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RESUMO

A anfotericina B (AmB) ¢ o farmaco de escolha para o tratamento de infec¢des fungicas
sist€émicas, embora, por muitas vezes, sua toxicidade limite sua utilizagdo. Muitas
formulacdes para carreamento da AmB baseadas na nanotecnologia (lipossomas e
nanoemulsdes) estdo sendo avaliadas, enquanto que, algumas delas ja estdo sendo
comercializadas. Essas formulagdes tem como objetivo, a diminui¢do dos efeitos toxicos da
AmB, mas devido a forte interacdo do fArmaco com os lipidios presentes nessas formulagdes,
elas ndo apresentam eficdcia satisfatoria. Neste trabalho desenvolveu-se nanoparticulas de
blendas de poli(acido lactico)-polietilenoglicol (PLA-PEG) com variagdes na massa
molecular do PEG (2, 10 ou 20 kDa) para encapsular AmB, avaliar a eficacia in vitro em
cepas de Candida sp. e a toxicidade in vitro sobre hemacias. As nanoparticulas foram
preparadas pela técnica de emulsificagdo/evaporagdo do solvente, e o didmetro médio, a
distribuicdo do tamanho e o indice de polidispersdo foram determinados pela técnica do
espalhamento de luz. O teste de hemolise foi realizado para avaliar o carater protetor das
nanoparticulas, impedindo a lise dos eritrocitos causada pela AmB. Para avaliar a eficiéncia
de encapsulagdo e o perfil de liberagdo in vitro da AmB a partir das nanoparticulas, foi
desenvolvido e validado um método por cromatografia liquida de alta eficiéncia (CLAE) para
realizar a quantificagdo do farmaco. A validacdo foi realizada com base nos seguintes
parametros: seletividade, linearidade, precisdo, exatidao, robustez, limite de deteccao (LD) e
limite de quantificagdo (LQ). A confiabilidade da metodologia foi comprovada em todos os
testes. A eficiéncia de encapsulagdo da AmB nas nanoparticulas de blendas de PLA-PEG foi
superior a 68,9%. A média do diametro das nanoparticulas foi de 241 nm. O perfil de
liberacdo in vitro demonstrou uma rapida liberagdo inicial (efeito “burst”) nas primeiras 24h,
seguida por uma liberacdo sustentada de aproximadamente 29,5% de AmB apos 26 dias de
analise. As nanoparticulas foram capazes de proteger as hemacias contra a lise produzida pela
AmB nas primeiras 12h de incubagdo, sem modificar a eficacia terapéutica, considerando-se o
perfil de liberacdo prolongada. As formula¢des em estudo diminuiram a toxicidade da AmB
sobre as hemadcias, mantiveram a eficacia in vitro e promoveram a liberacdo prolongada da

AmB.

Palavras-chave: Anfotericina B. Nanoparticulas. PLA-PEG. CLAE. Validacdo. Eficiéncia de

encapsulacdo. Tamanho de particulas. Antifiingico in vitro. Hemdlise.



ABSTRACT

Amphotericin B (AmB) is the drug of choice for treating of systemic fungal infections,
although its toxicity limitates its use. Many nanotechnology based formulations (liposomes
and nanoemulsions) have been evaluated, whereas some of them are already been
commercialized. The objective of these formulations is the reduction of AmB toxic effects,
but due to the strong interaction between the drug and the formulations lipids, they do not
present satisfactory efficacy. In this work, it was developed poly(D-L-lactide)-
polyethyleneglycol (PLA-PEG) blend nanoparticles with variable molecular weight of PEG
(2, 10 or 20 kDa) to encapsulate AmB and evaluate its in vitro efficacy over strains of
Candida sp and in vitro toxicity over erythrocytes. Nanoparticles were prepared by the
emulsification/solvent evaporation technique and the size, size distribution and polydispersity
index were assessed by light scattering technique. Hemolysis test was performed to evaluate
the protective caracter of the nanoparticles on erythrocytes from the lysis caused by AmB. In
order to evaluate encapsulation efficiency and AmB in vitro release profile from
nanoparticles, it was developed and validated a method by high performance liquid
chromatography (HPLC) to quantify the drug. The validation process was performed
considering the following parameters: selectivity, linearity, precision, accuracy, robustness,
limit of detection (LOD) and limit of quantitation (LOQ). Reliability of the methodology was
assured in every test. Encapsulation efficiency of AmB in nanoparticles of PLA-PEG blends
was more than 68.9%. The mean particle size of the nanoparticles was 241 nm. The in vitro
release experiment has demonstrated a burst effect in the first 24 h, followed by a sustained
release of approximately 29.5% of AmB over 26 day of observation. Nanoparticles were able
to protect erythrocytes from the lysis caused by AmB in the first 12 hours of observation, and
did not modify therapeutic efficacy, considering sustained release profile. The formulations in
study decreased AmB toxicity over erythrocytes, maintained in vitro efficacy and promoted

sustained release of AmB.

Keywords: Amphotericin B. Nanoparticles. PLA-PEG. HPLC. Validation. Encapsulation

efficiency. Particle size. In vitro antifungal. Hemolysis.
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1 INTRODUCAO

1.1 Anfotericina B

Nas trés ultimas décadas, houve um aumento significativo de individuos que
apresentam o sistema imunoldgico comprometido devido a doengas como céncer, diabetes,
AIDS e pacientes transplantados submetidos a imunossupressao farmacologica,
principalmente por meio de corticosteroides, sdo susceptiveis as infeccdes oportunistas. As
infecgdes flngicas sistémicas sdo responsaveis por 30% das mortes desses pacientes
(SACHS-BARRABLE et al., 2008; WASAN et al., 2009). Os patogenos responsaveis pela
maior parcela dessas infeccdoes sdo os do género Candida, sendo a Candida albicans
causadora de cerca de 50% das candidemias. J& nas infec¢des causadas por Aspergillus, o
Aspergillus fumigatos é o agente em 80% dos casos, e a mortalidade das aspergiloses chega a
mais de 85% (KLEPSER, 2011).

Anfotericina B (AmB) ¢ o antiflingico mais amplamente utilizado para o tratamento de
infecgdes fingicas sistémicas. E um antibiético macrolidio poliénico produzido por culturas
de um actinomiceto, o Streptomices nodosus (LANIADO-LABORIN e CABRALES-
VARGAS, 2009). Foi primeiramente isolado em 1955 e ¢ considerado o primeiro antifingico
a ser aprovado pelo U.S. Food and Drug Administration (FDA) em 1965 (WU, 1994). Mesmo
com o aparecimento de outros antifingicos, como os azodlicos sist€émicos, a AmB ainda € o
farmaco de escolha para a terapia desse tipo de infeccao (FILIPPIN e SOUZA, 2006).

A estrutura quimica da AmB (Fig. 1) ¢ constituida por um anel macrociclico composto
por 37 atomos de carbono. Possui sete ligagdes duplas conjugadas ndo-substituidas na por¢ao
hidrofobica do anel, grupos hidroxila na por¢ao hidrofilica e um residuo micosamina, lactona
ligada ao anel principal por uma ligagdo glicosidica (JUNG et al., 2009). O grupo carboxila
no anel principal e a micosamina, sdo responsaveis pelo comportamento anfotérico da
molécula, que indica sua capacidade em formar sais soluveis tanto em meio bésico como
acido, e do qual provém sua nomenclatura (FILIPPIN e SOUZA, 2006).

De natureza anfipatica, a AmB detém uma porcdo hidrofilica e uma porgao
hidrofébica, a qual compromete sua solubilidade em meio aquoso (NEVES et al., 2010). Tal
caracteristica faz com que o foirmaco seja pouco absorvido por via oral, sendo utilizado por
meio dessa administragdo somente em casos de infec¢des fungicas orofaringeas (VISCOLI e
CASTAGNOLA, 1999). Pela via intravenosa, a administracdo ¢ realizada através de um

acesso venoso central, e s6 ¢ possivel devido a formagdao de um complexo com o sal biliar
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desoxicolato de sodio, sendo administrada lentamente em forma de suspensiao micelar (JUNG
et al., 2009). A formagdo do complexo com o desoxicolato tem o objetivo de aumentar a
solubilidade do farmaco. Essa estratégia viabilizou o surgimento do primeiro medicamento a

base de AmB (Fungizone®) (FILLIPIN e SOUZA, 2006; JAIN e KUMAR, 2010).

Figura 1 - Estrutura quimica e estrutura esquematica da AmB

OH
CHj NH2 —l —I
o Anel Anel
OH COOCH micosamina micosamina
(9] OH __J _J
— — s i
Cadeia Cadeia Cadeia Cadeia
Hidrofilica OH Hidrofébica Hidrofilica Hidrofébica
| CHy | L |
OH CHa

(Adaptado de HILLERY, 1997)

Embora ndo haja uma dose didria especifica para a administracdo intravenosa de
AmB, ¢ usualmente utilizado de 0,5 a 1,5 mg/kg em uma solucao aquosa de glicose a 5%,
através de infusdo com duragdo de mais de 4 h. A dose pode ser aumentada lentamente, em
aproximadamente 0,1 mg/kg por dia. O regime terapéutico ¢ dependente do patdgeno
envolvido e das circunstancias da infeccdo. Em infecgdes graves, utiliza-se a dose maxima ja
no primeiro ou segundo dia de tratamento (VISCOLI e CASTAGNOLA, 1999). Pacientes
com doengas cronicas prévias devem ser submetidos a dose teste de 1 mg/kg durante 2 h de
infusdo, para que se observe possiveis reacdes, a fim de que, posteriormente seja realizada a
administracao da dose habitual (GOODMAN e GILMAN, 2006; KATZUNG, 2006).

A ligacdo da AmB as proteinas plasmaticas ¢ de mais de 90%, principalmente a /-
lipoproteina, e a fracdo metabolizada do fArmaco ¢ amplamente distribuida nos tecidos, apesar
de apenas 2-3% alcancar o liquido cefalorraquidiano. Por esse motivo, administragdes

intratecais podem ser necessarias para o tratamento de meningites fungicas. A AmB tem
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pouquissima penetragdo na barreira hematoencefélica, exceto quando ha processo
inflamatorio na regido das meninges. Outras formas de administragdo da AmB incluem a
tdpica, na terapia de micoses cutaneas, principalmente em candidiases, a intratecal e a intra-
articular (GOODMAN e GILMAN, 2006).

O tempo de meia-vida da AmB ¢ de aproximadamente 15 dias, embora tragos sejam
encontrados na urina de pacientes cerca de dois meses apos o término do tratamento. Isso
ocorre, devido a sua eliminacdo, principalmente por via renal, ser extremamente lenta
(KATZUNG, 2006; RANG et al., 2007).

A AmB é um p6 amarelo ou alaranjado, geralmente inodoro. E de dificil dissolucdo na
maioria dos solventes, sendo soluvel somente em dimetilsulfoxido, dimetilformamida,
propilenoglicol, ¢ levemente solivel em metanol e praticamente insolivel em agua e em
alcool (United States Pharmacopeia (USP) 35, 2011; Farmacopeia Britanica, 2012). Também
¢ soluvel em vesiculas de lecitina e colesterol (FILIPPIN e SOUZA, 2006). Devido a sua
baixa hidrossolubilidade e a sua estrutura anfipatica, a AmB quando em solucdo aquosa tende
a agregar-se formando dimeros e oligomeros (VANDERMEULEN et al., 2006). O
desoxicolato de sddio apesar de aumentar a solubilidade ndo ¢ capaz de impedir a agregacgao
do farmaco. Ainda, ¢ um fdrmaco sensivel a luz quando em solucdo e torna-se inativo em

valores de pH baixos (Farmacopeia Britanica, 2012).

1.1.1 Mecanismo e espectro de acio da AmB

O mecanismo de acdo da AmB da-se pela sua ligacdo aos componentes lipidicos das
membranas celulares, possuindo maior afinidade pelo ergosterol, constituinte da membrana
dos fungos e de alguns protozoarios (SACHS-BARRABLE et al., 2008). Além da afinidade
com o ergosterol, o fArmaco possui afinidade pelo colesterol, constituinte da membrana de
células de mamiferos. O coeficiente de afinidade da AmB pelo ergosterol (K = 1,7 x 10° M™)
em relagdo ao colesterol (K = 0,2 x 10° M) demonstra a sua preferéncia sobre células
fungicas (HILLERY, 1997). As estruturas quimicas do ergosterol e colesterol estdo
demonstradas na figura 2.

