol because it is more cost-effective
than acetonitrile and it is the solvent used to prepare the standard and sample solutions. Initial
trials were conducted with mixtures of methanol and ultrapure water in the following
proportions: 70:30, 85:15 and 80:20 v/v. The mobile phases were tested at flow rates of 0.8,
1.0 and 1.2 mL/min. With the aid of a photodiode array detector, the wavelength selected was
254 nm, which is in accordance with USP and British Pharmacopoeias. Considering retention
time, peak symmetry, peak selectivity and peak width, the mobile phase of methanol and
water (85:15, v/v) at 1.0 mL/minwas considered satisfactory (theoretical plates = 5829 and

tail factor = 1.1). The retention time was 5.9 minutes (Figure 2b).

Method validation

Specificity was evaluated for the influence of the formulation components, as well as
for the interference of possible degradation products in the assay of BD. By comparing the
both chromatograms presented in Figure 2, it is possible to conclude that there is no
interference from the components of nanocapsules in the drug peak. Moreover, the
photodiode array detector showed that the BD peak was free from interferents (purity index >
0.9999).

In relation to the presence of degradation products, forced degradation studies showed
different results depending on the stress conditions employed. In alkaline medium, there was
significant degradation of BD, (approximately 99%), with one majoritary additional peak
detected at 3.6 min (Figure 3a). On the other hand, after exposure to 0.1 M HCI,
approximately 55% of BD was degraded (Figure 3b). Chen and co-workers [22] reported the
formation of an enol aldehyde from BD and other corticosteroids under acid conditions.
However, the reaction conditions were not the same employed in our study. In that work, the
enol aldehyde was generated from concentrated sulfuric acid, which was responsible for the
B-elimination of water from the side chain of corticosteroid (Mattox rearrangement) and in
alkaline condition (1.0 N NaOH) it was not observed degradation of BD.

Under the photolytic conditions, decreases in the BD concentration of the methanolic

solution were observed (Figure 4a). No additional peaks appeared in the chromatograms,
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indicating that the degradation products were not detected under the developed experimental
conditions.

Aiming at elucidating the kinetics of photodegradation of BD from solution, the
experimental data were fitted to zero, first and second order equations. The plots showed in
Figure 4 indicated that the photodegradation process of BD in methanolic solution followed a
zero order kinetic with a rate constant of 18.072 h™. In this case, the degradation of BD is
independent on the drug concentration.

As for the linearity of the method, it was observed a linear relationship between peak
area and concentration of BD in the concentration range of 5.0-25.0 pg/mL. The linear
equation obtained by the least-square method was y = 56798x + 6295.1 and showed an
adequate correlation coefficient (r = 0.9993). The validity of the assay was verified by
analysis of variance (ANOVA), which confirmed that the regression equation was linear
(Featcutated = 1793.3864 > Friticat = 4.96; p < 0.05) with no linearity deviation (Fcaiculated =
0.7657 < Feriticas = 3.71; p < 0.05).

The accuracy of the method, evaluated by a recovery study, presented average
recoveries for the three levels of concentration ranging from 98% to 101% (Table 1).
Regarding precision, the results of repeatability and intermediate precision are shown in Table
2. RSD values were lower than 2%. Thus, the proposed analytical method was considered
accurate and precise.

Regarding LOD andLOQ, the lowest concentrations assayed with acceptable precision
and accuracy were 0.16 pg/mLand 0.54 ug/mL, respectively, meaning that the method is
sensitive enough to detect and quantitate BD in the concentration range of 5.0-25.0 pg/mL.

Concerning the evaluation of robustness, the results showed RSD values lower than
2%, which indicates that changes in the proportion of the mobile phase, as well as variations
in the flow rate did not affect the assay of BD in the nanocapsule suspensions (Table 3). Little
variations in the retention time were observed, as expected, without compromising the

evaluation of drug content.

Method application

In order to show the applicability of the validated method, the drug content and the
encapsulation efficiency of BD-loaded nanocapsules were determined. The experimental
concentration of the drug in the formulation was according to its theoretical concentration (0.5
png/mL) with a low RSD value from the triplicate analysis (0.51+0.01). As regards the rate of
drug associated with the polymeric nanocapsules, the encapsulation efficiency was 99.37%,
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which can be explained by the lipophilic nature of this drug. Therefore, the validated method
was successfully applied to the assay of BD in nanocapsule suspensions and can be

considered an important tool in the quality control of these promising formulations.

Conclusions
The developed and validated RP-HPLC method proved to be specific, linear, accurate,
precise, and robust for the rapid determination of BD in polymeric nanocapsule suspensions,

and can be applied for study the stability and degradation kinetics of the drug.
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Table 1 Accuracy data for beclomethasone dipropionate analysis (n=3)
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Levels of Theoretical Actual concentration  Recovery (%) RSD*

concentration concentration (ng/mL) (%)
(Mg/mL)

Low 7.50 7.41+£0.19 98.73 2.61

Medium 12.50 12.22 £0.22 98.03 1.36

High 17.50 17.56 £ 0.10 100.35 0.58

*RSD=Relative Standard Deviation

Table 2Repeatability and intermediate precision data for beclomethasone dipropionate

analysis (n=3)

Theoretical concentration Actual concentration Recovery  RSD*
(ng/mL) (ng/mL) (%) (%)
Day 1 (n=6) 15.00 14.86 + 0.21 99.06 1.43
Day 2 (n=6) 15.00 15.27 +0.14 101.85 0.96
Mean + SD 15.00 15.06 £ 0.29 99.06 1.97

*RSD= Relative Standard Deviation.

Table 3 Robustness data for beclomethasone dipropionate analysis (n=3)

Drug content Run time
(%) RSD* (%) (min)
Optimum conditions

85:15 MeOH:Water; 1.00 mL/min 99.78 0.76 5.9

Mobile phase
90:10 MeOH:Water 100.69 0.78 4.2
80:20 MeOH:Water 99.78 0.28 5.4

Flow rate

0.90 mL/min 100.27 1.97 5.1
1.10 mL/min 100.28 0.73 6.3

*RSD= Relative Standard Deviation.



Fig. 1 Chemical structure of Beclomethasone Dipropionate
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Fig. 2 Chromatograms of blank nanocapsules (a) and beclomethasone dipropionate-loaded

nanocapsules (b).
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Fig. 3 Chromatograms obtained after one hour of BD exposure under alkaline conditions (a)

and under acid conditions (b).
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CAPITULO 2: Desenvolvimento de nanocépsulas poliméricas contendo dipropionato de
beclometasona
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CAPITULO 2: Desenvolvimento de nanocépsulas poliméricas contendo dipropionato de

beclometasona

2.1 Apresentacgao

No presente capitulo sera abordado o desenvolvimento de nanocapsulas poliméricas
para liberacdo pulmonar do dipropionato de beclometasona. Com este intuito, dois polimeros
foram selecionados: a poli(e-caprolactona) (PCL) e a etilcelulose (EC). O uso da PCL na
preparacdo de nanocapsulas ja é bem consagrado, uma vez que é um poliéster alifatico
sintético, biocompativel, biodegradavel e amplamente empregado no controle da liberacédo de
farmacos (GUTERRES; SCHAFFAZICK; POHLMANN, 2007). A EC, por sua vez, é um
derivado semissintético da celulose que apresenta como principais caracteristicas a
biocompatibilidade e hidrofobicidade, o que determina sua capacidade de promover liberacéo
sustentada. Apesar de ndo ser biodegradavel, este polimero tem sido estudado recentemente
na obtencdo de formas inalatérias (TRAINI et al, 2012; FENG; ZHANG; ZHU; 2013). As
suspensdes de nanocapsulas preparadas com ambos os polimeros foram avaliadas quanto as
suas caracteristicas fisico-quimicas, fotoestabilidade, perfil de liberagdo in vitro,
citotoxicidade in vitro em linhagem celular de fibroblasto e toxicidade pulmonar aguda in
vivo. Os resultados obtidos foram alvo da redacdo do segundo artigo oriundo desta dissertacdo
e serdo submetidos ao periédico Drug Development and Industrial Pharmacy.

Na segunda parte deste capitulo, o polissorbato 80, tensoativo de elevado EHL
amplamente utilizado na preparacdo de nanocapsulas, foi substituido pelo pullulan, um
polissacarideo formado por unidades de maltotriose obtido a partir da fermentacdo do fungo
Aureobasidium pullulans (CHENG; DEMIRCI; CATCHMARK, 2011). A eficacia do
pullulan na estabilizacdo de emulsbes ja foi demonstrada (KSHIRSAGAR et al., 2007),
entretanto, ndo héa relatos na literatura sobre a sua utilizacdo em nanoparticulas poliméricas.
Devido ao seu elevado peso molecular, o pullulan poderia promover uma maior estabilidade
as formulagbes, em comparacdo com o0s tensoativos de baixo peso molecular, como o
polissorbato 80. Assim, o terceiro artigo desta dissertacdo abrange a proposta da utilizagdo do
pullulan nas nanocéapsulas de PCL demonstradas no artigo anterior. Este artigo sera submetido

para publicacdo no periddico Express Polymer Letters.
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Abstract

The aim of this work was to develop polymeric nanocapsules intended for the pulmonary
delivery of beclomethasone dipropionate (BD) using Ethyl cellulose (EC) or Poli(e-
caprolactone) (PCL). The formulations showed adequate physicochemical characteristics,
namely, average diameter lower than 260 nm, low polydispersity index, negative zeta
potential, neutral pH values, and encapsulation efficiencies close to 100%. In addition, both
EC and PCL nanocapsules were able to delay the drug photodegradation under UVC
radiation. The in vitro drug release showed a prolonged release without burst effect using the
dialysis bag diffusion technique. Moreover, EC and PCL nanocapsules presented low in vitro
cytotoxicity on 3T3 fibloblasts cells. In vivo, the formulations showed no acute pulmonary
injury in rats. Therefore, the developed nanocapsules could be considered suitable carriers to
be used for beclomethasone dipropionate pulmonary delivery.

