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RESUMO

Este trabalho visou desenvolver p6s e granulos contendo nanocapsulas de fenitoina,
avaliando suas propriedades fisico-quimicas e biologicas. Os pos foram obtidos por
spray-drying, usando maltodextrina como adjuvante de secagem. ApOs a sua
reconstituicdo em agua, as caracteristicas nanomeétricas da suspensao original foram
recuperadas. As nanocapsulas revestidas com quitosana e carregadas com fenitoina,
assim como seus poés redispersiveis, apresentaram boa estabilidade gastrointestinal
e foram aptas a controlar a liberacdo do farmaco. Além disso, os pos redispersiveis
melhoraram a atividade anticonvulsivante in vivo, em comparacdo com o farmaco nao
encapsulado. Em outra etapa do estudo, os granulos foram produzidos em leito
fluidizado, empregando nanocépsulas contendo fenitoina ou Agua, como aglutinantes,
e uma mistura de maltodextrina e fenitoina, como substrato. O aumento no tamanho
dos granulos e as pontes sélidas foram responsaveis pelas melhores propriedades de
fluxo dos granulos contendo nanocapsulas. Suas caracteristicas nanométricas foram
recuperadas apoOs reconstituicdo em agua, apresentando boa redispersibilidade. A
presenca de nanocapsulas e o menor tamanho de particula promoveram uma rapida
liberacdo do farmaco a partir dos granulos redispersos, os quais tiveram um efeito
anticonvulsivante promissor, considerando que somente 10% do farmaco total esta na
forma nanoencapsulada. No intuito de explicar suas melhores propriedades
tecnolégicas e a performance superior in vivo, o efeito das nanocapsulas no
crescimento do granulo e em suas propriedades de mucoadesédo foi avaliado. O
crescimento do granulo foi dependente do volume de aglutinante pulverizado. Um
modelo esquematico da estrutura dos granulos, proposto a partir das analises
morfoldgicas, demonstrou que as nanocapsulas estdo recobrindo a sua superficie e
as pontes solidas. Além disso, a principal barreira para controlar a liberacdo do
farmaco foram as nanocépsulas, que circundam os aglomerados e sdo responsaveis
por uma liberacdo lenta inicial, seguida por uma liberacdo rapida da fenitoina néo
encapsulada. Na ultima etapa, uma propriedade mucoadesiva superior foi encontrada
para estes granulos, sendo explicada pelo efeito combinado das nanocépsulas e da
maltodextrina sobre a mucosa intestinal. Portanto, os pds e os granulos contendo
nanocapsulas de fenitoina melhoraram as propriedades tecnolégicas e bioldgicas,
apresentando-se como formas sdlidas promissoras para reconstituicdo em agua, na
terapia anticonvulsivante para pacientes pediatricos e idosos.

Palavras-chave: pés; granulos; nanocapsulas; fenitoina; atividade anticonvulsivante.






ABSTRACT

This study aimed to develop powders and granules containing phenytoin-loaded
nanocapsules, evaluating their physicochemical and biological properties. The
powders were obtained by spray-drying, using maltodextrin as drying adjuvant, and
reconstituted in water, recovering the nanometric characteristics of the original
suspension. The chitosan-coated phenytoin-loaded nanocapsules as well as their
redispersible powders had good gastrointestinal stability and were able to control drug
release. Moreover, the redispersible powders improved the in vivo anticonvulsant
activity in mice in comparison with the non-encapsulated drug. In a next step, granules
were produced using a fluid bed system, using phenytoin-loaded nanocapsules or
water, as binders, and a mixture of maltodextrin and phenytoin, as substrate. The
increase in the granule size and the solid bridges formed were responsible for the best
flow properties of the granules containing nanocapsules. Their nanometric
characteristics were recovered after reconstitution in water, showing good
redispersibility. The presence of nanocapsules and the smallest particle size promoted
a fast drug release from the redispersed granules, which had a promising in vivo
anticonvulsant effect, considering that only 10% of the total drug is in the encapsulated
form. In order to explain the better technological properties and the superior in vivo
performance, the effect of the nanocapsules on the granule growth and their
mucoadhesion properties was evaluated. The granule growth was dependent on the
volume of the binder sprayed. A schematic model of its structure, built from the
morphological analysis by SEM, demonstrated that the nanocapsules are covering the
granule surface and the solid bridges. Furthermore, the main barrier for controlling the
drug release were the nanocapsules surrounding the agglomerates and responsible
for a slow initial drug release, followed by a fast non-encapsulated phenytoin release.
In the last step, a promising mucoadhesive effect was found for the developed
granules. The highest mucoadhesive property was explained by a combined effect on
the intestinal mucosa of the nanocapsules and maltodextrin. Therefore, the powders
and granules containing phenytoin-nanocapsules improved technological and
biological properties, as promising solid dosage forms for reconstitution in the