Uma vez ligada a membrana das células fungicas, a AmB altera a permeabilidade
celular pela formagdo de poros na superficie, ocasionando a perda de potassio intracelular
(NAHAR et al., 2008; DESHPANDE et al., 2010). A consequéncia desse processo € o

extravasamento do conteudo citoplasmatico, o que leva a destruicdo e morte celular (VYAS e
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GUPTA, 2006). Além disso, o farmaco inibe a enzima ATPase em células fungicas, o que
ocasiona a perda da capacidade proliferativa das células. Pode ocorrer ainda um aumento na
peroxidacao lipidica das membranas celulares (VYAS e GUPTA, 2006). Esses diferentes
mecanismos fazem com que a AmB seja fungicida além de fungistatica (DESHPANDE et al.,

2010).

Figura 2 - Estrutura quimica do colesterol e ergosterol. As flechas indicam as diferengas estruturais

entre eles
Colesterol ¢
25
HO ? HO Ergosterol

(FERRAZ, 2005)

O espectro de agdo da AmB sobre os fungos vislumbra os dimorficos Blastomyces
dermatitidis, Coccidioides immitis, Histoplasma capsulatum, que provocam micoses
disseminadas em regides geograficas especificas. Também tem agdo sobre as leveduras
Candida sp., Cryptococcus neoformans e Rhodotorula sp. e o fungo filamentoso Aspergillus
sp., que sdo considerados fungos oportunistas, causadores de sérias doencas em pacientes
imunodeprimidos (MONTEIL et al., 1998; MURRAY et al., 2004). Tem a¢do variavel em
espécies de Fusarium sp., € no que diz respeito ao Trichosporon sp., a AmB ¢ somente
fungistatica. No entanto, algumas espécies de Trichosporon sp. € de Scedosporium sp.
apresentam resisténcia ao farmaco, bem como Candida lusitaniae e Pseudallescheria boydii,
que apresentam resisténcia intrinseca a AmB (KLEPSER, 2011).

Além de sua conhecida ac¢ao sobre os fungos, a AmB tem sido utilizada no tratamento
da leishmaniose, doenca causada pelos protozoarios do género Leishmania, principalmente
em paises em desenvolvimento. A forma mais grave desse processo patologico ¢ a
leishmaniose visceral, ocasionada pela Leishmania donovani, que se nao tratada leva a morte
(NEVES, 2010; SACHS-BARRABLE et al., 2008). O tratamento com a AmB leva a cura em
100% dos casos (VYAS e GUPTA, 2006).
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1.1.2 Toxicidade da AmB

A toxicidade da AmB sobre células humanas esta relacionada a pequena afinidade que
ela possui com o colesterol, constituinte lipidico das membranas celulares dos mamiferos. E
notorio que quanto maior a quantidade de formas agregadas do firmaco, mais toxico ele
torna-se, pois sua seletividade apenas pelas células fungicas ¢ prejudicada (ZHANG et al.,
2009; ADAMS e KWON, 2004). Observou-se que tanto formas monoméricas quanto
agregadas tem ac¢ao sobre células fungicas, mas que somente formas agregadas formam canais
em membranas contendo colesterol (HUANG et al., 2002). A concentra¢do do farmaco esta
diretamente relacionada com seu estado de agregacdo. Concentragdes de AmB acima de
5x10° M tendem a formar oligdmeros e agregados de oligdmeros (MILLIE et al., 1999;
MINONES et al., 2005). Esse mecanismo faz com que o individuo tratado apresente sérios
efeitos colaterais, tais como hepatotoxicidade, hematotoxicidade, e o principal deles, a
nefrotoxicidade, que ocorre em mais de 80% dos pacientes, que ¢ evidenciada pela elevagao
dos niveis séricos de ureia e creatinina (VYAS ¢ GUPTA, 2006; TTYABOONCHAI ¢
LIMPEANCHOB, 2007). E percebida a ocorréncia de anemia, pela redugdo da producio de
eritropoietina, que ¢ realizada pelo rim, mais especificamente nas células tubulares lesadas
pelo farmaco (GOODMAN e GILMAN, 2006). A AmB também ¢ agressiva ao endotélio das
veias, podendo produzir tromboflebite. Neurotoxicidade pode ser percebida em casos de
administragdo intratecal, com pacientes apresentando convulsdes e aracnoidite cronica
(KATZUNG, 2006). Em casos de administra¢do topica, o fArmaco pode ser responsavel pelo
aparecimento de erupgdes na pele (RANG et al., 2007).

Alguns efeitos agudos também sdo observados logo apos a administragdo intravenosa
da AmB, como febre e calafrios (em 60% dos pacientes), hipocalemia (25% dos pacientes),
nausea, vomitos, hipoxia, anorexia, hipotensdo, dores de cabeca e taquipneia. Esses sintomas,
normalmente podem ser amenizados pela diminuicdo da velocidade de infusao (ELDEM et
al., 2001; GUO, 2001; HEINEMANN et al., 2001). Pode ser feita também, a administragdo de
acido acetilsalicilico, paracetamol, anti-histaminicos ou antieméticos, a fim de se evitar os
efeitos colaterais provenientes da infusdo do fArmaco, para que nao seja necessaria a redugao
da dose. Outras medidas auxiliares incluem a administragdo de meperidina e hidrocortisona
(KLEPSER, 2011).

Deve-se ter muita cautela na administracdo concomitante de AmB com outros
nefrotdxicos, como aminoglicosideos ou ciclosporina, pois podem produzir uma interacao

medicamentosa potencialmente fatal (GOODMAN e GILMAN, 2006).
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A lesdo renal proveniente do tratamento com AmB geralmente ¢ reversivel, a ndo ser
em casos de terapia prolongada com dose cumulativa superior a 4 g, o que pode levar a lesdes
tubulares, com posterior perda de fungdo. A toxicidade renal ¢ evidenciada pela perda de
eletrolitos, como K" e Mg e pela acidose tubular (KATZUNG, 2006).

A necessidade da utilizagdo da AmB para o tratamento das infecgdes fungicas
sistémicas, como também da melhoria na sobrevida desses pacientes, fez com que novas
formulacdes a base de AmB fossem pesquisadas, com a finalidade de que sua toxicidade fosse
diminuida. Algumas dessas formulagdes sdo baseadas na nanotecnologia farmacéutica
(ESPUELAS et al., 2003; JAIN e KUMAR, 2010; SHAO et al., 2010; VANDERMEULEN et
al., 2006; FUKUTI et al., 2003).

1.2 Nanotecnologia

A nanotecnologia refere-se a produgdo controlada de estruturas e sistemas na escala de
nandmetros, ou seja, em um bilionésimo do metro (10°m), a partir de diferentes moléculas e
materiais. Sabe-se que quando nessas dimensdes, as propriedades dos materiais diferem
daqueles em escala métrica. A multidisciplinariedade ¢ uma caracteristica da nanotecnologia,
pois ela abrange diversas areas de atuagdo, como quimica, farmdcia, biologia, medicina,
engenharia, fotografia, monitoramento ambiental, agricultura, ciéncias forenses e industrias
como a automobilistica, eletronica e téxtil (POOLEY e OWENS, 2003; FERNANDES e
FILGUEIRAS, 2008; KUMARI et al., 2010).

No que diz respeito a adrea médica e farmacéutica, a nanotecnologia ¢ empregada em
uma variedade de aplicagdes. Dentre as principais, pode-se citar a terapia de diversas doencas,
principalmente as de grande impacto, como cancer, para adequado carreamento de vacinas e
material genético, para promover o direcionamento sitio-especifico de farmacos, objetivando
o incremento da eficcia terapéutica com reducdo da toxicidade. Na medicina diagndstica, a
nanotecnologia oferece metodologias que apresentam solugdes rapidas, sensiveis e relacao
custo-beneficio favoravel. Nanoparticulas de ouro e pontos quanticos sdo amplamente
utilizados para diagndstico de cancer, mas outras tecnologias como nanobiossensores sao
promissoras para aplicagdes clinicas. Diagnésticos de imagem podem ser realizados

utilizando-se nanoparticulas fluorescentes ou magnéticas (PARVEEN et al., 2012).
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Referindo-se especificamente a nanotecnologia farmacéutica, nanoestruturas sao
utilizadas principalmente como carreadores de farmacos. Os objetivos principais dessas
formulagdes sdo: a diminui¢do dos efeitos colaterais de farmacos; o prolongamento do tempo
de liberagdo do farmaco no organismo; o direcionamento do principio ativo ao sitio
especifico; o aumento da eficacia terapéutica através da diminui¢do da dose necessaria para
que seja atingido o efeito esperado; a melhora da biodisponibilidade e da solubilidade de
farmacos insoluveis ou pouco soluveis em agua; o aumento da concentragdo do fArmaco no
tecido-alvo, entre outros beneficios (SOPPIMATH et al., 2001; FARAJI e WIPF, 2009).

Esses objetivos sdo dependentes das propriedades fisico-quimicas das nanoestruturas.
Para o direcionamento do farmaco a um alvo especifico, caracteristicas como tamanho de
particula, carga de superficie, composi¢do e presenca de ligantes na superficie e
hidrofobicidade, devem ser analisadas e determinadas para que se alcance a finalidade
desejada. O tamanho da particula € crucial para a interagdo com membranas celulares e para a
penetragdo do farmaco nas barreiras bioldgicas. Outra caracteristica importante que se deve
avaliar ¢ a carga de superficie, para que se possa determinar se ocorre a agregacao das
nanoparticulas quando na corrente circulatoria, ou se acontece adesdo ou interacdo com
membranas de células carregadas com cargas opostas. Nesse sentido, nanoparticulas com
superficie catidnica interagem mais facilmente com as células e sdo prontamente
internalizadas.

Varias formulagdes farmacéuticas baseadas em nanoestruturas estdo em diferentes
fases de estudos para aplicagdo como medicamentos para o tratamento do cancer, AIDS,
diabetes, tuberculose, e algumas delas, ja estdo sendo comercializadas (KUMARI et al.,
2010).

Entre as nanoestruturas utilizadas para essas finalidades, podem-se citar as
nanoparticulas poliméricas, nanoparticulas inorganicas, nanoparticulas lipidicas soélidas,
lipossomas, nanocristais, microemulsdes, nanotubos, dendrimeros, nanoparticulas magnéticas,

nanoparticulas conjugadas, entre outras (FARAJI e WIPF, 2009).

1.2.1 Nanoparticulas poliméricas

Nanoparticulas poliméricas sdo definidas como estruturas nanométricas solidas

compostas por polimeros que podem ou ndo ser biodegraddveis. As nanoparticulas

poliméricas podem ser divididas em nanoesferas ou nanocapulas. As nanocapsulas sao
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sistemas vesiculares ou reservatorios, em que o farmaco estd enclausurado em um reservatorio
contendo 6leo ou agua, envolto por uma membrana polimérica ou pode estar adsorvido na
superficie da membrana. Nanoesferas sdo sistemas matriciais em que o farmaco pode estar
adsorvido na superficie da matriz e/ou disperso molecularmente na matriz polimérica,

conforme apresentado na figura 3. (RAO e GECKELER, 2011; REIS et al., 2006).

Figura 3 - Tipos de nanoparticulas poliméricas
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(Adaptado de KUMARI et al., 2010)

Em compara¢do com microparticulas, as nanoparticulas parecem ser mais facilmente
absorvidas, sendo que os polimeros hidrofobicos favorecem a absor¢do pelo epitélio
gastrintestinal. Somados as questdes de solubilidade do polimero, varios fatores interferem na
absor¢do do firmaco encapsulado, como a carga de superficie e perfil de biodegradacdo da

composicdo polimérica, além da massa molecular do farmaco associado e a regido da



19

nanoparticula em que ele esta localizado (REIS et al., 2006). Para que a nanoparticula seja
transportada de forma eficiente na corrente circulatéria, ¢ ideal que ela apresente um tamanho
inferior a 300 nm (GUPTA e KOMPELLA, 2006). A maioria dos métodos de preparagao
produzem nanoparticulas maiores que 100 nm, com um alto indice de polidispersdo. Esse
tamanho pode ser considerado grande, quando comparado com as barreiras endoteliais, cuja
fenestracao possui 50-60 nm de diametro (NIMESH et al., 2006).

Existem diferentes tipos de polimeros utilizados na formulacdo de nanoparticulas. Os
polimeros sintéticos sdo: poli(acido lactico) (PLA), poli(acido lactico-co-acido glicélico)
(PLGA), etilcelulose (EC), poli(e-caprolactona) (PCL), poli(f-hidroxibutirato) (PHB), acetato
de celulose, poli(isobutilcianoacrilato) (PICBA), poli(iso-hexilcianoacrilato) (PIHCA), poli(n-
butilcianoacrilato) (PBCA), poli(acrilato) e poli(metacrilato). Também ha a possibilidade de
utilizacao de polimeros naturais, como quitosana, alginato, gelatina e albumina (VAUTHIER
e BOUCHEMAL, 2008).