Keywords: Beclomethasone dipropionate, nanocapsules, pulmonary delivery, ethyl cellulose,

poli(e-caprolactone), acute lung toxicity.
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1. Introduction

Beclomethasone dipropionate (BD) is a well-established corticosteroid drug used in
the management of chronic asthma (Nicolini et al., 2010). After binding to glucocorticoid
receptor at cellular nucleus level, BD exerts its anti-inflammatory activity by inhibiting the
synthesis of cytosolic phospholipase A2 or by inducing repression of ciclooxigenase-2. In
both pathways, the production of prostaglandins, which are the mediators of inflammation
processes, is inhibited (Benedictis; Bush, 2012).

Like other corticosteroids, BD is a poorly water-soluble drug, which favors its cellular
penetration, but complicates drug dissolution within airways, BD is rapidly removed by
mucociliary clearance before being absorbed due to its slow dissolution, resulting in short
duration of action, which affects the drug therapeutic efficacy (Boobis, 1998). As
consequence, it is recommended two to four doses of BD per day (Barnes, 1995). Moreover,
the swallowed fraction can enhance the systemic side effects of the drug (Trescoli; Wards,
1998).

Over the last decades, nanocarriers have been widely studied to control and/or target
the release of drugs via different routes of administration (Ravi Kumar, 2000; Vauthier et al,
2003; Mora-Huertas et al., 2010; Raoa; Geckeler, 2011; Wu et al, 2011). Drug delivery to the
lungs is considered a non-invasive mode of administration, which presents many advantages
such as large surface area, thin pulmonary epithelium, and rich blood supply (Wichert;
Seifart, 2005). The pulmonary administration of nanocarriers can maximize the benefits
offered by this route since these colloidal structures can enhance the drug deposition in the
deep lung due to their small size and/or mucoadhesivity. Furthermore, the possibility to
reduce toxicity as well as the ability of nanocarriers to control the drug release are aspects that
have been taken into consideration in the application of these colloidal drug carriers by the
pulmonary route.

Up to now, there are few reports on the preparation of nanostructured systems for lung
delivery of BD. The first published studies demonstrated the incorporation of the drug in
liposomes (Vidgren et al., 1995; Saari et al., 1999). In both studies, the formulations exhibited
a sustained release and enhanced drug action in the lower airways of human volunteers. In
another study, niosomes, colloidal structures similar to liposomes, showed an improvement of
intracellular uptake of the drug and increased anti-inflammatory activity in human lung
fibroblast cells (Marianecci et al., 2010). Recently, solid lipid nanoparticles and
nanostructured lipid carriers were considered promising BD carriers for pulmonary targeting

with slow release via nebulization (Jaafar-Maalej et al., 2011). Considering polymer-based
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systems, BD-loaded micelles prepared from a pegylated phospholipid-polyaminoacid
conjugate showed excellent biocompatibility and high drug internalization in human bronchial
epithelium cell culture (Craparo et al., 2011). In relation to polymeric nanoparticles, BD was
studied as a drug model to prepare Eudragit E100 and Eudragit L100 nanoparticles via a novel
aerosol flow reactor method (Eerikainen; Kauppinen, 2003) and poly(L-lactic acid)
nanoparticles by a modified nanoprecipitation method (Hyvonen et al., 2005). To the best of
our knowledge, there is no report in the literature concerning nanoencapsulation of BD into
polymeric nanocapsules.

Nanocapsules are defined as nanovesicular systems characterized by a polymer shell
surrounding a lipophilic or hydrophilic liquid core. The central cavity is usually composed of
an oil (Mora-Huertas; Fessi; Elaissari, 2010). Ideally, the drug is entrapped or dissolved in the
liquid core, however, adsorption on the particle surface can also occur (Cruz et al., 2006a;
Cruz et al., 2006b). Compared to nanospheres, which is organized as a polymeric matrix,
nanocapsules have been proven to be more advantageous due to their higher drug loading
capacity, better protection of drugs from degradation, and reduced burst release (Couvreur et
al., 2002).

Thus, the aim of this work was to develop nanocapsules intended for the lung delivery
of beclomethasone dipropionate. For comparison purposes, two polymers commonly used to
control the drug release were employed: poly(e-caprolactone), a synthetic biodegradable
polyester and ethyl cellulose, a semi-synthetic cellulose derivative. The formulations were
evaluated for their physicochemical characteristics as well as for their in vitro release profiles,

ability to delay the drug photodegradation and in vitro and in vivo toxicity.

2. Materials and Methods
2.1. Materials

Beclomethasone dipropionate was purchased from Henrifarma (Sao Paulo, Brazil).
Poly(e-caprolactone) (PCL)(MW: 80 KDa) and ethylcellulose (EC) (MW: 170 KDa)were
supplied by Sigma Aldrich (S&o Paulo, Brazil) and Colorcon (Cotia, Brazil, respectively.
Polysorbate 80 (Tween 80®) was supplied by Delaware (Porto Alegre, Brazil) and sorbitan
monooleate (Span 80®) was purchased from Sigma Aldrich (S0 Paulo, Brazil). Almond
oilwas acquired from Campestre (Sdo Bernardo do Campo, Brazil). HPLC-grade methanol
was obtained from Tedia (Rio de Janeiro, Brazil). Other solvents and reagents were of

analytical grade and used as received.



59

2.2. Methods
2.2.1. Analytical procedures

The experiments were performed on a LC-10A HPLC system (Shimadzu, Japan)
equipped with a model LC-20AT pump, an UV-VIS SPD-M20A detector, a CBM-20A
system controller and a Rheodyne valve sample manual injector with 50 pL loop. Separation
was achieved at room temperature using a RP C;g Phenomenex column (250 mm x 4.60 mm,
5 um; 110 A) coupled to a Cyg guard column. The isocratic mobile phase consisted of
methanol and water (85:15 v/v) at flow rate of 1 mL/min. BD was detected at 254 nm with a
retention time of 5.9 min. According to the ICH guidelines, the method was validated for
determination of BD in nanocapsules. The method was found to be linear (r=0.9987),
specific, accurate (98.03% to 100.35%), precise and robust (relative standard deviation was <
2% for all parameters) in the concentration range of 5.0-25.0 pug/ml, according to a previous

work.

2.2.2. Dissolution/Swelling experiments of polymer films

EC films were prepared by dissolution of 1 g polymer in acetone followed by
evaporation of the solvent at room temperature. Filmsof PCLwere obtainedby compression
ina hydraulic pressfor 5 min at5 tons(P30000 HydraulicPress, Bovenau, Brazil). The amount
of 100 mg of these films was weighed and placed in contact with enough amount of almond
oil to cover the film. In predetermined intervals during a period of 60 days, the films were
removed from the contact with the oil and were carefully dried with the aid of an absorbing
paper. The weight variation was determined in an analytical balance. Experiments were

performed in triplicate.

2.2.3. Preparation of polymeric nanocapsule suspensions

Nanocapsule suspensions were prepared by interfacial deposition of preformed
polymer method (FESSI et al., 1988). An organic phase constituted of 0.100 g of polymer
(PCL or EC), acetone (27 mL), Span 80® (0.077 g), BD (0.003 g or 0.005 g or 0.010 g) and
almond oil (330 pL) was kept for 60 min under moderate magnetic stirring at 40°C. After
solubilization of all components, the acetonic phase was poured into 53 mL of an agqueous
dispersion of Tween 80® (0.077 g) and the magnetic stirring was maintained for 10 min. Next,
the organic solvent and part of the water were eliminated by evaporation under reduced
pressure to eliminate the acetone and achieve a final volume of 10 mL. The final

concentrations of BD were 0.3 mg/mL or 0.5 mg/mL or 1.0 mg/mL. Formulations prepared
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with PCL and BD at 0.3 mg/mL and 0.5 mg/mL were called NC-0.3P and NC-0.5P,
respectively. Nanocapsules prepared with EC and BD at 0.5 mg/mL and 1.0 mg/mL were
named NC-0.5E and NC-1.0E, respectively. For comparison, formulations without the drug
(blank nanocapsules, NC-BE and NC-BP) were also prepared. All samples were made in

triplicate.

2.2.4. Determination of pH
The pH of nanoparticle suspensions was verified by directly immersing the electrode
of a calibrated potentiometer (Model pH 21, Hanna Instruments, Brasil) in the formulations.

Measures were performed at room temperature (25°C + 2) in triplicate.

2.2.5. Particle size analysis, polydispersity index and zeta potential

Particle sizes and polydispersity indexes (n=3) were determined by photon correlation
spectroscopy (Zetasizer Nanoseries, Malvern Instruments, UK) after diluting the samples in
ultrapure water (1:500). Zeta potentials were measured using the same instrument after the
dilution of the samples in 10 mM NaCl (1:500).

2.2.6. Determination of drug content and encapsulation efficiency

The total drug content of BD in nanocapsule suspensions (n=3) was assayed by
diluting an aliquot of the sample in 10 mL methanol and subjected to sonication for 10 min
and centrifugation for 20 min(1.007 xg). Samples were filtered through a 0.45 um membrane
and injected into the HPLC system using the method described above. For the determination
of encapsulation efficiency, an aliquot of the samples was placed in a 10.000 MW centrifugal
device (Amicon® Ultra, Millipore) and free drug was separated from the nanostructures by
ultrafiltration/centrifugation technique at 2.200 xg for 10 min. The difference between the
total and the free concentrations of BD, determined in the nanostructures and in the
ultrafiltrate, respectively, was calculated as the encapsulation efficiency (EE%) of the

nanocapsules according to the following equation:

Total drug content - Free drug content «
Total drug content

EE% = 100 1)

2.2.7. Photostability study
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The evaluation of BD photostability in nanocapsules was performed by exposing the
formulations to ultraviolet radiation (Phillips TUV lamp-UVC long life, 30 W) for 5 h in a
mirrored chamber (1 m x 25 cm x 25 cm). Samples (1 mL) were placed individually in plastic
cuvettes with covers and kept 14 cm of distance from the light. At predetermined intervals,
aliquots of 330 pL were withdrawn and diluted in methanol to assay the drug concentration in
each sample by HPLC. For comparison purposes, a methanolic solution of free BD (0.5
mg/mL) was also evaluated (BD-MS). To discard the influence of other factors that was not
the presence of UVC light in BD degradation, cuvettes containing the samples (NC-0.5P, NC-
0.5E and BD-MS), wrapped in aluminum foil, were also evaluated (dark controls). The
experiment was performed in triplicate.