A encapsula¢do de farmacos nas nanoparticulas poliméricas pode ser realizada por
meio de dois métodos: o primeiro, incorporando-se o firmaco durante o processo de produgao
das nanoparticulas, ou o segundo, em que apos a preparagao das nanoparticulas ¢ acrescentada
uma solugdo contendo o farmaco. Ambos os métodos permitem a dispersdo do fdrmaco no
polimero, a adsor¢dao do fArmaco na superficie do polimero e/ou a ligacdo quimica do farmaco
ao polimero. A concentracdo limite do farmaco e a sua interagdo com a nanoparticula,
depende da estrutura quimica do principio ativo, do polimero e das condi¢des da encapsulagao
do farmaco (KUMARI et al., 2010).

Quando in vivo, as nanoparticulas podem chegar ao interior das células através de trés
mecanismos: fagocitose, pinocitose e endocitose mediada por receptor. A fagocitose refere-se
a ingestdo de materiais de até 10 um de diametro, realizada por macréfagos, neutrédfilos e
células dendriticas. A pinocitose envolve a ingestdo de materiais menores que 1 pm ou
substancias em solu¢do, e ¢ realizada por todos os tipos de células. Entdo, microparticulas tem
acesso exclusivo a células fagocitarias, enquanto que nanoparticulas podem ser utilizadas
como agentes carreadores de farmacos para uma ampla série de alvos celulares. No caso de
endocitose mediada por receptores, as nanoparticulas necessitam ter 25-50 nm de diametro, e
tem como vantagem a especificidade dos receptores, o que ¢ interessante quando ha a
necessidade de liberacdo em sitio especifico (FARAJI e WIPF, 2009).

Uma vez que as nanoparticulas sdo opsonizadas e removidas da corrente

circulatoria, elas sdo sequestradas pelos orgdos do sistema fagocitario mononuclear (SFM).
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No caso das nanoparticulas que ndo possuem ligantes em sua superficie, em questdo de
minutos elas sdo concentradas no figado e no bago (OWENS III e PEPPAS, 2006).

A modificacao da superficie das nanoparticulas poliméricas auxilia na ampliagdao do
tempo de circulagdo das mesmas no organismo e na melhora da especificidade na distribui¢ao
do farmaco. A longa permanéncia das nanoparticulas na corrente circulatoria ¢ decorrente de
ligantes de superficie que dificultam a identificacdo da particula pelo SFM. O aumento da
biodisponibilidade promove maior oportunidade do farmaco atingir seu alvo. Particulas
menores que 100 nm com superficies hidrofilicas tendem a escapar do SFM com mais
facilidade, principalmente das células de Kupffer no figado (NIMESH et al., 2006).

Um dos métodos mais utilizados para essa finalidade ¢ a adsorcdo de polimeros
hidrofilicos ou tensoativos as superficies das nanoparticulas. Exemplos deles sdo: polimeros,
polietilenoglicol (PEG), poli(N-vinil-2-pirrolidona) (PVP), os tensoativos como poloxameros,
polisorbatos e os polissacarideos como dextrano. Esses polimeros promovem uma camada
hidrofilica protetora ao redor da nanoparticula, que ¢ capaz de repelir as opsoninas do plasma
por forgas repulsivas. No caso do PEG, ele possui em sua estrutura cadeias longas que
formam uma barreira estérica, impedindo a adesdo das proteinas do plasma e consequente
eliminagdo prematura da corrente circulatéria (KUMARI et al., 2010; REIS et al., 2006;
NIMESH et al., 2006). Um exemplo que se pode citar ¢ um estudo realizado com
nanoparticulas poliméricas convencionais, em comparacdo as mesmas particulas revestidas
com PEG. Apo6s 24 h da injecdao de nanoparticulas PEGuiladas, 40% delas foram encontradas
no figado, enquanto que somente 3 min apds a injecdo de nanoparticulas nao-PEGuiladas,
90% ja foram encontradas no figado (OWENS III e PEPPAS, 2006).

As modificagdes de superficie podem ser realizadas por meio da adig¢do de ligantes a
superficie da nanoparticula, que podem funcionar como direcionadores, a exemplo de
peptideos, aptameros, anticorpos € pequenas moléculas. O direcionamento pode ser ativo ou
passivo (PARVEEN et al., 2012).

O direcionamento passivo utiliza-se de diferencas anatomicas entre os tecidos
alterados por processos patologicos e os tecidos normais para liberar o farmaco no sitio
requerido. Esses tecidos afetados podem ser modificados por uma variedade de condigdes
fisioldgicas pelo efeito do aumento da permeabilidade e retengdo (efeito APR). No caso de
tumores, por esse efeito, as nanoparticulas tendem a acumular-se nesses tecidos, pelo
extravasamento vascular. O efeito APR pode ocorrer também em sitios de inflamagao. Foi
demonstrado que sitios de infeccdo ou inflamag¢do em que hd a presenca de bradicinina

apresentam também o efeito APR. Em tecidos normais, quando ocorre uma inflamagao o
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tempo de retencdo ¢ menor do que em tecidos cancerosos. Isso acontece, devido a drenagem
realizada pelo sistema linfatico, que ainda estd operante em tecidos normais e o inchago
tecidual ¢ dissipado em poucos dias. Ja em tecidos tumorais, a reten¢ao de farmacos lipidicos
ou macromoleculares pode durar semanas. Os mesmos mediadores produzidos durante o
processo inflamatdrio sdo os mesmos desencadeados por células cancerosas, embora o cancer
seja uma inflamagao que nunca cessa e aumenta constantemente (PARVEEN et al., 2012).

Um grande numero de carreadores que sdo utilizados para a liberagao direcionada com
essas caracteristicas, foi desenvolvido nas décadas de 1980 e 1990. Um exemplo desses
carreadores ¢ a formulacdo lipossomal modificada com PEG contendo doxorrubicina. Com
bom tempo de retencdo e longo periodo de circulag@o, a doxorrubicina lipossomal ¢ 6 vezes
mais efetiva que a doxorrubicina nao-lipossomal. Esse medicamento foi aprovado para o
tratamento de cancer ovariano, cancer de mama com metéstases e para sarcoma de Kaposi
relacionado a AIDS. Em modelos animais e em pacientes, houve a reducdo do tumor pelo
mecanismo do efeito APR. Vérios outros estudos corroboram os resultados relacionados a
nanoparticulas poliméricas que se utilizam desses mecanismos (VENKATARAMAN et al.,
2011).

Ja& no direcionamento ativo, as nanoparticulas contém moléculas direcionadoras em
sua superficie, que sdo capazes de interagir com o tecido circundante. As ligagdes com o sitio-
alvo podem ocorrer através de interagdes ligante-receptor, antigeno-anticorpo ou por
aptameros direcionadores, que fazem como que acontega o acimulo do farmaco no tecido de
interesse. A utilizacao desses ligantes oferece excelentes oportunidades para que os farmacos
possam ultrapassar barreiras biologicas, diferentes acessos a tecidos e serem mais facilmente
internalizados nas células (VENKATARAMAN et al., 2011).

Diferentes materiais sdo utilizados para promover alteragdes nas propriedades das
superficies das particulas. O PEG tem sido utilizado para modificacdo de varios tipos de
nanoparticulas poliméricas. E um polimero hidrofilico ndo-iénico, que tem mostrado
excelente biocompatibilidade. O PEG em nanoparticulas de PLA diminui a interacdo entre as
nanoparticulas e as enzimas dos fluidos digestivos e aumenta a absor¢do do farmaco
encapsulado na corrente sanguinea e no tecido linfatico. Particulas com PEG apresentam
maior absorcdo pelo bago e cérebro, do que nanoparticulas convencionais. J4 nanoparticulas
de PCL modificadas com poli(6xido de etileno) (PEO) geram elevados niveis do firmaco em
tumores, além de persistirem por um longo tempo na circulagdo e aumentarem o tempo de
meia-vida no sangue. Outra forma de modificagdo de superficie é a adicdo de lecitina as

nanoparticulas, com o objetivo de melhorar o transporte através da mucosa intestinal. Um
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exemplo ja demonstrado ¢ o revestimento de nanoparticulas de dextrano-PCL. Outro
exemplo, sdo moléculas de IgG policlonal tem sido utilizadas para aumentar a resposta imune
de nanoparticulas de PLGA (KUMARI et al., 2010).

O tamanho das nanoparticulas e a massa molecular dos polimeros interferem no
processo de eliminacdo e de biodistribuicdo. Estruturas de massa molecular menor que 5.000
sdo rapidamente eliminadas pelo rim. J4 no que diz respeito ao tamanho, um exemplo ¢ o caso
de nanoparticulas PEGuiladas, que quando possuem 250 nm de didmetro sdo muito mais
rapidamente eliminadas da circulagdo do que as que possuem 70 nm. Um estudo demonstrou
que nanoparticulas PEGuiladas com raio hidrodindmico menor que 150 nm aumentaram a
absorcao por células da medula 6ssea de coelhos, enquanto que as que possuiam didmetro de
250 nm foram sequestradas pelo figado e bago e somente uma pequena fragao foi encontrada
na medula 6ssea (OWENS III e PEPPAS, 2006).

Os mecanismos de liberagdo do fdrmaco sdo importantes, pois uma das grandes
vantagens da nanotecnologia aplicada a farmacologia ¢ a liberacdo sustentada. H4 cinco
métodos possiveis para a liberacao: dessorcao das moléculas do farmaco ligadas a superficie;
difusdo através da matriz da nanoparticula; difusdo através da parede polimérica das
nanocépsulas; erosdo da matriz da nanoparticula e uma combinacdo de processos de
erosdo/difusdo. A taxa de liberacdo esta relacionada a solubilidade, difusdo e biodegradacao
da matriz polimérica, além da eficiéncia de encapsulagdo e tamanho da nanoparticula.
Particulas maiores tem uma liberacdo inicial menor do que particulas menores, devido a
menor area superficial. Em nanoesferas, nas quais o farmaco esta distribuido uniformemente
pela matriz polimérica, a liberagdo ocorre por difusdo e/ou erosdo, em condi¢des sink. Uma
rapida liberagdo inicial ¢ indicativa de uma liga¢do fraca ou de uma ampla adsor¢do do
farmaco a superficie das nanoparticulas. A liberagdo do farmaco aumenta conforme a
diminui¢do da massa molecular do polimero (KUMARI et al., 2010).

A natureza do farmaco, a estabilidade, a permeabilidade, a liberagdo do farmaco, entre
outros fatores, devem ser analisados para que se possa determinar a formulacdo ideal, o
método de sintese e a modificagdo de superficie que podera ser realizada (KUMARI et al.,

2010).
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1.2.2 Métodos de preparacgio das nanoparticulas

Atualmente, pelo conhecimento das propriedades fisico-quimicas do farmaco
desejado, ¢ possivel eleger o polimero e o método de preparagdo mais adequado. Dois tipos de
métodos sdo encontrados na literatura. Em uma das categorias, ¢ necessaria uma reagdo de
polimerizacdo a partir de um mondmero, enquanto na outra, os métodos utilizam-se de
polimeros previamente formados (REIS et al., 2006).

Os polimeros empregados para uso humano além de biodegradaveis devem ser
estaveis na circulacdo sanguinea, ndo apresentar toxicidade, nem efeitos trombogénicos,
imunogénicos ou inflamatorios, ndo ativar neutrofilos, e ser aplicaveis a varias moléculas, tais
como farmacos, proteinas, peptideos e acidos nucléicos (KUMARI et al., 2010).

Os métodos de polimerizacao podem ser classificados em polimerizacao por emulsao
(orgénica ou aquosa) e polimerizagdo interfacial. Esses métodos de polimerizagdo ndo sdo
amplamente utilizados, pois podem ser formados tanto polimeros biodegradaveis como nao
biodegradaveis. Além disso, as moléculas residuais produzidas a partir do processo de
polimerizagao (mondmeros, oligdmeros, tensoativos) podem levar a toxicidade da formulacao
(REIS et al., 2006).