In order to establish the degradation kinetics of the drug, BD concentration versus time
(zero order process), log of BD concentration versus time (first order process), and reciprocal
of BD concentration versus time (second order process) were plotted. Correlation coefficients
(r) indicated the reaction order.

The kinetic models and the respective shelf life tgye, can be represented as:

C=0C,-kt toowe= (0.1 x C,)/k(zero-order reaction) (2)
INC = InC,- kt tooss = 0.106/k (first-order reaction) (3)
1/C =1/ Cy+ kt tooss= 1/ (9k x C,)(second-order reaction) (4)

Where, C,is the initial concentration, C is the concentration after reaction time t and k

is the reaction rate constant.

2.2.8. In vitro drug release study

Release profiles of BD from nanocapsules were obtained by dialysis diffusion
technique. The samples (NC-0.3P, NC-0.5P, NC-0.5E and NC-1.0E) were placed in a dialysis
bag (MWCO 10.000, Spectra Por 7) and this system was immersed in 150 mL of water with
30% of ethanol at 37°C and under continuous magnetic stirring of 50 rpm. Aliquots of 1 mL
were withdrawn at predetermined times and replaced by the same volume of fresh medium.
The amount of BD released was assayed by HPLC. The experiment was performed in
triplicate.

In order to understand the mathematical behavior and the drug release mechanism, the
experimental data was fitted to first order equation (equation 3) and to Korsmeyer-Peppas

model (equation 5). In this model, Q; is the amount of the drug released at time t, Q.. is the
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initial amount of the drug, a is a constant incorporating structural and geometric characteristic
of the carrier, and n is the release exponent, indicative of the mechanism of the drug release.
For spherical systems, n=0.43 implies Fickian diffusion, while n>0.85 is related to case II
transport. Values between the both limits indicate anomalous transport (Korsmeyer et al.,
1983). The fit of the experimental data to the models was performed using the Scientist 2.0
software (Micromath, USA).

Q/Q.=a.t" (5)

2.2.9. Cell viability assay on fibroblasts cells (3T3)

3T3 cell line was obtained from the American Type Culture Collection (ATCC). Cells
were cultured in DMEM medium supplemented with 10% fetal calf serum (FCS) and
maintained at 37°C in a humidified atmosphere with 5% CO,. After the cells reached 90%
confluency, they were subjected to trypsinization and counted in a Newbauer chamber, after
seeding 10.000 cells per well in 96-well plates. These plates were kept at 37°C in a
humidified atmosphere of 5% CO, for 24 h and were further treated with free BD or
nanocapsule formulations (NC-0.5E and NC-0.5P) at concentrations of 1 and 10 uM. Cells
treated with DMSO or nanocapsules without drug were used as controls. After 24 h of
treatment, cell viability was determined by MTT method, which evaluates the mitochondrial

functionality.

2.2.10. In vivo evaluationofacutepulmonary toxicity

Male Wistar rats weighing 250-340 g were used (Biotério Central, UFSM, Brazil).
The protocol has been approved by the Ethical Comittee of Caxias do Sul University
(protocol number 001/12). Animals were divided into seven groups (n=7) and were
intraperitoneally anesthetized with a solution of ethyl carbamate (100 mg/mL) before the
experiments. After checking the degree of anesthesia, the trachea was exposed and an incision
was made between the fifth and sixth rings of trachea for subsequent administration of the
samples. The rats were maintained at an angle of 70° and animal body temperature was kept
at 37°C with an aid of 40W incandescent heat lamp. The following treatments/groups were
administered intratracheally by instillation: (G1) 0.1% sodium dodecyl sulfate aqueous
solution (100 pL, positive control group); (G2) 100 uL of saline (negative controle group);
(G3) aqueous dispersion of BD in polysorbate 80 (0.5 mg/mL); and NC-0.5P (G4), NC-BP
(G5), NC-0.5E (G6) and NC-BE (G7) formulations. All the samples containing BD were
administered at a dose of 0.3 mg/Kg. Four hours after the administrations, animals were
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sacrificed and the lungs were removed to perform the bronchoalveolar lavage with 3 mL of
physiological saline. The procedure was repeated two more times. The bronchoalveolar
lavage fluid (BALF) was centrifuged (4000 rpm, 10 min, 4°C) and the supernatant was
analyzed for lactate dehydrogenase activity (LDH) and total protein using commercial kits

(Roche Diagnéstica®).

2.2.11. Statistical Analysis

Formulations were prepared and analyzed in triplicate and results were expressed as
mean + standard deviation. GraphPad Prism Program, version 5 was the software used for the
analyses of variance (ANOVA) and post-hoc multiple comparisons. The release profiles were
analyzed by two-way ANOVA followed post hoc student Bonferroni test, express with + SD.
A p-value < 0.01 was considered to be statically significant for in vivo evaluation, while for

the other evaluations a p < 0.05 was used as reference.

3. Results and discussion
3.1. Dissolution/Swelling of polymer films

PCL and EC films were placed separately in contact with the almond oil in order to
observe weight changes in the polymer films. The initial masses of the polymer films were
28.4 £ 3.0 mg and 33.3 + 2.0 mg for PCL and EC, respectively. After 60 days in contact with
the oil, the films suffered slight changes in their weight (PCL film = 32.0 + 6.0 mg and EC =
35.5 + 3.0 mg). However, the statistical analysis pointed out that the observed differences
were not significant (p < 0.05), suggesting that the almond oil is suitable to form PCL or EC
nanocapsules. As stated in other studies, an essential condition to the formation of a core-shell

structure is the absence of polymer dissolution or swelling by the oil (Couvreur et al, 1995).

3.2. Physicochemical characterization

After preparation, both groups of formulations (PCL and EC) were milky in
appearance and showed the characteristic opalescent bluish reflection resulting from the
Brownian motion of the colloidal structures. EC nanocapsules were more translucent, which
was attributed to the smaller particle sizes of these formulations (p<0.05) (Table 1). In
addition, the presence of the drug did not cause significant difference in particle sizes
(p>0.05). The polydispersity index was lower than 0.20, which indicates a narrow

distribution. The obtained values are in agreement with those normally found in the literature
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for these systems prepared by the method of interfacial deposition of preformed polymer
(Schaffazick et al., 2003; Guterres et al., 2007, Mora-Huertas et al., 2010).

Table 1. Physicochemical characteristics of nanocapsule suspensions (n=3).

Actual
drug Zeta
content Particle size Polydispersity  potential
Sample (mg/mL) pH (nm) index (mV)
NC-BP - 6.6+0.2 23745 0.20+0.01 -10.0£2.3

NC-0.3P 0.29+0.01 6.9+0.2 242+16 0.19+0.03 -12.7+£2.0
NC-0.5P 0.51+0.01 6.8+0.2 260+21 0.15+0.07 -10.0+£1.3
NC-BE - 6.1+0.1 185+0.3 0.15+0.01 -15.9+3.7
NC-0.5E 0.50+0.00 6.6+0.1 158+22 0.08+0.00 -12.0+1.1
NC-1.0E 1.00+0.02 6.4+0.3 185+14 0.10+0.24 -11.7+0.9

In relation to the evaluation of zeta potential, all samples showed negative values,
which is consistent with the anionic nature of the polymers. The presence of the drug did not
significantly alter the zeta potential of the samples (p>0.05). It should be emphasized that the
zeta potential values found are in agreement with other works that reported nanocapsules
prepared with PCL and polysorbate 80 by the same technique (Alves et al., 2007; Ourique et
al., 2008; Almeida et al., 2010; Flores et al., 2011).

With regard to pH, the NC-BE showed value close to the neutrality, which is suitable
for lung delivery. Concerning drug content, attempts were made in order to optimize BD
concentration in the formulations. Initially, the suspensions were prepared at 1.0 mg/mL of
BD, however, PCL nanocapsules presented precipitates immediately after preparation. The
maximum concentration of drug achieved for these formulations was 0.5 mg/mL. On the other
hand, nanocapsules prepared with EC showed a greater drug loading than PCL formulations.
For these suspensions, it was possible to reach a drug content 1.0 mg/mL without drug
precipitation. Regardless of drug concentration, all formulations were very close to their
theoretical value, indicating no loss or degradation of the drug during the preparation process.
Moreover, encapsulation efficiencies of all samples were greater than 98%, which is

attributed to the high lipophilicity of BD that avoids its partitioning in aqueous phase.
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3.3. Photostability study

Nanocapsules were evaluated for their ability to protect BD against photodegradation.
For comparison purposes, a kinetic study was carried out with the nanocapsule suspensions
prepared at 0.5 mg/mL and with a methanolic solution of the drug at the same concentration.
After 5 h of exposure to UVC radiation, BD content in NC-0.5E and NC-0.5P was
approximately 24% and 39% (Figure 1), respectively; whereas in the methanolic solution only
5% of BD remained intact. The significant difference (p<0.05) between the formulations
could be explained by the different chemical compositions and degrees of crystallinity of both
polymers, which could influence the ability of particles to scatter and/or reflect the UV
radiation (Perugini et al., 2002). In relation to the dark controls, BD concentration was closed

to 100%, which eliminates the influence of chamber temperature on drug degradation.
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Figure 1. Percentage of photodegradation of beclomethasone dipropionate in solution of

methanol (BD-MS) and in beclomethasone dipropionate loaded-nanocapsules (NC-0.5E and
NC-0.5P).