Métodos para formulacdo de nanoparticulas poliméricas a partir de polimeros pré-
formados sdo, entdo, mais interessantes do que aqueles que se utilizam de monomeros.
Alguns deles sdo encontrados na literatura, tais como a emulsificacdo/evaporacao do solvente,
emulsificacdo/difusdao do solvente, salting-out, nanoprecipitacdo, dialise e tecnologia de
fluido supercritico. O método ¢ escolhido levando-se em consideragdo o sistema polimérico
em questdo, a area de aplicagdo, o tamanho requerido para a nanoparticula, entre outros
fatores. Para finalidades farmacoldgicas, o método de escolha geralmente envolve a de
evaporacao do solvente ou a tecnologia do fluido supercritico, pois ndo deve ser encontrado
qualquer trago de solvente no produto final, para que sejam evitadas possiveis reacdes toxicas
ao paciente. Os solventes utilizados para a prepara¢do de nanoparticulas sdo: acetato de etila,
cloroformio, acetona, diclorometano, etanol, tetra-hidrofurano e acetonitrila (RAO e
GECKELER, 2011).

O método de emulsificagdo/evaporagdo do solvente, apesar de ter sido a primeira
metodologia desenvolvida para a formulacdo de nanoparticulas poliméricas, ainda ¢
amplamente utilizado. Nesse método, os polimeros sdo preparados em uma solucdo de
solventes volateis ¢ uma emulsdo ¢ formada por sonica¢do. Primeiramente, a fase organica,

que contém o polimero e o farmaco, ¢ emulsificada em uma fase aquosa contendo um
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tensoativo. A emulsdo ¢, entdo, convertida em uma suspensdo por meio da evaporagdo do
solvente, que ocorre com aumento da temperatura, sob pressdo e agitagdo constante, o que
induz a precipitagdo do polimero em nanoparticulas (REIS et al., 2006). As emulsdes
formadas no decorrer do método podem ser emulsdes-simples 6leo-em-agua ou emulsoes-
duplas (dgua-em-6leo)-em-agua As emulsdes-simples Oleo-em-dgua sdo economicamente
interessantes, pois utilizam 4gua como ndo-solvente, embora s6 possam ser aplicadas para a
encapsulacao de farmacos lipossoluveis, além de requererem alta energia durante o processo
de homogeneizacdo. As emulsdes-duplas (agua-em-6leo)-em-adgua sdao utilizadas para a
encapsulacao de farmacos hidrofilicos. Apos a evaporagdo do solvente, as nanoparticulas sao
coletadas através de ultracentrifugag¢do, com lavagens consecutivas com agua destilada, a fim
de que se elimine qualquer residuo de tensoativos. Apos esse procedimento ¢ realizada a
liofilizacdo para posterior armazenagem. Embora muito utilizado, o método tem como
desvantagem a possivel permanéncia de residuos de solventes na formulacdo, bem como o
dano ambiental gerado por esses residuos (RAO e GECKELER, 2011).

Como variagdo ao método da evaporagdo do solvente, hd o método da
emulsificacdo/difusao do solvente. O polimero e o farmaco sdo dissolvidos em um solvente
parcialmente miscivel em 4dgua, como metanol, acetona ou carbonato de propileno, e ¢
saturado com 4gua, para garantir o equilibrio termodindmico entre ambos os liquidos. Essa
fase ¢ adicionada a uma fase aquosa externa, constituida de estabilizantes, formando assim
uma emulsdo 6leo-em-agua. Ocorre a difusdo espontdnea do solvente organico para a fase
externa, pela adicdo de um excesso de dgua, o que promove uma turbuléncia interfacial entre
as duas fases, levando a formacdo de nanocépsulas ou nanoesferas, com o carreamento do
polimero para a fase aquosa. Conforme aumenta a concentragdo do solvente miscivel em
agua, ocorre a diminuicdo do tamanho da particula. Finalmente, o solvente ¢ eliminado de
acordo com seu ponto de ebulicdo, por evaporacao ou filtragdo (SOPPIMATH et al., 2001;
REIS et al., 2006).

Essa técnica apresenta como vantagens, a boa eficiéncia de encapsulagdo, que ¢
geralmente maior que 70%, a auséncia de homogeneizacdo, a alta reprodutibilidade entre os
lotes produzidos, facilidade para produgao em larga escala, simplicidade e estreita variagao no
tamanho da particula. Como desvantagens, pode-se citar a grande quantidade de agua
eliminada da suspensdo, além da dificuldade na eficiéncia de encapsulagdo de farmacos
hidrossoluveis, ja que, nesses casos, ocorre o vazamento do farmaco para a fase externa
durante a emulsificagdo. Esse mecanismo faz com que o método seja eficaz somente para

farmacos lipofilicos (REIS et al., 2006).
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Outro método utilizado € o salting-out, que tem como vantagem ndo ser necessaria a
utilizagdo de tensoativos e solventes clorados (RAO e GECKELER, 2011). Desenvolvido por
Alleman e colaboradores (1992), o salting-out ¢ uma variagdo do método de evaporagao do
solvente, em que ocorre a separacao de um solvente miscivel em agua de uma solucao aquosa,
sem o emprego de qualquer forca de cisalhamento (REIS et al., 2006; SOPPIMATH et al.,
2001; RAO e GECKELER, 2011). Primeiramente, um solvente orginico, geralmente a
acetona, ¢ utilizado para dissolver o farmaco e o polimero, € uma emulsao ¢ formada em um
gel aquoso contendo agentes salting-out, que podem ser eletrolitos, como cloreto de
magnésio, cloreto de célcio, acetato de magnésio, e ndo eletrolitos, como sacarose. E utilizado
um estabilizante, como polivinilpirrolidona e hidroxietilcelulose (REIS et al., 2006). Apos a
formacao da emulsdo 6leo-em-agua, ¢ acrescentada uma quantidade de agua suficiente para
permitir a difusdo da acetona para a fase aquosa, o que culminard na formacdo das
nanoparticulas. Para finalizar, ¢ realizada uma filtragao de fluxo cruzado, a fim de que sejam
eliminados os solventes e o agente salting-out da formulagdo. O agente salting-out esta
relacionado a eficiéncia de encapsulacdo do farmaco, portanto sua escolha deve ser analisada
previamente com cautela (RAO e GECKELER, 2011). E uma técnica de alta eficiéncia, que
ndo necessita de altas temperaturas, o que a torna interessante para firmacos termossensiveis.
As principais desvantagens sdo a utilizagdo exclusiva para fadrmacos lipossoliveis e a
quantidade de lavagens das nanoparticulas (REIS et al., 2006).

Desenvolvido por Fessi e colaboradores (1989), o método da nanoprecipitagdo,
também chamado de método do deslocamento do solvente, consiste no deslocamento de um
solvente miscivel em agua de uma solugdo lipofilica, o que leva a deposicdo interfacial do
polimero. O solvente organico ¢ transferido para a fase aquosa sob agitacdo moderada. A
rapida difusdo do solvente faz com que ocorra a diminuicdo da tensdo interfacial entre as duas
fases, o que leva a formagao de pequenas goticulas de solvente organico, pelo aumento da sua
area de superficie. Para tal procedimento, um solvente organico solivel em agua e de facil
remoc¢do por evaporagdo € escolhido como solvente do polimero, sendo a acetona
frequentemente o solvente de escolha. Pode ser utilizada acetona com uma pequena parte de
4gua, acetona com etanol e metanol. E necessaria também a utilizagdo de tensoativos naturais
ou sintéticos, pois eles dificultam a agregacdo das nanoparticulas durante um longo periodo
de estocagem. O tamanho da particula também ¢ influenciado pela natureza e pela
concentragdo do tensoativo. J4 no que diz respeito aos polimeros os mais comumente
utilizados sdo os poliésteres biodegradaveis, PLA, PLGA e PCL, que podem ser

copolimerizados com PEG. Suas estruturas quimicas estdo descritas na figura 4.
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Outro método que se pode citar ¢ o método de didlise. O polimero ¢ dissolvido em um
solvente organico e colocado em um tubo de didlise. Com o deslocamento do solvente dentro
da membrana, acontece a agregacao progressiva do polimero e devido a diminui¢do da sua
solubilidade, ocorre a suspensao homogénea das nanoparticulas. At¢ o momento o método de
dialise para producdo de nanoparticulas poliméricas ndo esta totalmente elucidado. Acredita-

se que o mecanismo seja similar ao da nanoprecipitacdo (RAO e GECKELER, 2011).

Figura 4 - Estruturas moleculares do PLA, do PLGA e do PCL
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(Adaptado de PARVEEN et al., 2011)

A tecnologia do fluido supercritico ¢ um método ecologicamente correto, que produz
nanoparticulas com alta pureza sem qualquer traco de solvente organico, sem o0s
inconvenientes dos métodos tradicionais. Existem dois processos que se utilizam dessa
tecnologia: a expansdo rapida de solucdo supercritica ¢ a expansdo rapida de solugdo

supercritica em solvente liquido.
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No que se refere a expansao rapida de solug@o supercritica, o soluto ¢ dissolvido em
um fluido supercritico para que seja formada uma solucdo. Em seguida, ocorre uma répida
expansao da solugdo através de um orificio ou de um tubo capilar para o ambiente. O alto
grau de supersaturagdo, acompanhado pela rapida diminuicao da pressdo durante a expansao,
resulta na formacao de particulas bem dispersas. Estudos demonstram que sao encontradas na
formulagao particulas tanto na ordem de micrometros como de nandmetros. A concentragao e
o grau de saturagdao do polimero tem efeito sobre a morfologia e o tamanho das particulas
produzidas por esse método. Outros fatores como propriedades dos materiais, condigdes do
processo, massa molecular do polimero, etc., também interferem sobre o tamanho da
particula. A principal desvantagem desse método ¢ a maior producdo de microparticulas do
que nanoparticulas (RAO e GECKELER, 2011).

A criagcdo do método de expansdo rapida de solugdo supercritica em solvente liquido
teve como objetivo contornar a principal desvantagem do método anterior. Para isso, a
modificacdo realizada foi a expansao da solugdo supercritica em um solvente liquido, ao invés
do ambiente. O solvente liquido aparentemente suprime o crescimento da particula, fazendo
com que ocorra a obtengdo de particulas principalmente em escala nanométrica. A
desvantagem de ambas as variagdes do método de tecnologia do fluido supercritico ¢ a baixa
solubilidade ou total insolubilidade dos polimeros nesses fluidos (RAO e GECKELER, 2011).

Um dos polimeros biodegraddveis mais utilizados para a encapsulagao de farmacos ¢ o
PLA. No organismo, o polimero ¢ hidrolisado em mondmeros de acido lactico, que ¢ um
intermediario natural no metabolismo de carboidratos. As nanoparticulas de PLA sdo
preparadas pelo método de evaporacdo do solvente, salting-out e emulsificacdo/difusdo do
solvente. Dados experimentais demonstraram boa eficiéncia de encapsulacdo, 95%, em
nanoparticulas de PLA contendo o antipsicético savoxepina, com liberagdo in vitro superior a
uma semana. A eficiéncia de encapsulacao da proteina albumina do soro bovino (BSA) foi de
mais de 71,6%. Ja no caso de encapsulag@o de oridonina e de progesterona, a eficiéncia foi de

91,88% e 70%, respectivamente (KUMARI et al., 2010).

1.2.3 Formulacées lipidicas para veiculacio de AmB

Aplicando-se a nanotecnologia para a veiculagdo de AmB, ja existem no mercado

formulagdes lipidicas e lipossomais que foram desenvolvidas com o intuito de aumentar a

eficacia terapéutica e principalmente diminuir os efeitos toxicos do farmaco. Sdo elas:
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AmBisome®, Abelcet® e Amphocil®. Essas trés formulagdes apresentam notaveis diferencas
em sua morfologia (HILLERY, 1997).

AmBisome® ¢ uma vesicula unilamelar pequena, uma preparagao lipossomal, com
diametro de 50-100 nm. Possui em sua composicao, fosfatidilcolina hidrogenada de soja,
colesterol, distearoilfosfatidilglicerol € AmB na propor¢do molar de 2:1:0,8:0,4. O produto ¢
comercializado como um p¢ liofilizado para reconstituicdo (FILIPPIN e SOUZA, 2006).

Uma Unica dose de AmBisome® apresenta altos niveis plasméticos de AmB e a
hemolise € praticamente inexistente quando comparado com AmB livre. Foi demonstrado que
o AmBisome® tem uma taxa de erradicagdo de 83% para Candida spp. e 41% para
Aspergillus spp. em pacientes com micoses sistémicas. Quando em terapia continuada por
mais de trés meses, pacientes apresentam niveis maximos cumulativos de AmB de 16,8 g, ndo
mostrando toxicidade significativa (HILLERY, 1997).

Ja o Abelcet® ¢ uma formulagdo em que os lipidios dimiristoilfosfatidilcolina
(DMPC) e dimiristoilfosfatidilglicerol (DMPG) s3ao complexados com AmB em uma
propor¢ao molar de 7:3:10. Esse complexo lipidico de AmB possui um diametro de 2-5 um.
Ao contrario do AmBisome®, o Abelcet® apresenta niveis plasmaticos bem inferiores em
relacdo ao Fungizone®. Mas em relagdo a toxicidade, o Abelcet® tem mostrado eficicia na
diminui¢ao dos efeitos colaterais (HILLERY, 1997).

O Amphocil® ¢ um complexo estavel de AmB e colesterilsulfato de s6dio em uma
propor¢cao molar 1:1 (FILIPPIN e SOUZA, 2006). Formam uma dispersdo coloidal, com
particulas em forma de discos de 122 nm de didmetro e 4 nm de espessura. Apds infusao
intravenosa de Amphocil®, ¢ notada uma rapida diminui¢do da concentragdo plasmatica de
AmB ao final da infusdo e um grande volume de distribuicdo do farmaco. A eficacia
terap€utica dessa formulacdo foi de 34% em aspergiloses e de 58% em candidemias
(HILLERY, 1997).

Apesar de essas formulacdes lipidicas reduzirem a toxicidade da AmB, cada
formulacdo apresenta diferencas nos seus efeitos toxicos e nas propriedades farmacocinéticas,
além de os elevados custos desses medicamentos tornarem seu uso limitado. Além disso, tem
sido comprovado que a redu¢do da toxicidade da AmB quando veiculada nessas formulagdes
lipidicas vem acompanhada da substancial reducdo na sua atividade antifingica (VAN
ETTEN et al., 1995 ab,c; VAN ETTEN et al., 1998). O mecanismo pelo qual essas
formulacdes modificam o indice terapéutico da AmB ¢é devido a forte interagdo entre o
farmaco e os compostos lipidicos da formulacao (SZOKA e TANG, 1993; BOLARD et al.,
1993).
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Outra desvantagem dessas formulacdes ¢ a necessidade de altas doses para o
tratamento de infec¢des flngicas sistémicas. Uma vez que a AmB ¢ toxica também para
células humanas, doses repetidas podem levar ao acimulo do farmaco, devido a seu lento
processo de eliminagdo, o que pode promover uma possivel toxicidade. A formulacdo ideal ¢
aquela que para alcancar o efeito desejado sejam necesséarias doses baixas, para que sejam
evitados os efeitos colaterais (FUKUTI et al., 2003).

Por esse motivo, o presente trabalho teve como objetivo a formulacdo de um sistema
para veiculagdo de AmB para administracdo intravenosa que permita o aumento da eficcia
terapéutica e a redu¢do da toxicidade do farmaco. Para essa finalidade o sistema de liberacao
escolhido foi o de nanoparticulas poliméricas, em que o polimero de escolha foi o PLA, pelas
suas caracteristicas de biodegradagdo e biocompatibilidade. Ao PLA foi associado o PEG,
para que se obtivesse um sistema intravenoso de longa circulagdo, pois o PEG tem como
principal vantagem, a formagdo de barreiras estéricas ao redor da particula, o que dificulta a
identificagio da molécula pelo SFM, possibilitando a permanéncia prolongada das
nanoparticulas na corrente circulatoria. Para finalidades comparativas, foi variada a massa

molecular do PEG em 2, 10 e 20 kDa, ¢ obteve-se entdo, trés formulacdes diferentes.
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2 OBJETIVOS

2.1 Objetivo geral

Obter e caracterizar nanoparticulas de blendas de PLA-PEG para a veiculagdo de
AmB, variando-se a massa molecular do PEG em 2, 10 ou 20 kDa, para fins comparativos, e

avaliar a toxicidade e a eficacia in vitro.

2.2 Objetivos especificos

= Desenvolver metodologia analitica por CLAE para a anélise de AmB;

= Obter e caracterizar nanoparticulas de blendas de PLA-PEG contendo AmB,
variando-se a massa molecular do PEG;

» Avaliar a eficiéncia de encapsulacdo da AmB nas nanoparticulas;

= Avaliar o estado de agregacdo do farmaco nas nanoparticulas;

= Determinar o perfil de liberacao in vitro do fArmaco a partir das nanoparticulas;

* Avaliar a citotoxicidade da AmB encapsulada sobre eritrocitos;

= Avaliar a eficicia terapéutica da AmB encapsulada através de testes

antiflingicos in vitro.
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DEVELOPMENT AND VALIDATION OF AN EFFECTIVE HPLC-PDA METHOD
FOR THE QUANTITATIVE DETERMINATION OF AMPHOTERICIN B FROM
PLA-PEG BLEND NANOPARTICLES

Abstract

The aim of this work was to develop and validate an effective chromatographic method for
determining Amphotericin B (AmB) encapsulation efficiency in poly(D,L-lactide)-
polyethyleneglycol (PLA-PEG) blend nanoparticles. A reversed-phase high performance
liquid chromatography with a photodiode array (PDA) wavelength detector was used to
develop the method. Chromatographic runs were performed on a RP C18 column (250
mmx4.6 mm, 5 pum) and a mobile phase consisted of a 9% acetic acid and acetonitrile mixture
(40:60), in an isocratic elution with a flow rate of 1 mL/min. AmB was detected using a PDA
detector set at the wavelength of 408 nm. The validation process was performed considering
the following parameters: selectivity, linearity, precision, accuracy, robustness, limit of
detection (LOD) and limit of quantitation (LOQ). A concentration range of 1-20 pg/mL was
used to construct the analytical curve, which was found to be linear. LOQ and LOD were 55
and 18 ng/mL, respectively. The mean of recovery of AmB from the samples was 99.92%
(RSD = 0.34%, n = 9), and the method was robust for changes in the flow rate (maximum
RSD = 4.82%). The intra and inter-assay coefficients of variation were less than 0.59%. The
method was succesfully used to determine the entrapment efficiency of AmB in PLA-PEG

blend nanoparticles.

Keywords: Amphotericin B, HPLC, biodegradable polymers, PLA-PEG, nanoparticles,

validation, encapsulation efficiency.
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1. Introduction

Amphotericin B (AmB) is the most widely used antifungal for the treatment of
systemic fungal infections. It is a polyene macrolide antibiotic produced by an actinomycete,
Streptomices nodosus [1] isolated in 1955, and it was the first antifungal to be approved by
U.S. Food and Drug Administration (FDA) in 1965 [2]. AmB chemical estructure has an
amphipathic nature, with a hydrophobic portion and hydrophilic portion, which compromises
its water solubility [3]. In the presence of water, Amb has a tendency to self-aggregate and
produce dimers and oligomers, responsible for its affinity to ergosterol, component of fungi
cells membrane, and cholesterol, component of human cells membrane, which leads to its
toxicity [4,5]. The aggregated form of the drug is the cause of its serious side effects, such as
nephrotoxicity, hepatotoxicity, haematotoxicity, and other complications [6,7].

Many formulations have been tested in order to decrease toxicity. Some of them,
based on nanotechnology are already commercially available, whereby a liposomal product
Ambisome®, a lipid complex Abelcet® and a colloidal dispersion Amphocil®. Despite
reducing toxic effects, these formulations also decrease AmB therapeutic effects, besides their
high costs make their use impracticable [8,9]. Reduction of therapeutical efficiency of these
formulations is related to their lipidic nature, which presents a very strong interaction with
AmB, difficulting its release [10,11].

As an alternative to lipid formulations, polymeric nanoparticles may be interesting to
solve solubility problems and mainly to reduce toxicity of AmB. They have been tested to
improve drugs already established, but that present solubility drawbacks, low bioavailability
and toxicity problems. Polymeric carriers are versatile because their physicochemical
properties can be modulated to obtain formulations that solve these issues. Depending on the
surface charge, polymer composition and molecular weight, nanoparticles can be manipulated
for a particular purpose [12]. Nanoparticles optimize therapeutical regimen decreasing the
dose needed for the treatment, because of their extended release capability that contributes to
reduce toxicity [13]. Sustained release characteristic, promoted by polymeric nanoparticles,
can be inhibited by the mononuclear phagocyte system cells that remove them from the
bloodstream. To avoid opsonization and phagocytosis, nanoparticles surfaces must be coated
with hydrophilic polymers. Polyethyleneglycol (PEG) has been used to this purpose, due to its
long chains blocks opsonization process, extending the half-life of nanoparticles [12].

A suitable drug delivery system must present high encapsulation efficiency of the
drug, in order to reach its therapeutical objetive [14]. With the purpose of defining the drug

content of nanoparticles, a quantitation method must be appropriately validated. Some
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methods are described in the literature for determining AmB content in biological matrices,
using RP-HPLC [15,16], second-derivative spectrophotometry [17], UV-spectrophotometry
[18], HPLC-UV/Vis [19], in lipidic formulations using HPLC-MS-MS [20], RP-HPLC [21-
23], UV/Vis-spectrophotometry [24,25], and in polymeric nanoparticles, using HPLC [8],
UV/Vis- spectrophotometry [4,7,26] and RP-HPLC [27]. Most of those methods have not
been validated, mainly those about polymeric nanoparticles. Consequently, the aim of this
work is to develop and validate a simple and rapid RP-HPLC method to quantitate AmB
loaded in poly(lactic acid)-PEG (PLA-PEG) nanoparticles.

2. Experimental
2.1. Materials

AmB, PLA (Mw 85-160 kDa), PEG (2, 10 and 20 kDa) and polyvinyl alcohol (PVA,
31 KDa, 88% hydrolyzed) were purchased from Sigma-Aldrich (USA). Chloroform and
dimethyl sulfoxide (DMSO) were purchased from Biotec® (Brazil) and dichloromethane,
from FMaia® (Brazil). HPLC-grade methanol and acetonitrile were purchased from

JTBaker® (USA). Water was purified using a Milli-Q Plus system (Millipore®).

2.2. Equipments

A Waters 2695 Alliance HPLC system (Milford, MA, USA) was used for method
development. This HPLC system was equipped with a column heater, an on-line degasser, a
quaternary pump, an autosampler, a photodiode array wavelength detector (Waters 2998).
Data acquisition, analysis, and reporting were performed using the Empower chromatography
software (Milford, MA, USA). HPLC analysis was conducted using a reverse phase C18
column (Xterra, Waters) with a 5 pm particle size, 4.6 mm internal diameter, and 250 mm (in)

length.

2.3. Chromatographic conditions

The mobile phase consisted of a 9 % acetic acid and acetonitrile mixture (40:60), in an
isocratic elution with a flow rate of 1 mL/min. The sample injection volume was 20 uL, as
well as the photodiode array (PDA) detector was set at the wavelength of 408 nm. The

analysis was carried out at a temperature of 25°C and the method run time was 6 min.

2.4. Standards solutions and sample preparation
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It has been weighed accuratly 10 mg of AmB into a 10 mL volumetric flask and filled
with DMSO, in order to obtain a stock standard solution of 1 mg/mL. The standard solutions
were prepared by mixing certain amount of stock solution with a sufficient quantity of
methanol, to produce seven different concentrations (1, 2, 3, 4, 5, 10 and 20 pg/mL). With the
intention of determining the limit of detection (LOD) and limit of quantitation (LOQ) of this
method, other seven standard solutions were obtained likewise (0.2, 0.4, 0.6, 0.8, 1.0, 1.5 and
2.0 ng/mL). Before the injection, it was performed the filtering of each standard and samples

through a 0.22 um pore size filter (Millipore, Bedford, USA).

2.5. Method validation

The HPLC method validation was performed considering the following parameters:
specificity, linearity, robustness, precision, accuracy, range, LOD and LOQ. These
characteristics were carried out according to the International Conference on Harmonization
(ICH) guidelines [28]. The specificity was evaluated by comparing representative
chromatograms of samples containing possible interfering substances to samples containing
AmB._Also, specificity was evaluated by submitting the samples to stress conditions, such as
pH variation, oxidation, freeze and visible light. The linearity was determined through the
construction of a regression line from the peak plot of area vs. concentration for the seven
standard solutions (1, 2, 3, 4, 5, 10 and 20 pg/mL) using the linear squares methodology.
Robustness was performed by modifying the flow rate (0.9 and 1.1 mL/min) from the
parameters described in sub-section 2.3. Analysis of three different standard samples, three
times each on the same day were carried out to evaluate the repeatability or intra-day
precision. Intermediate precision was determined by analysing three different standard
solutions in three different days. Precision results were reported as standard deviation (SD)
and relative standard deviations (RSD). The accuracy was presented by calculating the
percent recoveries of the mean concentration of AmB at three different concentrations by
comparing the mean results to the theoretical value, which was considered to be 100% (RSD).
The LOD and LOQ were determined from the analytical curve obtained for the seven
standard solutions (0.2, 0.4, 0.6, 0.8, 1.0, 1.5 and 2.0 pg/mL). The LOD and LOQ were
defined as the lowest concentration that could be detected and quantitated, respectively. The
results were based on the standard deviation of the response and the slope of the calibration

curve, using the following equations (eq. 1 and 2):

LOD =3.36/S Eq. 1
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LOQ = 100/S Eq.2

where o is the standard deviation of the response, and S is the slope of the calibration curve.