Aiming at elucidating the Kkinetics of photodegradation of BD from both solution and
nanocapsules, the experimental data were fitted to zero, firstand second order equations. By
comparing the correlation coefficients (Table 2), free drug (BD-MS) and NC-0.5P showed a

better adjustment to zero-order kinetics, while the photodegradation of NC-0.5E followed the
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first order equation. It means that the degradation of BD in NC-0.5E is directly proportional
to its concentration. In NC-0.5P and in methanolic solution, results suggest that the rate of BD

degradation is independent of the drug concentration.

Table 2. Correlation coefficients (r), photodegradation rate constants (k) and shelf life(tgg,) of
free beclomethasone dipropionate (BD-MS) and beclomethasone dipropionate-loaded
nanocapsules (NC-0.5E and NC-0.5P) exposed to UV light for 5 h (n=3).

Sample Kineticorder K r to0ss

NC-0.5E Zero 15.048 0.9734 0.6645
First 0.2891 0.9981 0.3667
Second 0.0064 0.9880 0.1736
NC-0.5P Zero 12.11 0.9938 0.8258
First 0.1877 0.9900 0.5647
Second 0.0031 0.9705 0.3584
BD-MS Zero 19.902 0.9830 0.5025
First 0.5786 0.9359 0.1832
Second  0.0302 0.8226 0.0368

t goyscalculated according to the equation related to kinetic order of reaction.

3.4. In vitro drug release study

With respect to the in vitro drug release experiments, PCL nanocapsules had similar
release profiles regardless of the drug concentration (p>0.05). NC-0.3P and NC-0.5P released
100% of the drug in 108 h of experiment (Figure 2a). On the other hand, the corresponding
ethanolic solutions of BD (BD-ES-0.3 and BD-ES-0.5) released the totality of the drug in 24
h. For EC nanocapsules, an influence of the drug concentration on the release profiles
(p<0.05) was observed. NC-0.5E and NC-1.0E took 96 and 60 h to release 100% of the drug,
respectively (Figure 2b). The difference in the release rate could be explained by the
concentration gradient between the nanocapsules and the out water phase. At higher drug
concentrations, the release is more rapid since this gradient is the driving force for drug
diffusion. Moreover, at higher loading level, the drug may be distributed near the surface of
nanocapsules giving a more rapid release. However, the ethanolic solutions BD-ES-0.5 and
BD-ES-1.0 showed the complete drug release in 24 and 36 h of experiment, respectively. For

both group of formulations, the nanoencapsulation of BD slowed the drug release, which may
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prolong its duration of action and improve the therapeutic efficacy. As observed for lipid
nanostructures, polymeric nanocapsules were also able to prolong BD release. However, those
lipid carriers did not show a complete drug release in 16 days of experiment. About 20% and
77% of BD was released from solid lipid nanoparticles and nanostructured lipid carriers,
respectively (Jaafar-Maalej et al., 2011).
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Figure 2.In vitro beclomethasone dipropionate release profiles: (a) ethanolic solution (BD-
ES-0.3 and BD-ES-0.5) and nanocapsules (NC-0.3P and NC-0.5P); (b) ethanolic solution
(BD-ES-0.5 and BD-ES-1.0) and nanocapsules (NC-0.5E and NC-1.0E).

The experimental data was modeled to first order equation and to Korsmeyer-Peppas
model with the aim to understand the mathematical behavior of release profiles and the drug
release mechanism. According to the correlation coefficients showed in Table 3, all samples
presented a good fit to the first order equation (r>0.99). In this case, the release rate depends
only on the drug concentration and occurs in a single step, without burst effect, which
confirms that the drug is confined in the oily core of the nanocapsules. In relation to the drug
release mechanism, the release exponent obtained from equation 5 indicated that BD release
is driven by anomalous transport, i.e., the drug release is controlled by polymer

relaxation/degradation followed by Fickian diffusion of BD.

Table 3. Parameters calculated by first order and Korsmeyer-Peppas models for BD-loaded

nanocapsules.

NC-0.3P NC-0.5P NC-0.5E NC-1.0E
First order
r 0.9981+0.0001 0.9989+0.0006 0.9992+0.0002 0.9925+0.0002
k (h™) 0.034+0.002  0.034+0.002  0.038+0.002  0.044+0.003
tio (h) 20.38 20.38 18.23 15.75
Korsmeyer-Peppas
r 0.9913+0.001 0.9935+0.001 0.9863+0.001 0.9964+0.002
a 0.096+0.011  0.077+0.004  0.114+0.008  0.077+0.006
n 0.518+0.028  0.565+0.012  0.484+0.014  0.638+0.018

3. 5. In vitro cytotoxicity evaluation

In vitro cytotoxicity tests have been considered a valid approach to evaluate the safety
of new formulations. In this work, the toxicity of PCL and EC nanocapsules loaded with BD
was assessed in vitro on 3T3 cells by measuring the mitochondrial function of the cells

through the reduction of the tetrazolium dye (MTT) to purple formazan in living cells.
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As illustrated in Figure 3, free BD or BD-loaded nanocapsules did not show a
significant (p>0.05) cytotoxic activity on 3T3 cells for concentrations at 1 and 10 uM of BD,

in relation to the controls (DMSO or nanocapsules without drug).
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Figure 3. Cell viability(%) after 24 h of incubation withfree BD (B), NC-0.5P (C) and NC-
0.5E (D)in relation to the controls (A) (DMSO or nanocapsules without drug).

3. 6. In vivo evaluationofacutepulmonary toxicity

In order to evaluate whether the pulmonary delivery of BD from nanocapsules could
lead to lung damage, the formulations were administered to rats and the bronchoalveolar
lavage was performed. LDH and total protein levels in the BALF have been considered useful
biomarkers of cell damage. Protein content is an indicative of increased permeability of
alveolar-capillary barrier, while the presence of the cytoplasmic enzyme LDH in the BALF is
associated to cell death (Henderson, 2005).

As shown in Figure 4, BD in aqueous dispersion or in nanocapsule suspensions did not

influence the amount of protein and the activity of LDH in the BALF. The administration of
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SDS (G1), which is the positive control, produced a 7.22-fold increase in LDH levels 4 h after
the treatment when compared to the negative control (G2) (Figure 4a). It is important to note
that the groups treated with NC-0.5P (G4) and NC-0.5E (G6) presented enzymatic activities
2.81-fold and 3.32-fold lower than the positive control group (p>0.01),
respectively.Moreover, no significant difference was observed among the nanocapsules
prepared with and without the drug. On the other hand, free BD (G3) and BD-loaded
nanocapsule (G4 and G6) groups showed significant decrease in this marker when compared
to SDS (G1) (p<0.01). Nanocapsules without drug (G5 and G7) had similar amounts of total
protein compared to the same formulations with BD (G4 and G6) (Figure 4b). In this sense,
our in vitro and in vivo findings suggest that the proposed formulations did not cause
significant damage to the lung tissues. Moreover, it is relevant to comment that the evaluation

of pulmonary acute toxicity of BD was reported for the first time.
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Figure 4. Lactate dehydrogenase activity (LDH) (a) and total protein content (b) in
bronchoalveolar lavage fluid 4 hours after intratracheal administration of G1 (positive control
group), G2 (negative control group), G3 (aqueous dispersion of BD), G4 (NC-0.5P), G5 (NC-
BP), G6 (NC-0.5E) and G7 (NC-BE).

4. Conclusions

The preparation of polymeric nanocapsules containing beclomethasone dipropionate,
using ethyl cellulose or poly(e-caprolactone) was reported for the first time. The formulations
combined adequate physicochemical characteristics with improved photostability and
prolonged drug release. Moreover, both types of nanocapsules presented a good in vitro
tolerability on 3T3 fibroblast cells and did not show acute lung toxicity in rats. Therefore, the
developed nanocapsules can be considered suitable carriers to be used for beclomethasone

dipropionate pulmonary delivery.
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Abstract

The objective of this work was to prepare poly(e-caprolactone) nanocapsules using pullulan
as a polymeric stabilizer. Nanocapsules were prepared using the method of interfacial
deposition of preformed polymers and characterized in terms of pH, average diameter,
polydispersity index, zeta potential, beclomethasone dipropionate content, encapsulation
efficiency, photostability, and drug release profiles. The formulations showed
physicochemical characteristics consistent with nanocarriers for drug delivery: average
diameter lower than 270 nm, polydispersity indexes lower than 0.2, negative zeta potential (-
22.7 to -26.3 mV) and encapsulation efficiencies close to 100%. In addition, nanocapsules
were able to delay the photodegradation of beclomethasone dipropionate under UVC
radiation. By the dialysis bag diffusion technique, the nanocapsules were able to prolong the
drug release. Thus, pullulan could be considered an interesting excipient to formulate

polymeric nanocapsules.

Keywords: pullulan, nanocapsules, polymeric stabilizer, beclomethasone dipropionate
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1. Introduction

Nanocapsules are colloidal drug delivery systems characterized by a liquid core
surrounded by a polymeric shell [1]. The core is usually composed of liquid lipids but may
also present a hydrophilic nature. In such nanostructures, the drug is confined in the core
and/or adsorbed on the polymeric wale [2, 3].

The preparation of nanocapsules requires some raw materials including polymer, oil
and a combination of surfactant/cosurfactant. Biodegradable polyesters such as poly(e-
caprolactone), poly(lactide) and poly(lactide-co-glycolide) are commonly used [1]. Regarding
the core composition, a variety of synthetic and vegetable oils are reported; however, medium
chain triglycerides are the most employed due to their low toxicity and high capacity to
solubilize a wide range of lipophilic drugs [4]. Oil as well as W/O cosurfactants (commonly
sorbitan esters and phospholipids) are also constituents of the core. The main surfactant, in its
turn, acts on the particle surface and plays a major role as stabilizer agent of nanocapsules,
being poloxamer 188 and polysorbate 80 more commonly employed [1]. However, such low
molecular weight and amphiphilic molecules are known to present some incompatibilities
with preservatives and other raw materials. Alternatively, polymeric emulsifiers have gained
much attention in the preparation of dispersed systems due to their capacity to enhance
formulation stability [5].