All samples were analyzed in triplicate.

2.6. Method applicability
2.6.1. Preparation of AmB-loaded PLA-PEG nanoparticles

AmB-entrapped PLA-PEG nanoparticles were prepared by an oil-in-water (O/W)
emulsification/solvent evaporation technique. Initially, amounts of PLA and PEG (2, 10 or 20
kDa), at PLA:PEG ratio of 5:1, were dissolved in dichloromethane. It was added in this phase
and organic solution (DMSO and chloroform) containing AmB. This phase was emulsified
into PVA aqueous solution (1%, w/v), and sonicated for about 5 min to produce an O/W
emulsion. The emulsion was submitted to evaporation under vacuum with continuous stirring
at 37°C. The nanoparticles were isolated from the non-encapsulated drug by
ultracentifugation (19,975 g, 30 min, 4°C, Cientec CT-15000R centrifuge, Brazil) and washed
twice with ultrapure water. The precipitated was resuspended in sucrose 5% and freeze-dried.
The resultant supernatants were collected to perform posterior analysis. All the details
presented here are under patent request in Brazil and must be protected according to the
Brazilian regulatory agency.

The mean particle sizes were determined by dynamic light scattering (BIC 90 plus,
Brookhaven Instruments Corp.). The analyses were performed at a scattering angle of 90° and
a temperature of 25°C. For each sample, the mean particle diameter, polydispersity and

standard deviation for ten determinations were calculated.

2.6.2. Determination of AmB encapsulation efficiency

To determine the encapsulation efficiency, it was performed an indirect analysis. The
supernatant containing free AmB, separated from the solid nanoparticles by
ultracentrifugation, was diluted in methanol (1:10). To determine the AmB concentration in
supernatant, 20 pL of the sample were injected into the HPLC system, and the drug amount
was compared to the previously constructed analytical curve. The samples were filtered
through a membrane filter (0.22 um pore size, Millipore) prior to the injection. The amount of
AmB trapped in the nanoparticles was calculated by subtracting the quantity in the

supernatant from the total used initially using the following equation (eq. 3):
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% EE = theoretical amount — analytical amount/theoretical amount x 100 Eq.3

These analyses were performed in triplicate.

3. Results and discussion

3.1 Method development

Initially, the runs were performed using acetonitrile and water in variable proportions
as the mobile phase. Although the retention time was inferior to 4 min, the peaks presented no
symmetry. Alternatively, a mobile phase consisting of acetonitrile and sodium acetate buffer
was tested, but there was no peak after a run of 40 min. In order to improve the method, it was
tested methanol and water as eluents in proportion of 75:25, v/v. The peak was showed after
11 min, and it presented an irregular shape. Methanol and sodium acetate buffer (25:75, v/v)
were tested, and despite of presenting a short retention time, about 3 min, a tailing of the
AmB peak was observed. Finally, a mobile phase consisting of acetonitrile and 9% acetic acid
was used. After variations at the proportion of the eluents, a regular and symmetric peak was
observed. The most acceptable mobile phase was acetonitrile and 9% acetic acid at the

proportion of 60:40, v/v. The flow rate was 1 mL/min and the retention time presented was

approximatelly 4 min (Fig. 1).
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Figure 1. Representative HPLC chromatograms of 20 pg/mL. AmB standard solution. Conditions: mobile phase,
9 % acetic acid:acetonitrile (40:60, v/v); flow rate, 1 mL/min; PDA detector at a wavelength of 408 nm; column

temperature, 25°C; injection volume, 20 uL.
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3.2. Method validation
3.2.1. Linearity

The linearity was determined at seven concentration levels ranging 1 to 20 pug/mL by
calculating the regression equation and correlation coefficient (1) by the least-squares method.
Linearity is verified with an r value of nearly 1, proving the proximity between theoretical and
measured concentrations. Analytical curve is demonstrated in Figure 2, and it shows the plot

of the response factor vs. the standard sample concentration. The results show that the method

is linear in this range.
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Figure 2. Analytical curve obtained with AmB methanolic solutions in the range of 1-20 pug/mL (n = 3).

3.2.2. Accuracy

The accuracy was verified through analyses of three different concentrations of
standard solutions (1, 10 and 20 pg/mL), prepared in triplicate. It was calculated the percent

recovery and RSD of the mean concentration. The detailed results are presented in Table 1.

Table 1. Accuracy results for the AmB concentrations in the standard solutions.

Standard solution Recovery (%) RSD (%)
(ng/mL)*
1 99.66 0.58
10 100.23 0.23
20 99.88 0.21

*n=3; RSD = relative standard deviation
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The mean of recovery of AmB from the samples was 99.92% (RSD = 0.34%, n = 9),

which indicates an agreement between the experimental and theoretical values.

3.2.3. Precision

Precision of the method is expressed as the RSD for the repeatability and intermediate
precision. To perform this analysis, three concentrations of AmB (1, 10 and 20 pg/mL) were
prepared in triplicate and analyzed in one day, for intra-day analysis, and in three days for
inter-day precision. Results are shown in Table 2, presenting a maximal RSD value of 0.59%,

which indicates precision.

Table 2. Precision results for the different levels of AmB in the standard solutions.

Standard solution =~ Measured RSD (%)
(pg/mL)* concentration = SD
(ug/mL)

Analysis repeatability (n=3)

1 0.99 + 0.006 0.58
10 10.00 + 0.04 0.44
20 20.00 + 0.04 0.21

Intermediate precision (n=3)

Day 1

1 0.99 + 0.005 0.58
10 10.00 £ 0.01 0.12
20 19.96 + 0.06 0.29
Day 2

1 0.99 + 0.005 0.58
10 10.03 +0.015 0.12
20 20.02 £0.05 0.26
Day 3

1 0.98 £ 0.006 0.59
10 10.02 £0.015 0.15
20 20.03 £0.03 0.13

*n=3; SD = Standard deviation; RSD = relative standard deviation
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3.2.4. Robustness

Robustness test is used to prove that small alterations in the analytical parameters did
not influence the results. Modifications are deliberately promoted, such as changes in the
mobile phase flow rate (Table 3). The method is considered robust when percent recovery and
RSD values indicate that those changes make no significant variation to the results. The
maximum RSD was 4.82%, obtained when the 20 pg/mL concentration was submitted to a
flow of 1.1 mL/min. It's established that RSD value cannot be greater than 5% for the method
to be considered robust. Through these results can be demonstrated the robustness of the

method.

Table 3. Robustness results for the different flow rates.

Changes to original Percentage of Recovery (%) = RSD (n=3)

method*

1 pg/mL 10 pg/mL 20 pg/mL Mean
None 99.66 = 0.57 100.27 +£0.15  100.08 £0.26  100.00 = 0.32
0.9 mL/min 100.00 +2.64  99.00 +2.00 100.83 £ 0.57 99.94 + 1.06
1.1 mL/min 96.00 £ 2.65 94.00 £ 2.00 93.66+4.82  94.55+3.15

*]1 mL/min. RSD = relative standard deviation

3.2.5. Limit of quantitation and limit of detection

The lowest concentration at which the analyte could be detected (LOD) or quantified
(LOQ) with precision and accuracy was determined through the analytical curve obtained
from the standard samples (0.2, 0.4, 0.6, 0.8, 1.0, 1.5 and 2.0 pg/mL) in the low end of the
proposed range [28]. The plot of the response factors vs. the standard sample concentrations
indicates the linearity of the method over this range, as showed in Figure 3. The LOD and

LOQ were found to be 18 and 55 ng/mL, respectively.

3.2.6. Range

The range that possessed the requirements of linearity, accuracy, precision and
versatility, were found to be between LOQ and 20 pg/mL. Consequently, the proposed
method may be considered appropriate to perform analysis in samples containing these

concentrations levels.
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Figure 3. Analytical curve obtained with AmB methanolic solutions in the range of 200-2000 ng/mL (n = 3).

3.2.7. Specificity
Blank nanoparticles (without AmB) were prepared according to the procedure
described in section 2.6.1. and the supernatants resultants from the ultracentrifugation process

were analyzed by the HPLC method. There were no interfering peaks at the retention time of
AmB (4 min) (Fig. 4).
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Figure 4. Representative HPLC chromatogram of the supernatant from blank nanoparticles. Conditions: mobile
phase, 9 % acetic acid:acetonitrile (40:60, v/v); flow rate, 1 mL/min; PDA detector at a wavelength of 408 nm;
column temperature, 25°C; injection volume, 20 pL.
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Also, the specificity of the method was performed by submitting AmB to stress
conditions to compare the chromatograms of AmB standards to the stressed samples. The
standards were exposed to visible light for 24 h to observe the presence of possible interfering
peaks from AmB degradation. Percentage of recovery results demonstrated a decrease in
AmB recovery, mainly due to the photodegration, although did not produce any interfering
peak. Samples submitted to freeze (-18°C, for 24 h), did not present any change. Oxidation
and pH variation (for 2 h) were also tested. In both cases there was a significantly decrease in
percentage recoveries of AmB, although there were no peaks of degradation. When the
standards were submitted to acidification, there was no detection of AmB. All the results are
presented at Table 4. This method may be considered specific due the absence of interfering

peaks.

Table 4. Specificity assay of AmB under stress conditions.

Condition Percentage of Recovery (%) + RSD (n=3)

1 pg/mL 10 pg/mL 20 pg/mL Mean
Reference (none) 99.66+0.57 100.03+0.11 99.83+0.29  99.84+0.33
Visible light (24 h) 98.33+£1.52 9447+2.54 90.00£3.90 94.27 +2.66
Freeze: -18°C (24h)  100.66 +£1.53  96.33 +2.31 97.16£0.57  98.05+ 1.47
Oxidation: H,O,(2h) 24.33+7.76  14.00+2.20 21.10+5.14  19.81 £5.03
pH variation (2 h)
Basic: NaOH (1 M) 16.33+0.57  23.00+2.64 1.48+0.10 13.60 £ 1.11

Acidic: HCI (1 M) -

RSD = relative standard deviation

3.3. Method applicability

The validation of the method was performed with the aim of evaluating the
encapsulation efficiency of AmB in PLA-PEG nanoparticles. The choice of an indirect
method is necessary to quantitate the free AmB from the supernatant, resultant from the
ultracentrifugation process. Through the specificity test, it was demonstrated that no

interfering or unusual peaks were identified in the chromatograms during the quantitation.
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The nanoparticles were successfully obtained by the emulsion-solvent evaporation
method. The mean diameter, size distribution, polydispersity (PI) and encapsulation efficiency
(EE) of AmB in PLA-PEG nanoparticles are presented in Table 5. These values indicate that
the PLA-PEG nanoparticles are potential carriers for AmB, and they can be used to increase

AmB solubility and decrease or avoid its toxicity.

Table 5. Caracterization of PLA-PEG nanoparticles: size, size distribution, PI and EE

Nanoparticles Size distribution Mean size PI* EE %*
formulations (nm)*

containing AmB

PLA-PEG 2 14% (98.6-27.3 nm) e 86% (292.9-467.3 nm) 267.3 +43 0.154 +0.02 752 +4.8
PLA-PEG 10 53.6 % (142.6-332.3 nm) e 56.4% (347-467.6 nm) 223 £25 0.136 £0.05 68.9+4.5
PLA-PEG 20 24.5% (128.8-269.5 nm) e 74.5% (280-354 nm) 233+ 15 0.100 +0.01 73.8+4.5

* Values presented by mean =+ standard deviation (n = 3).