Pullulan is an extracellular polysaccharide elaborated by the fungus Aureobasidium
pullulans. This water-soluble biopolymer presents a linear structure composed of maltotriose
repeating units connected by a-1,6 glucosidic bonds [6]. As a result of its non-toxic, non-
carcinogenic and non-immunogenic properties, pullulan has been studied for pharmaceutical
and biomedical applications [7]. The efficacy of pullulan as emulsifier was demonstrated in
the emulsification of turmeric oleoresin [8]; however, no report on the preparation of
nanoparticles using pullulan as stabilizer agent has been found. Hydrophobically modified
pullulan derivatives were employed to prepare nanostructured systems [9].

In this way, the aim of this work was to prepare polymeric nanocapsules using
pullulan as stabilizer in replacement of polysorbate 80, a traditional surfactant.
Beclomethasone dipropionate is a corticosteroid drug widely used as anti-inflammatory agent
in the topical treatment of rhinitis and asthma [10], and due to its therapeutic potential it was
selected to be incorporated in nanocapsules. The developed formulation was characterized in
terms of pH, particle size and polydispersity index, zeta potential, drug content, encapsulation

efficiency, photostability and in vitro drug release.
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2. Experimental
2.1. Materials

Beclomethasone dipropionate (BD) was obtained from Henrifarma (S&o Paulo,
Brazil). Poly(e-caprolactone) (PCL) was supplied by Sigma Aldrich (S&o Paulo, Brazil).
Sorbitan monooleate (Span 80®) was purchased from Delaware (Porto Alegre, Brazil) and
Pullulan was generously gifted by Corn products (S&o Paulo, Brazil). Medium chain
triglycerides (MCT) were obtained from Brasquim (Porto Alegre, Brazil). HPLC-grade
methanol was supplied by Tedia (Rio de Janeiro, Brazil). All other solvents and reagents were

of analytical grade and used as received.

2.2. Methods
2.2.1. Analytical procedures

The experiments were performed on a LC-10A HPLC system (Shimadzu, Japan)
equipped with a LC-20AT pump, a UV-VIS SPD-M20A detector, a CBM-20A system
controller and a Rheodyne valve sample manual injector with 50 pL loop. Separation was
achieved at room temperature using a RP C;g Phenomenex column (250 mm x 4.60 mm, 5
um; 110 A) coupled to a Cig guard column. The isocratic mobile phase consisted of methanol
and water (85:15 v/v) at a flow rate of 1.0 mL/min. BD was detected at 254 nm with a
retention time of 5.9 min. The method was linear (r=0.9993) in the concentration range of
5.0-25.0 pg/mL and precise (RSD<0.96% for repeatability and RSD<1.97% for intermediate

precision).

2.2.2. Preparation of nanocapsule suspensions

Nanocapsules were prepared in triplicate by the interfacial deposition of preformed
polymer method [10]. Two phases were prepared separately: the organic one consisted of
acetone, MCT, Span 80, PCL and BD, while the other one was constituted of an aqueous
dispersion of pullulan. Both phases were kept under magnetic stirring for 60 min but the
organic phase was maintained at 40°C, while the aqueous phase remained at room
temperature. Next, the organic phase was poured in the aqueous phase and the resulting
mixture was kept under moderate magnetic stirring for 10 min. Then, the acetone and part of
the water were eliminated under reduced pressure to achieve a final volume of 10 mL. For
comparison purposes, the formulations were prepared without the drug (blank nanocapsules,

NC-B). The quali- and quantitative composition of each formulation is displayed in Table 1.
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Table 1. Quali- and quantitative composition of nanocapsule formulations.

NC-0.5 NC-1.0 NC-B

Organic phase

Acetone (mL) 27 27 27
PCL (9) 0.1 0.1 0.1
MCT (uL) 330 330 330
BD (g) 0.005 0.010 -
Span 80 (Q) 0.077 0.077 0.077
Agueous phase

Water (mL) 53 53 53
Pullulan (g) 0.077 0.077 0.077

NC-B: blank nanocapsule, PCL: poly(g-caprolactone); MCT: medium chain triglycerides; BD: beclomethasone

dipropionate.

2.2.3. Physicochemical characterization of nanocapsule suspensions

After preparation, formulations were evaluated considering the following
characteristics: pH, particle size, polydispersity index, zeta potential, drug content and
encapsulation efficiency. The pH was determined directly in the samples by using a calibrated
potentiometer (pH 21 model, Hanna Instruments). Particle sizes and polydispersity indexes
were measured by photon correlation spectroscopy (25°C) (Zetasizer Nanoseries, Malvern
Instruments). The samples were diluted in ultrapure water prior to analysis. Zeta potential was
evaluated by electrophoretic mobility (Zetasizer Nanoseries, Malvern Instruments) after the
dilution of the samples in 10 mM NaCl solution. For the determination of BD content, an
aliquot of nanocapsule suspension was diluted in methanol (15 pg/mL) and the sample was
kept 10 min in an ultrasound, followed by 20 min of centrifugation. Finally, the sample was
filtered through a regenerated cellulose membrane (0.45 pm) and injected into the HPLC
system. The encapsulation efficiency was evaluated by the ultrafiltration/centrifugation
technique using Amicon® 10,000 MW devices (Millipore). The amount of 200 pL of
nanocapsule suspension was placed in the device and the centrifugation was carried out at

2200 xg for 10 min. Free drug was determined in the ultrafiltrate using the HPLC method
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described above. Encapsulation efficiency (EE%) was calculated from the difference between
the total and the free drug concentrations (Equation 1).

Total drug content - Free drug content
Total drug content

EE% =

x100 (1)

2.2.4. Photostability study

The photodegradation of BD incorporated into nanocapsules (NC-0.5) was studied
using an UV artificial lamp (Phillips TUV lamp-UVC long life, 30 W). For comparison
purposes, a methanolic solution of BD (BD-MS) and a methanolic solution of BD covered
with aluminum paper (dark control) were also evaluated. The samples were placed in plastic
cuvettes perfectly stoppered and then exposed to UV radiation for 5 h in a mirrored chamber
(1 mx 25 cm x 25 cm), at a fixed distance. At predetermined times (0, 1, 2, 3, 4, and 5 h), 300
uL of the samples was withdrawn, diluted with methanol (final concentration: 15 pg/mL of
BD), and injected into the HPLC system according to the method previously described. The

experiment was performed in triplicate.

2.2.5. In vitro drug release study

The in vitro release of BD from nanocapsules was evaluated by dialysis bag diffusion
technique. The formulation NC-0.5 and an ethanolic solution of BD at 0.5 mg/mL (BD-ES)
were placed in a dialysis bag (MWCO 10.000, Spectra Por 7), and the system was immersed
in 150 mL of water with 30% of ethanol (37°C, magnetic stirring of 50 rpm) to maintain the
sink conditions. At predetermined intervals, 1 mL of the dissolution medium was withdrawn
and replaced by the same volume of fresh medium. The percentage of drug released was
determined by the previously mentioned HPLC method. The mean calculated values were
obtained from 3 replicates.

Drug release profiles were analyzed by model-dependent approaches: first order

equation (Equation 2) and Power law model (Equation 3).
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where M is the amount of drug released at time t, M, is the initial concentration of the drug, k
is the kinetic rate constant, f; is the ratio of absolute cumulative amount of drug released at
time t and at infinite time, a is a constant incorporating structural and geometric
characteristics of the carrier, and n is the release exponent, indicative of the mechanism of
drug release. The fit of the experimental data to the models was performed using the Scientist
2.0 software (Micromath, USA).

2.2.6. Statistical analysis

Results were expressed as mean * standard deviation. GraphPad Prism Program,
version 5, was the software used for the analyses of variance (ANOVA) and post-hoc multiple
comparisons. The release profiles were analyzed by two-way ANOVA followed post hoc
student Bonferroni test, while the results of the photostability study were analyzed by

Student’s t-test. In all cases, p<0.05 was considered to be statically significant.

3. Results and discussion

Polymeric nanocapsules using pullulan as stabilizer agent were prepared by the
interfacial deposition of PCL, a traditional method. Several attempts have been made to
optimize the amount of pullulan; however, formulations prepared with concentrations lower
than 0.6% precipitated at the moment of the evaporation process, while concentrations upper
to 1% resulted in the formation of precipitates immediately after preparation. In this way, the
formulations were prepared with 0.77% of pullulan, the same concentration generally
employed to prepare PCL nanocapsules using polysorbate 80.

After preparation, nanocapsule suspensions showed a milky appearance with an
opalescent bluish reflection (Tyndall effect), regardless of the presence of drug. These
characteristics are in accordance with other nanocapsule systems reported in literature [1, 3].
It is important to mention that there was no formation of nanocapsules without pullulan,
showing the importance of this polysaccharide for the nanocapsule preparation. Table 2
displays the physicochemical characteristics of the prepared formulations. The pH
determination revealed that the samples possess values close to the neutrality, which is in
accordance with other nanocapsule suspensions prepared with PCL [12, 13]. As for the
evaluation of particle sizes, nanocapsules showed average diameter smaller than 270 nm.
Regarding literature, polymeric nanocapsules usually have dimensions between 100-500 nm
[14]. Our findings evidenced that the addition of a polymeric emulsifier did not alter the

particle sizes. Furthermore, polydispersity indexes were lower than 0.2, which indicates a
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narrow size distribution. Concerning zeta potential, nanocapsules showed high negative
values, that is, higher than formulations prepared with polysorbate 80 (zeta potential < -12
mV). The higher the value of zeta potential (in modulus), the more stable the nanocapsule
suspension due to the repulsive interactions among the particles [15]. In relation to the drug
content, the formulations NC-0.5 and NC-1.0 were close to the theoretical value, with
encapsulation efficiencies greater than 99%. It is relevant to comment that in previous trials
PCL nanocapsules prepared with polysorbate 80 were able to incorporate only up to 0.5
mg/mL of drug, evidencing that pullulan enhanced the loading capacity of PCL nanocapsules.
However, the visual monitoring of the formulations revealed that NC-0.5 is more stable than
NC-1.0 along the time. For this reason, studies on the photostability and drug release profiles

were performed only for NC-0.5 formulation.