3.4. Considerations about the RP-HPLC method developed and validated

The aim of this work was to develop a simple, fast and effective RP-HPLC method to
quantitatively analyze AmB in polymeric nanoparticles. Spectrophotometric method is the
most commonly used methodology to quantitate AmB in nanoformulations [4,7,26], but they
are not as sensitive as HPLC methods. One of the few researches using HPLC-UV/Vis, is
proposed by Nahar et al (2008) [4] that used a mobile phase composed of acetonitrile:acetic
acid (1%):water (41:43:16, v/v/v) at a flow rate of 1.5 mL/min and retention time of 4.3 min.
Even though the method appears to be adequated, the authors only cites the chromatographic
conditions and do not give any information about the method validation. Jain and Kumar
(2010) [27] used an HPLC-UV/Vis to quantitate AmB in nanoparticles. The mobile phase
consisted of acetonitrile and 3 mM Na,EDTA.2H,0 (40:60, v/v) in a flow rate of 1 mL/min.
Shao et al (2010) [29] cited the following parameters for AmB detection in polymeric
nanoparticles: mobile phase consisted of acetonitrile and 10 mM sodium acetate buffer, pH 4
(40:60) and the flow rate was set as 1 mL/min. All the methods used the UV detector
operating at a 408 nm wavelength. In previous papers, the authors did not mention the
retention time and the method validation.

The HPLC method developed and validated in this work is an alternative to the other
methodologies and the requirement for detailed data in the literature for analysis of AmB in
nanoparticles. The short retention time of AmB, provides a large number of analyses in a brief

period of time, promoting reduced costs.
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The method fullfill most of the requirements and can be considered feasiable and
could be applied to other nanoparticles applications aside encapsulation efficiency, such as in

vitro AmB release profile and stability studies.

Conclusion

A simple, fast and reliable reversed-phase HPLC method using PDA detection for
determining the encapsulation efficiency of AmB in PLA-PEG nanoparticles has been
developed and validated according to the ICH guidelines. This method fulfilled the
requirements to be considered a reliable and feasible method, such as the parameters of
linearity, specificity, accuracy, precision, robustness, LOD and LOQ. This method has
demonstrated to be suitable for the determination of AmB entrapment efficiency in polymeric

nanoparticles.
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AMPHOTERICIN B-LOADED PLA-PEG BLEND NANOPARTICLES:
CHARACTERIZATION AND IN VITRO EFFICACY AND TOXICITY

Abstract

Ampbhotericin B (AmB) is the drug of choice for the treatment of systemic mycosis, despite its
toxicity. Many formulations based in nanotechnology (liposomes and nanoemulsions) are
being evaluated for AmB loading, some of them even already marketed, with the aim to
decrease the toxic effects, but due to strong interaction of the drug with the lipid present in
formulation, they fail in efficacy. The aim of this work was to develop poly(D,L-lactide)-
polyethyleneglycol (PLA-PEG) blend nanoparticles with variable molecular weight of PEG
(2, 10 or 20 kDa) to encapsulate AmB and evaluate its in vitro efficacy over strains of
Candida sp. and in vitro toxicity over human erythrocytes. The nanoparticles were prepared
by the emulsification/solvent evaporation technique and the size, size distribution,
polydispersity index and entrapment efficiency were assessed. The mean particle size was 241
nm and encapsulation efficiency superior to 68.9% was demonstrated. The in vitro release
experiment has demonstrated a burst effect in the first 24 h, followed by a sustained release of
approximately 29.5% of AmB over 26 days of observation. Nanoparticles were able to protect
erythrocytes from the lysis caused by AmB in the first 12 hours of observation, and did not
modify therapeutic efficacy, considering sustained release profile. The formulations in study

promoted decrease of AmB toxicity, in vitro efficacy and sustained release.

Keywords: Amphotericin B, nanoparticles, particle size, in vitro antinfungal, hemolysis.
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1. Introduction

Amphotericin B (AmB) is a broad spectrum antifungal, widely used for the treatment
of systemic mycosis [1]. This desease is responsible for 30% of deaths of immunodeficient
individuals, condition caused by diseases such as AIDS, cancer, diabetes and by
immunosuppressive protocol for transplants [2]. More than 50 years after its isolation, AmB
associated with deoxycholate, commercialized as Fungizone®, is still the drug of choice for
the treatment of systemic fungal infections. Despite presenting great efficacy, its acute side
effects (e.g. fever, nausea, hemolytic toxicity) and long term toxicity limits its use (mainly
nephrotoxicity) [1]. Due to its amphoteric nature, in the presence of water and depending on
its concentration, it can be formed monomers, dimers, oligomers and insoluble aggregates of
the drug [3.,4]. It would be ideal the drug to present itself only as monomers, because this form
is only toxic to fungi while aggregates forms can act in fungi ergosterol and cholesterol of
human cells [5].

To decrease the AmB toxicity, lipid based formulations were tested, and some
commercialized with high cost as Ambisome (AmB liposomes), Abelcet (AmB lipid
complex) and Amphocil (AmB colloidal dispersion). Although these formulations presented
considerable decrease in AmB toxicity, they also reduced therapeutic efficacy [6-9], due to
the strong interaction between the drug and their lipid composition [10,11]. These situations
lead to a dose increase, what may cause the same side effects they should avoid. An ideal
formulation should maintain AmB efficacy at the same time it decreases drug toxicity [12].

One of the goals of pharmaceutical nanotechnology is to provide an improvement to
already established drugs. Formulations with different components are being tested, such as
lipid and polymer based nanoestructures [12-15]. Polymeric nanoparticles have proved to
increase therapeutic benefits, decrease toxic effects and deliver the drug to the specific site of
action [16].

For pharmaceutical purposes, only biodegradable and biocompatible polymers,
approved by Food and Drug Administration (FDA) must be used. One of them is poly(D,L-
lactide) (PLA), a hydrophobic polymer, that is degraded in vivo in lactide acid monomers and,
in this form, becomes an intermediate in carbohydrate metabolism [17]. PLA can be
copolymerized with polyethileneglicol (PEG), a hydrosoluble polymer [18] to achieve better
pharmacokinetic parameters. Particles containing PEG at its surface are able to persist longer
in the bloodstream, due to its capability to make the nanoparticles invisible to the
mononuclear phagocyte system [19]. Slow release performed by PLA-PEG nanoparticles can

be able to avoid aggregation of AmB, allowing only monomeric forms to be delivered from
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nanoparticles [13]. Furthermore, a system of copolymers PLA-PEG can be considered
appropriate to deliver AmB, because of its amphiphilic character.

Based on these arguments, the objective of this work was to develop PLA-PEG blend
nanoparticles containing AmB, with the aim to reduce the drug toxicity without reducing the
therapeutic efficacy of the drug to parenteral administration. PEG with different molecular
weight were tested, 2, 10 and 20 kDa, to define which one presented better benefits to the

formulations.

2. Materials and Methods

2.1. Materials

AmB, PLA (Mw 85-160 kDa), PEG (2, 10 and 20 kDa) and polyvinyl alcohol (PVA,
31 KDa, 88% hydrolyzed) were purchased from Sigma-Aldrich (USA). Chloroform and
dimethyl sulfoxide (DMSO) were purchased from Biotec® (Brazil) and dichloromethane,
from FMaia® (Brazil). HPLC-grade solvents as methanol, acetonitrile and acetic acid were
purchased from JTBaker® (USA). Water was purified using a Milli-Q Plus system
(Millipore®).

2.2. Preparation of PLA-PEG nanoparticles containing AmB

PLA-PEG nanoparticles containing AmB were prepared by an oil-in-water (O/W)
emulsification/solvent evaporation technique. Initially, amounts of PLA and PEG (2, 10 or 20
kDa), at PLA:PEG ratio of 5:1, were dissolved in dichloromethane. It was added in this phase
an organic solution (DMSO and chloroform) containing AmB. This phase was emulsified into
a PVA aqueous solution (1%, m/v), and sonicated for about 5 min to produce an O/W
emulsion. The emulsion was submitted to evaporation under vacuum with continuous stirring
at 37°C. The nanoparticles were isolated from the non-encapsulated drug by
ultracentrifugation (19,975 g, 30 min, 4°C, Cientec CT-15000R centrifuge, Brazil) and
washed twice with ultrapure water. The precipitate was resuspended in sucrose 5% and
freeze-dried. The resultant supernatants were collected to perform posterior analysis. All the
details presented here are under patent request in Brazil and must be protected according to

the Brazilian regulatory agency.

2.3. Determination of particle size and size distribution
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Nanoparticles size was analyzed by collecting 20 pL of nanoparticles resuspended in
5% sucrose, added to 4 mL ultrapure water and measured by dynamic light scattering (BIC 90
plus, Brookhaven Instruments Corp.). The measurements were carried out at a scattering
angle of 90°, at 25°C, and it was performed 10 analysis of 2 minutes each. It was obtained the

mean size, size distribution and polydispersity.

2.4. Drug entrapment efficiency

To determine the encapsulation efficiency, it was performed an indirect analysis. The
supernatant obtained by ultracentrifugation process was diluted in methanol, and these
samples were analyzed by the HPLC method previously validated. The mobile phase
consisted of a 9% acetic acid and acetonitrile mixture (40:60), in an isocratic elution with a
flow rate of 1 mL/min. The sample injection volume was 20 pL, as well as the photodiode
array (PDA) detector was set at the wavelength of 408 nm. The analysis was carried out at a
temperature of 25°C and the method run time was 6 min. The analyses were performed in
triplicate. It was determined the entrapment efficiency (EE) according to the following
equation:

% EE = theoretical amount — analytical amount/theoretical amount x 100.

2.5. UV-visible spectral assay

The aggregation state of the AmB was verified by using an UV-vis spectrophotometer
(Jasco, USA). Lyophilized nanoparticles containing AmB were immediately dispersed in
sodium phosphate buffer (pH 7.4, 0.1 M) in a cuvette and submitted to scan at 420-300 nm.
AmB diluted in DMSO:methanol (50:50, v/v) and AmB diluted in DMSO:sodium phosphate
buffer (pH 7.4, 0.1 M) (50:50, v/v) were used as controls.

2.6. In vitro drug release assay

The in vitro drug release assay was performed suspending a certain amount of
lyophilized powder of nanoparticles containing 1 mg of AmB to 12 mL of sodium phosphate
buffer (pH 7.4, 0.1 M) containing PVA 1% (v/v) in tubes. The tubes were incubated at 37°C
at 150 rpm in a shaking incubator (Quimis®, Brazil). At predetermined time intervals the
tubes were submitted to ultracentrifugation (19,975 g) for 15 min. Resultant supernatants
were submitted to HPLC analysis, to quantitate the amount of AmB released from the
nanoparticles. Precipitates were resuspended and incubated again. This process was repeated

every determined time. During the whole experiment, sink conditions were maintained.
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Cumulative concentration of AmB released was calculated as mean (£SD) and plotted versus

time (h) (n=3).

2.7. Hemolytic activity assay

In order to determine the erythrocyte lysis induced by AmB and compare to the one
induced by nanoparticles containing AmB, hemolytic activity assay was performed. Human
venous blood obtained from healthy volunteers was collected in tubes containing heparin.
Whole blood (10 mL) was centrifuged for 5 min at 1200 g and the supernatant and buffy coat
were pipetted off and discarded. Red blood cells were washed three times with phosphate
buffered saline (PBS), pH 7.4, and suspended in PBS at a 1% hematocrit. The erythrocytes
were incubated with free or nanoencapsulated AmB (25 and 50 pg/mL of AmB). DMSO and
empty nanoparticles were also tested as control. Free AmB concentrations were diluted from a
1 mg/mL previously prepared in DMSO stock solution. The reaction was incubated for 12h in
a shaking incubator. Every 2h, the tubes were centrifuged at 1200 g for 5 min, and the
concentration of hemoglobin which was released from the lysed cells in the supernatant was
determined by measuring its absorbance at 540 nm by using a microplate reader
(SpectraMax®, USA). The percentage of hemolysis was calculated by using the following

equation:

% Hemolysis: Absy x 100 / Absg

where Absy is absorbance of the sample treated by nanoparticles containing AmB, and Absgis

the sample treated by free AmB, which was considered 100% of hemolysis.

2.8. In vitro antifungal activity

Strains of Candida albicans (ATCC (American Type Culture Collection) 14053 and
ATCC 64548) and Candida krusei (ATCC 6258) were used to verify antifungal activity of
AmB-entrapped nanoparticles. The test was performed according to the Clinical and
Laboratory Standards Institute (CLSI) [20] with few changes. Inoculums of Candida sp. were
prepared in RPMI 1640 medium, to reach a final concentration of 1x10° to 5x10° CFU/mL.
That value was confirmed by a spectrophotometer at 530 nm. The test was performed by
using 96-well microplates. On each well it was placed 140 pLL RPMI, 50 pL inoculum and 10
uL of the drug. Deoxycholate and entrapped AmB were diluted in saline to give final
concentrations of 0.025, 0.05, 0.5 and 5 pg/mL. The plates were incubated at 37°C for 24h
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and 48h. The minimum inhibitory concentration (MIC) was considered the lowest drug
amount that allowed a clearly visualization of growth inhibition of the fungi. Strains of C.
albicans and C. krusei without the addition of any antifungal, were used as positive control,
whereas wells containing only RPMI medium were used as negative control. Empty
nanoparticles were also tested. In order to guarantee reliability to the test, it was performed

the plating of the concentrations that did not present any growth.