Table 2. Physicochemical characteristics of hanocapsules.

Actual drug _ ] ] Zeta
Particle  Polydispersity )
Sample content pH ) ) potential
size (nm) index
(mg/mL) (mV)
NC-B - 6.6+02 242+11 0.18+0.01 -26.3+4.6

NC-0.5 049+0.01 6.2%0.2 270+ 2 0.19+0.02 -227+14
NC-1.0 099001 6.7+04 269 + 2 020+0.01 -231+0.7

In order to evaluate the ability of PCL nanocapsules prepared with pullulan to protect
BD against photodegradation, NC-0.5 samples were exposed to UVC radiation. After 5 h of
exposure, approximately 19% of the initial concentration of BD associated to nanocapsules
remained intact (Figure 1). On the other hand, the totality of the drug was degraded under the
same experimental conditions. For the dark control, BD concentration was close to 100%,

which discards the influence of chamber temperature on drug degradation.
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Figure 1. Beclomethasone dipropionate content of nanocapsules (NC-0.5), methanolic
solution (BD-MS) under UVC radiation.

Concerning in vitro drug release experiments, Figure 2 shows that NC-0.5 was able to
control BD release in comparison with the ethanolic drug solution. In a period of 24 h,
99.59% of the free drug was released, while 40.48% of BD was released from nanocapsules in
the same period, showing the prolonged release of the nanocarrier.
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Figure 2.In vitro beclomethasone dipropionate release profiles from nanocapsules (NC-0.5)
and ethanolic solution (BD-ES) using the dialysis bag method (n=3).
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Mathematical modeling of drug release profiles indicated that both samples followed a
first order kinetics (r>0.99), which means that BD release occurred in a single step, without a
rapid initial release. In relation to the drug release mechanism, the release exponent nobtained
from Power law indicates that the BD release from nanocapsules is driven by anomalous
transport (n=0.67). According to the literature, for systems presenting spherical geometry,
n=0.43 indicates Fickian diffusion, while n>0.85 is related to case II transport [16]. Values
between these limits suggest anomalous transport, i.e., the drug release initially depends on

the polymer relaxation followed by Fickian diffusion.

4. Conclusion

The use of pullulan as stabilizer agent for polymeric nanocapsules has been reported
for the first time. The prepared formulations showed compatible features with other
nanostructured systems. Results of zeta potential and drug content indicated that pullulan is an
advantageous stabilizer in comparison with polysorbate 80. The photostability profiles, as
well as the in vitro drug release suggest that nanocapsules prepared with pullulan can be

considered promising drug carriers.

5. References

[1] Mora-Huertas C.E., Fessi H., Elaissari A.: Polymer-based nanocapsules for drug delivery.
International Journal of Pharmaceutics, 385, 113-142 (2010).

DOI: 10.1016/j.ijpharm.2009.10.018

[2] Couvreur P., Gillian B., Fattal E., Legrand P., Vauthier V.: Nanocapsule Technology: A
Review. Critical Reviews in Therapeutic Drug Carrier Systems, 19, 99-134 (2002). DOI:
10.1615/CritRevTherDrugCarrierSyst.v19.i2.10

[3] Schaffazick S.R., Freitas L.L., Pohlmann A.R., Guterres S.S.. Caracterizacdo e
estabilidade fisico-quimica de sistemas poliméricos nanoparticulados para administracdo de
farmacos. Quimica Nova, 25, 726-737 (2003).

[4] Preetz C., Ribe A., Reiche 1., Hause G., Méader K.: Preparation and characterization of
biocompatible oil-loaded polyelectrolyte nanocapsules. Nanomedicine, 4, 106-114 (2008).
DOI: 10.1016/j.nan0.2008.03.003

[5] Bobin M.F., Michel V., Martini M.C.: Study of formulation and stability of emulsions
with polymeric emulsifiers. Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 152, 53-58 (1999).



87

[6] Singh R.S., Saini G.K., Kennedy J.F.: Pullulan: Microbial sources, production and
applications. Carbohydrate Polymers, 73, 515-531 (2008).

DOI: 10.1016/j.carbpol.2008.01.003

[7] Choudhary D.R., Patel V.A., Chalotiya U.K., Patel H.V., Kundawala A.J.: Natural
polysaccharides as film former: A feasibility study for development of rapid dissolving films
of ondansetron hydrochloride. International Journal of Pharmacy and Pharmaceutical
Sciences, 4, 78-85 (2012).

[8] Kshirsagar A., Yenge V., Sarkar A.,Singhal R.: Efficacy of pullulan in emulsification of
turmeric oleoresin and its subsequent microencapsulation. XVth International Workshop on
Bioencapsulation, Vienna, Au. Sept 6-8, 2007 P4-08.

[9] Hassani L.N., Hendra F., Bouchemal K.: Auto-associative amphiphilic

polysaccharides as drug delivery systems. Drug Discovery Today, 17, 608-614 (2012).

DOI: 10.1016/j.drudis.2012.01.016

[10] Brown H.M., George G.: Beclomethasone dipropionate. A new steroid aerosol for the
treatment of allergic asthma. British Medical Journal, 1, 585-590 (1972).

[11] Fessi F., Puisieux F., Devissaguet J.P.: Procédé de préparation de systemes

colloidaux dispersibles d’une substance sous forme de nanocapsules. European Patent
0274961 Al (1988).

[12] Ourique A.F., Pohlmann A.R., Guterres S.S., Beck R.C.R.: Tretinoin-loaded
nanocapsules:Preparation, physicochemical characterization, and photostability study.
International Journal of Pharmaceutics, 352, 1-4 (2008).

DOI: 10.1016/j.ijpharm.2007.12.035

[13] Almeida J.S., Jezur L., Fontana M.C., Paese K., Silva C.B., Pohlmann A.R., Guterres
S.S., Beck R.C.R.: Qil-Based nanoparticles containing alternative vegetable oils (grape seed
oil and almond kernel oil): preparation and characterization. Latin American Journal of
Pharmacy, 28,165-172 (2009).

[14] Quintanar-Guerrero D., Allémann E., Fessi H., Doelker E.: Preparation techniques and
mechanisms of formation of biodegradable nanoparticles from preformed polymers.Drug
Development and Industrial Pharmacy, 24, 1113-1128 (1998).

DOI: 10.1023/A:1011934328471

[15] Hans M.L., Lowman A.M.: Biodegradable Nanoparticles for Drug Delivery and
Targenting. Current Opinion in Solid State and Materials Science, 6, 319-327 (2002).

DOI: 10.1016/S1359-0286(02)00117-1


http://www.latamjpharm.org/
http://www.latamjpharm.org/

88

[16] Peppas N.A.: Analysis of fickian and non-fickian drug release from polymers.
Pharmaceutica Acta Helvetiae, 60, 110-111 (1985).



DISCUSSAO GERAL




90

DISCUSSAO GERAL

Sistemas nanotecnoldgicos, tais como as nanocapsulas poliméricas vem sendo cada
vez mais estudados como alternativas promissoras para liberagcdo de farmacos (COUVREUR,;
DUBERNET; PUISIEUX, 1995; MORA-HUERTAS; FESSI; ELAISSARI, 2010). No que se
refere a administracdo pulmonar, o interesse em sistemas nanoestruturados vem crescendo nos
ultimos anos (LEBHARDTEet al., 2010; JAWAHAR; REDDY, 2012;KUNDA et al., 2013;
MOHAMMAD et al., 2013). Devido ao tamanho reduzido destes carreadores, é possivel
maximizar a deposicdo do farmaco nas regides mais inferiores do trato respiratorio
aumentando, portanto, a absor¢cdo de farmacos que apresentam problemas de
biodisponibilidade. Além disso, partindo-se de uma selecdo apropriada de matérias-primas
para a preparacdo das nanocéapsulas, é possivel obter sistemas que proporcionem uma
liberacdo controlada do farmaco no sitio de absorcdo, fato que também pode levar a um
aumento da eficicia terapéutica (GUTERRES; SCHAFFAZICK; POHLMANN, 2007).
Partindo-se destas consideracGes, nanocédpsulas poliméricas foram selecionadas para a
incorporacdo do DB visando sua liberagdo pulmonar. Tais sistemas foram preparados pelo
método de deposicao interfacial de polimero pré-formado. As nanocapsulas formadas por esta
técnica de preparacdo geralmente apresentam diametro entre 200-500 nm, estreita largura de
distribuicdo de tamanho e eficiéncia de encapsulamento elevada para farmacos lipofilicos
(SCHAFFAZICK et al., 2003), como é o caso do DB.

Com fins comparativos, neste trabalho foram utilizados dois polimeros para a
preparacdo das nanocapsulas, tendo em vista suas reconhecidas capacidades em controlar a
liberagdo de farmacos - a etilcelulose, um derivado semissintético biocompativel da celulose,
e a poli(e-caprolactona), um poliéster sintético biodegradavel. Com relagdo ao componente
oleoso, dois 6leos foram selecionados no inicio do trabalho, triglicerideos de cadeia média e
0leo de améndoas, a fim de identificar alguma influéncia desta matéria-prima sobre as
caracteristicas das nanocépsulas. De acordo com a literatura, o0 componente oleoso é de
extrema importancia, pois é nele que ocorrerd a solubilizacdo da substancia que se pretende
encapsular, sendo que a lipossolubilidade do farmaco neste meio € um fator importante para a
sua capacidade de encapsulamento (SCHAFFAZICK et al.,2003). Dentre os 6leos mais
usados para a preparacdo de nanocapsulas, destacam-se os triglicerideos de cadeia média pela

questdo da biocompatibilidade e pela capacidade de solubilizar uma ampla gama de
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substancias (MORA-HUERTAS; FESSI; ELAISSARI, 2010). Avaliagfes prévias mostraram
que, independentemente do Oleo utilizado, os resultados da caracterizacdo fisico-quimica
foram semelhantes. Além disso, os estudos de liberacdo in vitro indicaram que ndo houve
diferenca significativa no perfil de liberagdo em funcéo do 6leo utilizado. Assim, decidiu-se
conduzir os estudos referentes ao artigo 2 utilizando-se apenas o 6leo de améndoas como
nacleo oleoso das nanocépsulas.

Com a necessidade de quantificacdo do farmaco em diversas etapas do trabalho,
tornou-se importante o desenvolvimento de um método analitico validado que permitisse o
doseamento do farmaco incorporado nas nanocépsulas, necessario tanto na etapa de
caracterizagcdo fisico-quimica quanto nos experimentos de liberacdo in vitro e de
fotoestabilidade. Devido ao ineditismo desta parte do trabalho, os resultados obtidos
originaram o primeiro artigo da presente dissertacdo. No contexto deste artigo, optou-se por
apresentar somente os dados obtidos para as nanocédpsulas preparadas com PCL e éleo de
améndoas (NC-0.5P). Os resultados mostraram que o método de CLAE desenvolvido foi
linear na faixa de concentracdo de 5.0-25.0 ug/mL de DB, preciso, exato (98-101%), robusto,
especifico. Vale ressaltar que este método demonstrou limites de deteccdo e quantificacdo
adequados para as andlises que foram conduzidas. O DB puro foi submetido a um ensaio de
degradacdo forcada, o qual apresentou comportamento diferenciado dependendo das
condigdes de estresse as quais foi submetido. Em meio bésico, houve degradacdo significativa
do DB, (aproximadamente 99%), com um pico principal adicional detectado em 3,6 min. Em
meio &cido, aproximadamente, 55% de DB foi degradado e nenhum pico adicional foi
detectado. Submetido a condic¢des fotoliticas (luz UVC), o DB em solucdo metandlica foi
degradado e ndo apareceram picos adicionais nos cromatogramas, indicando que os produtos
de degradacéo ndo foram detectados.

Na continuacao do trabalho tratou-se de avaliar as nanocapsulas de EC e PCL. Com o
intuito de realizar uma andlise comparativa, nanoesferas (formulacdes sem 0leo) e
nanoemulsdes (formulagdes sem polimero) contendo DB foram preparadas. Em ambos o0s
casos, as formulagGes precipitaram no momento da concentragdo dos solventes em
rotaevaporador. Desta forma, as nanocdpsulas mostraram-se sistemas adequados para a
incorporacdo do farmaco. Uma vez que para a formacgdo de tais estruturas vesiculares €
imprescindivel que o polimero seja insoluvel tanto no 6leo quanto na agua, testes de
inchamento/dissolucéo de filmes de PCL e EC em 06leo de améndoas foram conduzidos e
indicaram que este é adequado para compor o nucleo oleoso das nanocapsulas, visto que ndo

foram observadas alteragfes nos filmes poliméricos em 60 dias de experimento.
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Com relagdo as analises de espalhamento de luz dindmico, ambos os grupos de
nanocépsulas (EC e PCL) apresentaram tamanho de particula na faixa nanométrica (158 — 270
nm), indice de polidispersdo abaixo de 0,20, o que indica uma distribuicdo estreita. Vale
ressaltar que as nanocapsulas de EC mostraram-se mais translicidas, caracteristica que foi
atribuida aos menores tamanhos de particula destas formulages (p<0,05). Em ambos o0s
casos, a presenca do DB ndo influenciou significativamente o tamanho das particulas
(p>0,05). Os valores obtidos estdo de acordo com aqueles normalmente encontrados na
literatura para estes sistemas preparados pelo método de deposicdo interfacial do polimero
pré-formado (SCHAFFAZICK, 2003; MORA-HUERTAS; FESSI; ELAISSARI, 2010).

No que diz respeito ao teor de farmaco das nanocéapsulas, foi necessario otimizar a
concentracdo do DB para cada formulacdo. Inicialmente, as suspensbes foram preparadas
tendo-se a concentracdo de 1,0 mg/mL de DB como referéncia, no entanto, nanocapsulas de
PCL precipitaram imediatamente ap6s a preparagdo. Diversas tentativas resultaram em uma
concentracdo maxima de DB de 0,5 mg/mL para as formulacdes de PCL. Por outro lado, para
as nanocapsulas preparadas com EC foi possivel incorporar 1,0 mg/mL, sem precipitacdo do
farmaco. Independentemente da concentracao de farmaco, todas as formulacGes apresentaram
teor de DB muito proximo do seu valor tedrico, indicando que ndo houve perda ou
degradacdo do farmaco durante o processo de preparacdo. Além disso, a eficiéncia de
encapsulamento de todas as amostras foi superior a 98%, resultado atribuido a elevada
lipofilia do DB que evita a sua particdo na fase aquosa.

Os resultados apresentados neste trabalho demonstraram eficiéncia de encapsulamento
do DB superior ou igual a outros sistemas nanoestruturados reportados na literatura. Foi
relatado que nanoparticulas lipidicas solidas e carreadores lipidicos nanoestruturados
mostraram eficiéncias de encapsulamento de 80-90% e 97-99%, respectivamente (JAAFAR-
MAALEJ et al., 2011), enquanto gque vesiculas ndo-idnicas de polissorbato 20 e colesterol
apresentaram eficiéncias de encapsulamento entre 15-77% (MARIANECCI et al., 2010).

Quanto a avaliacdo do potencial zeta, todas as amostras apresentaram valores
negativos, 0 que € consistente com a natureza dos polimeros empregados. PCL e EC
apresentam grupamentos éster e éter, respectivamente, que justificam o potencial zeta
negativo das formulagdes. A presenca do farmaco ndo alterou significativamente o potencial
zeta das amostras (p>0,05). Deve-se ressaltar que os valores de potencial zeta encontrados
estdo de acordo com outros trabalhos que relataram nanocapsulas preparadas com PCL e
polissorbato 80, pela mesma técnica (ALVES et al.,, 2007; OURIQUE et al., 2008;
ALMEIDA et al., 2010; FLORES et al., 2011). No caso de nanocapsulas de EC, ndo foram
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encontrados registros de preparagdo das mesmas com este polimero a fim de possibilitar uma
comparacdo. No entanto, um estudo recente desenvolvido por SUWANNATEEP e
colaboradores (2011), relatou um potencial zeta de aproximadamente -30 mV para
nanoesferas de EC contendo curcumina. Quanto ao pH, todas as amostras apresentaram
valores proximos da neutralidade, o que torna as formulagBes compativeis com a via
pulmonar neste aspecto.

Posteriormente, foi avaliada a fotoestabilidade do DB associado as nanocapsulas. De
acordo com a literatura, glicocorticoides apresentam susceptibilidade a radiacdo UV
(ALBINI; FASANI, 2006). Os resultados deste experimento mostraram um evidente aumento
na fotoestabilidade do DB, sendo este mais acentuado para as formulagfes preparadas com
PCL. Com base na literatura, a maior fotoprotecdo conferida pelas suspensdes de
nanocapsulas de PCL (p<0,05) esta relacionada a semicristalinidade deste polimero, o que
influenciaria a sua capacidade de refletir e espalhar a radiacdo UV (JIMENEZ et al., 2004).0s
resultados encontrados neste trabalho estdo de acordo com outros estudos descritos na
literatura, nos quais se verificou a fotoprotecdo proporcionada pelas nanocapsulas de PCL aos
farmacos tretinoina (OURIQUE et al.,, 2008), clobetasol (FONTANA et al., 2009)
benzofenona (PAESE et al., 2009) octilmetoxicinamato (WEISS-ANGELI et al., 2008) e
resveratrol (DETONI et al., 2012). No que diz respeito a EC, apenas um trabalho foi
encontrado relatando a capacidade de nanoestruturas preparadas com este polimero. Neste
estudo (PERUGINI et al., 2002), o filtro quimico trans-2-etilhexil-p-metoxicinamato foi
incorporado em nanoesferas de PLGA ou de EC e mostrou maior fotoestabilidade frente a luz
UVB nas formulagdes preparadas com PLGA. Entretanto, os autores ndo fizeram nenhuma
consideracdo a respeito desta diferenca.

A analise dos perfis de fotodegradacdo das amostras estudadas demonstrou que a
solucdo do farmaco livre (BD-MS) e a nanocapsula de PCL (NC-0.5P) apresentaram cinética
de reacdo de ordem zero, ou seja, a velocidade de reacdo é independente da concentracdo do
farmaco. Neste caso, o fator limitante pode ser a solubilidade ou a absor¢do da luz
(LACHMAN; LIEBERMAN; KANIG, 2001). Por outro lado, uma cinética de reagdo de
primeira ordem foi verificada para as nanocapsulas de EC (NC-0.5E), ou seja, a velocidade de
reacdo depende da concentracdo do farmaco. O fato das amostras apresentarem diferentes
cinéticas de reacdo pode estar relacionado a alguns fatores, tais como 0s constituintes das
formulagGes, pH, entre outros, os quais podem acelerar ou diminuir a velocidade de reagéo.
Dentre eles, o pH, a forca ibnica e a constante dielétrica exercem papel importante
(NUDELMAN, 1975). Cabe salientar que durante o estudo de fotoestabilidade do DB, os
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cromatogramas obtidos foram monitorados quanto a pureza do pico do farmaco e o
surgimento de picos adicionais. A pureza do pico foi observada para todos os tempos e
amostras analisadas, o que demonstrou a especificidade do método na quantificacdo do DB
nas amostras degradadas, de acordo com as condi¢des experimentais utilizadas. Apds a
realizacdo deste ensaio, concluiu-se que os constituintes das nanocapsulas desenvolvidas neste
trabalho influenciaram na protecdo do DB frente a fotodegradacdo induzida pela radiacdo
UVC.