2.9. Statistical analysis

Statistical analysis of data was performed using a one-way Analysis of Variance
(ANOVA), with 5% significance (p<0.05) and to compare each formulation, it was used
Tukey post-test, both by OriginPro 8.6 (Northampton, MA, USA).

3. Results and Discussion
3.1. Nanoparticles characteristics

Size distribution, polydispersity index (PI), and entrapment efficiency are shown at
Table 1. The results have presented a bimodal size profile, but an acceptable PI. An increased
sonication time could provide a smaller particle and a monomodal distribution, but
complications from a premature solvent evaporation have been observed. Data from literature
have demonstrated different kinds of nanoparticles containing AmB with higher diameter,
such as chitosan-dextran sulfate nanoparticles (600-800 nm) [21], chitosan nanoparticles (506
nm) [22], poly(e-caprolactone) formulation (282 and 358 nm) [13], sodium alginate
nanospheres (419.6 nm) [23]. An AmB-entrapped PLA-PEG nanoformulation
(polymersomes) found in literature, presented similar results to our study (199 nm) [14]. Data
of PLA-PEG nanoparticles loaded with rodhamine, have shown particle size of 300-400 nm
[24]. The results have demonstrated that the three different formulations presented in this
work achieved smaller or similar sizes when compared to data already reported. Based on
previous studies of PLA nanoparticles without the presence of PEG [25,26], it can be noticed
that the presence of PEG did not affect the particle size. In our study, it was also not observed
influence of varying PEG molecular weigh in particle size or encapsulation efficiency, since
in these two parameters the three PEG-nanoformulations are not considered statistically
different (p<0.05). Other data found in literature has showed that entrapment efficiency of
AmB in PLA-PEG polymersomes [14] was inferior to the values achieved in our study. High
entrapment efficiency guarantees an appropriate use of the formulation and shows that the

method of obtaining is efficient and appropriated.
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Table 1. Characterization of PLA-PEG nanopatrticles: size, size distribution, PI and EE

Nanoparticles Size distribution Mean size PI* EE %*
formulations (nm)*

containing AmB

PLA-PEG 2 14% (98.6-27.3 nm) e 86% (292.9-467.3 nm) 267.3 £43 0.154 £0.02 752 +4.38
PLA-PEG 10 53.6 % (142.6-332.3 nm) e 56.4% (347-467.6 nm) 223 £25 0.136 £0.05 689 +4.5
PLA-PEG 20 24.5% (128.8-269.5 nm) e 74.5% (280-354 nm) 233£15 0.100 £0.01 73.8+4.5

* Values presented by mean =+ standard deviation (n = 3). All values are not considered statistically different
(p>0.05)

3.2. Aggregation state

This assay was evaluated to verify if the nanoencapsulation process could affect the
aggregation state of the AmB when in aqueous solution. Aggregation state analysis has been
used to compare toxicity of the AmB formulations. Through spectrophotometric analysis it is
possible to visualize if the drug is aggregated or in monomeric form. Data from literature have
demonstrated that aggregated state of AmB is related to renal failure of treated pacients.
Spectrophotometric scan in the range of 300-429 nm, can be used to detect self-aggregation of
the drug. When aggregated, AmB presents one broad peak at 328 nm, followed by three small
ones, at 365, 384 and 408 nm. On the other hand, spectrum of monomeric forms of AmB is
demonstrated at four bands, at 344 (lowest intensity), 365, 385 and 410 nm (highest intensity),
with increasing and well-separated peaks [21]. The spectrums of free and entrapped AmB are
represented in Figure 1. Free AmB diluted in DMSO:methanol (50:50, v/v) revealed the
presence of monomers in a greater proportion (spectra D). Free AmB diluted in
DMSO:sodium phosphate buffer (pH 7.4, 0.1M) (50:50, v/v) have presented aggregated
forms of the drug (spectra E). The spectrophotometric profile of AmB-loaded PLA-PEG (2
kDa), PLA-PEG (10 kDa) and PLA-PEG (20 kDa) are presented at spectra A, B and C,
respectively. AmB-entrapped nanoparticles have presented similar spectrum when compared
to free AmB in buffer, as reported previously about chitosan nanoparticles containing AmB
[21]. Only the formulation of PLA-PEG with molecular weight of 2 kDa have demonstrated a
slightly difference at the band of 328 nm, producing a smaller peak, and slight increase in
365, 385 and 410 nm (spectra A), compared to the spectra of aggregated AmB (spectra E),
indicating that although aggregated species are predominant can be found also some non-
aggregated species. Even though there is an evidence of self-aggregation, hemolysis test
results, presented ahead, have demonstrated a protective character of the PLA-PEG

formulations, probably related to the slow release promoted by the nanoparticles.
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Figure 1. Representative spectrums of aggregation state of AmB in PLA-PEG 2 kDa nanoparticles (A); PLA-
PEG 10 kDa nanoparticles (B); PLA-PEG 20 kDa nanoparticles (C); Free AmB diluted in DMSO:methanol
(monomeric form) (D); Free AmB diluted in DMSO:buffer (aggregated form) (E).

3.3. In vitro release profile

The figure 2 represents the in vitro release profile of AmB from the three PLA-PEG
nanoparticles. Figure 2A represents the first 24h of observation, and figure 2B represents the
whole experiment, i.e. the observation over 26 days. It can be observed a burst release
followed by a prolonged drug release. In 24h occurred a pronounced burst effect of
approximately 20% of AmB released from each formulation (Fig. 2A). Subsequently, the
release rate was decreasing gradually, what indicates a biexponential release profile, common
in PLA-PEG formulations [27,28]. After 624h (26 days) of observation, 26.5, 32.6 and 32.6%
of drug release was achieved from PLA-PEG 2, 10 and 20 kDa, respectively, as presented in
Fig. 2B. The release profile indicates that certain amount of AmB was adsorbed in the surface
of the nanoparticles and it was released by diffusional transport, what explains the burst
effect, followed by a sustained deliver due to the slow diffusion process of AmB from the
particle core and erosion produced as the particle degraded. Data described about PLA-PEG
nanoparticles, have shown less than 20% of release within 15h of incubation [24]. Similar
result was founded through our study. There were no statistical differences among the
formulations with variable molecular weight of PEG by application of ANOVA (p<0.05).
This result has demonstrated that any of the PEGs with variable molecular weight in study

achieve the aim, to promote a sustained release of the drug.
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Figure 2A. In vitro release profile of AmB released from the PLA-PEG nanoparticles with molecular weight of
PEG of 2, 10 and 20 kDa, in 24h.
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Figure 2B. Comparative in vitro release profile of AmB released from the PLA-PEG nanoparticles with
molecular weight of PEG of 2, 10 and 20 kDa, in 624h.

3.4. Hemolysis test
Hemolytic activity of AmB is one of the side effects that limits its application in

therapeutics of fungal infections, and also the hemolysis test is an important tool to verify the
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cytotoxicity of drugs and formulations [29,30]. In this work, the hemolytic activity was
assessed in function of time and AmB concentration. It was observed that free AmB (25 or 50
pg/mL) caused hemolysis with 30 min of incubation, 18.9 and 29%, respectivelly, while the
AmB from nanoparticles not. Also, the polymeric formulations containing AmB, produced an
insignificant percentual of hemolysis until 12h of incubation in both AmB concentrations, as
shown at Figure 3A and 3B. Empty nanoparticles and DMSO control did not produce any
toxicity over the erythrocytes (data not shown in figure). That result has demonstrated that the
PLA-PEG nanoparticles are able to reduce AmB cytotoxicity. The low level of hemolytic
activity of the polymeric nanoformulations, probably is related to the extended release of
AmB from the nanoparticles. The slow delivery of the drug decreases its accumulation and
reduces its toxicity [13]. There was no statistical difference among the three PLA-PEG
nanoparticles at the concentration of 25 pg/mL of AmB. At a concentration of 50 pg/mL,
formulations containing PLA-PEG 10 and PLA-PEG 20 were considered significantly
different (»p<0.05). Nanoparticles composed by 20 kDa PEG, produced more hemolysis than

the other formulations.
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Figure 3A. Percentage of Hemolysis produced by 25 pg/mL. AmB-entrapped in PLA-PEG nanoparticles with
molecular weight of PEG of 2, 10 and 20 kDa, over 12 h of incubation. Free AmB (25 pg/mL) was used as
control.
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Figure 3B. Percentage of Hemolysis produced by 50 pg/mL AmB-entrapped in PLA-PEG nanoparticles with
molecular weight of PEG of 2, 10 and 20 kDa, over 12 h of incubation. Free AmB (50 pg/mL) was used as
control.

3.5. In vitro antifungal activity

Two strains of C. albicans (ATCC 14053 and ATCC 64548) and one strain of C.
krusei (ATCC 6258) were used to assess the antifungal activity of the three PLA-PEG
nanoparticles containing AmB. The MIC was determined by the lowest concentration that did
not present turbidity, indicating inhibition of growth. The obtained results (Table 2),
posteriorly confirmed by plating after 24 and 48h of incubation, have demonstrated that
concentrations of 0.5 and 5 ng/mL of entrapped AmB in nanoparticles have inhibited growth
of both species of Candida sp. researched. For AmB deoxycholate, the MIC was 0.05 pg/mL.
For this test, each nanoparticle formulation with variable PEG, have presented the same
effect. The MIC exhibited by the AmB from nanoparticles was 10-fold superior to the one
obtained with AmB deoxycholate and may be due to their sustained release. Empty
nanoparticles have not presented any antifungal activity for the yeast researched. Although
AmB deoxycholate was more effective at a lower concentration, 0.5 ug/mL of MIC for
encapsulated AmB was an interesting result, because serum concentration of commercialized
AmB is approximately 0.5 pg/mL [31]. That information indicates possible effectiveness in
vivo, bringing out its possible applicability. In vivo antifungal assay must be performed to

confirm the therapeutic efficacy of the formulations.
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Table 2. Minimum inhibitory concentration (MIC) of AmB in different
formulations against strains of C. albicans and C. krusei

AmB formulations MIC*
(ng/mL)
AmB deoxycholate 0.05
PLA-PEG (2) nanoparticles 0.5
PLA-PEG (10) nanoparticles 0.5
PLA-PEG (20) nanoparticles 0.5

*for 24 and 48h for C. albicans (ATCC 14053 and ATCC 64548) and
C. krusei (ATCC 6258)

Conclusions

PLA-PEG blend nanoparticles containing AmB were prepared by a rapid and simple
emulsification/solvent evaporation technique and the influence of varying PEG molecular
weight was evaluated. Nanoparticles size, polydispersity index, entrapment efficiency,
presented successful results. /n vitro AmB release from nanoparticles has proved to be
sustained, which is a condition to avoid toxic effects. The PEG molecular weight did not
influence these parameters. In regard to AmB toxicity, aggregation state of the formulations
did not achieve great outcome, although the hemolysis test revealed that all PLA-PEG
nanoparticles presented protective character to AmB cytotoxicity, since the percentage of
hemolysis was very low. Finally, in vitro antifungal activity of PLA-PEG formulations was
considered to be effective. From all assays, only one of the hemolysis results presented a
worst formulation, the one which contains PEG 20 kDa. In each of the other tests, there was
no difference among the formulations with variable molecular weight of PEG. PLA-PEG

blend nanoparticles are potential carriers for AmB.
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4 CONSIDERACOES FINAIS

Um método simples, rapido e confiavel por CLAE de fase reversa foi desenvolvido e
validado de acordo o guia ICH, para determinacdo de AmB em nanoparticulas. Os parametros
analisados foram: linearidade, especificidade, precisdo, exatiddo, robustez, limite de deteccao
e quantificagdo. O método apresentou confiabilidade diante dos requisitos preconizados e alta
sensibilidade. Demonstrou ser adequado para a quantificagdo de AmB.

As formulagdes de nanoparticulas de blendas de PLA-PEG contendo AmB obtidas,
apresentaram perfil de libera¢do prolongada, reduzindo a atividade hemolitica da AmB em
relacdo a AmB livre, sem alterar sua atividade antifungica frente as cepas de Candida sp.
Apesar das formulacdes mostrarem-se incapazes de impedir a agregacdo do farmaco, foi
possivel demonstrar a redugdo na toxicidade da AmB quando comparada a AmB livre,

principalmente nas formulagdes que continham PEG com massa molecular de 2 e 10 kDa.
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