O estudo da liberacao in vitro do DB a partir das nanocapsulas foi realizado através do
método de difusdo em sacos de didlise. Para padronizar o meio de liberagdo foram testadas
diferentes composic¢des: agua pura ou tampao fosfato pH 7,4 com e sem polissorbato 80 ou
laurilsulfato de sodio ou polietilenoglicol. Os solventes puros ndo provocaram a liberagédo do
farmaco, enquanto que a adi¢do dos tensoativos ou do polietilenoglicol afetou o pico do
farmaco no cromatograma. Na busca de um componente que favorecesse as condic¢des sink e,
ao mesmo tempo, ndo interferisse na determinacdo do farmaco por HPLC, chegou-se ao meio
de liberacdo constituido por dgua e etanol na proporcao 70:30 (v/v). Desta forma, foi possivel
tracar os perfis de liberacdo do DB em funcdo do tempo a partir das nanocapsulas. Todas as
suspensdes analisadas foram capazes de controlar a liberagdo do DB em comparacdo ao
farmaco puro, o qual foi completamente liberado em 24 h de experimento. NC-0.3P e NC-
0.5P liberaram 100% do DB em 108 h, enquanto que NC-0.5E e NC-1.0E liberaram 100% do
DB em 96 e 60 h, respectivamente. Em todos os casos, a modelagem matematica dos dados
experimentais indicou que a liberacdo do DB a partir das nanocapsulas segue cinética de
primeira ordem, sem a ocorréncia de uma etapa abrupta de liberacdo (efeito burst). Este
resultado confirma a elevada eficiéncia de encapsulamento, pois reforga a ideia de que o DB
estd totalmente contido no nicleo da nanocapsula ou que pelo menos parte dele estd
fortemente associado a membrana polimérica.

Com a finalidade de explicar o mecanismo de liberacdo do farmaco a partir das
nanocapsulas poliméricas, os dados experimentais foram ajustados ao modelo de Korsmeyer-
Peppas.Todas as formulagGes apresentaram valores de expoente (n) entre 0,43 e 0,85,
indicando que a liberacdo do DB ocorre por transporte anémalo (ndo Fickiano), o que
significa que esta é controlada pelo inchamento ou erosdo do polimero, seguido de difusdo do
farmaco para o meio externo. No trabalho de Jaafar-Maalej e colaboradores (2011),
nanoparticulas lipidicas solidas e carreadores lipidicos nanoestruturados foram avaliados
quanto a liberacdo do DB pela mesma técnica, entretanto, empregando como meio de

liberacdo laurilsulfato de sédio 0,55 mM. Dependendo da composi¢do das nanoparticulas
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lipidicas solidas, um méximo de 20% de liberacdo foi alcancado em 16 dias de experimento,
enquanto que os carreadores lipidicos nanoestruturados chegaram a alcancgar 77% de liberacao
do farmaco para 0 mesmo tempo de experimento. Em todos os casos, 0 mecanismo de
liberacdo sugerido foi difusdo fickiana devido aos elevados coeficientes de correlagdo obtidos
para 0 modelo de Higuchi neste trabalho.

Para a avaliacdo da toxicidade das nanocépsulas poliméricas contendo DB (NC-0.5P e
NC-0.5E), foram realizados dois ensaios. Primeiramente 0 ensaio in vitro e posteriormente o
ensaio in vivo. Como ndo ha dados na literatura sobre a toxicidade do DB puro, realizaram-se
0S mesmos ensaios para o farmaco isolado.

A citotoxicidade in vitro foi avaliada em células 3T3 (linhagem de fibroblastos obtida
de tecido embrionario de camundongos Swiss) e a viabilidade celular foi determinada pelo
método MTT, o qual avalia a funcdo mitocondrial da célula. Tanto o DB puro, quanto o
nanoencapsulado ndo apresentaram atividade citotdxica significativa (p<0,05) para as
concentracOes de 1 e 10 uM de farmaco, em comparacao aos controles DMSO e nanocéapsulas
sem DB. Este resultado mostra-se muito positivo, uma vez que as formulacGes foram
colocadas em contato direto com células fibroblasticas e mesmo assim a viabilidade celular
foi elevada. Marianecci e colaboradores (2010) avaliaram a citotoxicidade do DB em
fibroblastos primarios de pulmdo humano de vesiculas ndo-ibnicas visando a liberagdo
pulmonar do DB. Neste estudo, foram testadas concentracdes de 0,01 a 1 uM e nestas
condi¢cdes as formulacBes ndo foram consideradas citotoxicas. Apesar da facilidade de
execucdo e interpretacdo dos resultados, os testes in vitro ndo avaliam o efeito das
formulacbes no organismo como acontece em um experimento in vivo. Assim, decidiu-se
conduzir um estudo de toxicidade aguda em ratos Wistar.

Quatro horas ap0s a instilacdo intratraqueal das formulagdes, o fluido de lavagem
broncoalveolar foi analisado quanto a presenca de marcadores de dano celular, como a enzima
desidrogenase lactica (DHL) e contetdo de proteinas totais. A escolha do método baseou-se
no fato de que este esta entre os mais utilizados para avaliacdo da toxicidade de materiais
inalaveis (HENDERSON, 2005). As formulagGes NC-0.5P e NC-0.5E apresentaram niveis de
DHL e proteinas totais significativamente menores em relacdo ao controle-positivo,
dodecilsulfato de sodio (p<0,01). Cabe mencionar que a principio seria avaliada a toxicidade
das formulacdes NC-0.5P e NC-0.5E, além de suas respectivas formula¢Ges brancas.
Entretanto, como ndo foram encontrados registros na literatura sobre a avaliagcéo da toxicidade
pulmonar in vivo do DB, optou-se por avaliad-lo paralelamente. Da mesma forma como o

observado para as nanocapsulas, o farmaco ndo induziu toxicidade nos modelos testados,
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confirmando que o DB apresenta baixa toxicidade pela via pulmonar. Outro aspecto que deve
ser salientado, diz respeito a dose de farmaco testada. O estudo in vivo foi conduzido com a
dose de DB de 0,3 mg/Kg, sendo esta cerca de 10 vezes superior a dose clinica. Portanto,
mesmo com uma dose elevada, as formulagdes apresentaram uma boa performance no teste in
Vivo.

A Ultima parte deste trabalho consistiu na proposicao do pullulan para a preparacéo de
nanocapsulas de PCL. Tendo em vista que estas formulacdes apresentaram um teor maximo
de DB de 0,5 mg/mL, hipotetizou-se que a substituicdo do polissorbato 80 por este
polissacarideo poderia ser vantajosa baseado em resultados prévios do nosso grupo de
pesquisa com outros farmacos (dados ndo publicados). Assim, as avaliagbes mostraram que
foi possivel empregar o pullulan como um agente estabilizador das nanocapsulas, pois as
formulacGes apresentaram caracteristicas compativeis com sistemas nanoestruturados
empregados na liberagdo de farmacos. Comparando-se esta formulagdo com as outras
desenvolvidas neste trabalho (NC-0.5P e NC-0.5E) pode-se observar um potencial zeta mais
elevado, 0 que sugere um sistema mais estavel, e um teor de farmaco mais elevado quando se
compara com a formulacdo de PCL. No que diz respeito as nanocapsulas de pullulan, estas
foram capazes de proteger o DB frente a degradacdo UVC, visto que 19% do DB n&o sofreu
degradacdo, enquanto que o DB ndo encapsuladofoi quase totalmente degradado (5%
DB).Apesar da maioria dos resultados serem positivos, outras avaliagdes devem ser feitas a

fim de propor esta formulacéo para a liberacdo pulmonar do DB.
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CONCLUSOES

A metodologia analitica, para a quantificacdo do dipropionato de beclometasona nas
nanocapsulas poliméricas, foi desenvolvida e validada, a qual provou ser especifica, linear,
precisa, exata e robusta. Esta pode ser aplicada para o estudo de estabilidade e cinética de
degradacédo do dipropionato de beclometasona em nanocapsulas poliméricas;

Utilizando o método de precipitacdo do polimero pré-formado foi possivel preparar
nanocépsulas poliméricas com os polimeros etilcelulose e poli(e-caprolactona);

A substituicdo do polissorbato 80 pelo pullulan na preparacdo de nanocépsulas de poli(e-
caprolactona) mostrou-se vantajosa, pois as formula¢fes preparadas com o polissacarideo
apresentaram teor de farmaco e potencial zeta mais elevados, 0 que sugere maior estabilidade
deste sistema;

Todas as suspensbes de nanocédpsulas desenvolvidas neste trabalho apresentaram
caracteristicas fisico-quimicas adequadas e compativeis com outros sistemas nanoestruturados
relatados na literatura;

As nanocépsulas poliméricas foram capazes de aumentar a fotoestabilidade do dipropionato
de beclometasona frente a luz UVC quando comparadas ao farmaco ndo-encapsulado;

Os estudos de liberacdo in vitro demonstraram que as nanocapsulas foram capazes de
controlar a liberacdo do dipropionato de beclometasona por transporte anémalo, seguindo
cinética de primeira ordem;

Através da avaliacdo da citotoxicidade in vitro em células 3T3, foi demonstrado que as
formulacdes NC-0.5P e NC-0.5E apresentaram viabilidade celular comparavel a do controle;
A avaliacéo in vivo da toxicidade pulmonar indicou que as formulagdes NC-0.5P e NC-0.5E
ndo causaram toxicidade aguda em ratos. Desta forma, os resultados sugerem que as
nanocapsulas poliméricas sdo promissores carreadores para a liberacdo pulmonar do

dipropionato de beclometasona.
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