anticonvulsant treatment for paediatric and elderly patients.

Keywords: powders; granules; nanocapsules; phenytoin; anticonvulsant activity.
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1 INTRODUCAO

A epilepsia € um espectro de doencas que atinge mundialmente milhdes de
pessoas em todas as idades, sendo caracterizada pela recorréncia de crises
epilépticas, provocadas por eventos de atividade neuronal excessiva ou pela
hipersincronia no momento da transmissao do impulso nervoso (BANERJEE; FILIPPI;
HAUSER, 2009). O objetivo do tratamento da doenca € reduzir o nimero de crises
convulsivas, com um minimo de efeitos adversos, melhorando a qualidade de vida do
paciente (MINISTERIO DA SAUDE, 2010).

A fenitoina é um farmaco utilizado no tratamento da epilepsia em adultos e
criangas (BATCHELOR; APPLETON; HAWCUTT, 2015). Seu principal mecanismo de
acao é o blogqueio de canais de sédio voltagem-dependentes. Devido a estreita janela
terapéutica, este farmaco necessita de frequente monitoramento dos niveis séricos
(MINISTERIO DA SAUDE, 2010). Portanto, o controle da sua liberacdo a partir de
nanoparticulas pode diminuir as flutuagbes plasmaticas da fenitoina e,
consequentemente, seus efeitos adversos tais como sonoléncia, hiperplasia gengival,
deficiéncia de acido folico e vitamina K (SHORVON, 2010), arritmias cardiacas e
hipotensdo (BATCHELOR; APPLETON; HAWCUTT, 2015). Além disso, estes
carreadores sado promissores para o tratamento de doencas no Sistema Nervoso
Central (SNC) devido a passagem pela barreira hematoencefalica (BHE) (PATEL et
al., 2012; WONG; WU; BENDAYAN, 2012).

As nanocapsulas poliméricas sdo estruturas vesiculares compostas por um
nucleo oleoso, envolvidas por uma parede polimérica e estabilizadas por um
tensoativo (MORA-HUERTAS; FESSI; ELAISSARI, 2010; POHLMANN et al., 2013).
Recentemente, nanocapsulas de nucleo lipidico (LNC) com propriedades mecéanicas
diferenciadas foram otimizadas. A sua principal diferenca é a composi¢ao do nucleo
oleoso, caracterizado como um organogel formado por monoestearato de sorbitano e
6leo, sendo estabilizado por um tensoativo de alto EHL (polissorbato 80) (JAGER et
al., 2009; VENTURINI et al., 2011). Além disso, nanocapsulas de nucleo lipidico,
estabilizadas com moléculas de polissorbato 80-lecitina e revestidas com quitosana
na superficie também foram desenvolvidas (BENDER et al., 2012; CE et al., 2016).
Os nanocarreadores tém sido propostos para aumentar o delivery cerebral de

farmacos que atuam no SNC pelas vias oral e parenteral, melhorando sua eficacia
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farmacolégica e reduzindo os seus efeitos adversos (DIMER et al.,, 2014,
RODRIGUES et al., 2016; ZANOTTO-FILHO et al., 2013).

A técnica de secagem por aspersao ou spray-drying tem sido empregada na
producdo de poOs a partir de sistemas nanoestruturados, utlizando diferentes
adjuvantes de secagem (MARCHIORI et al., 2012; TEWA-TAGNE; BRIANCON;
FESSI, 2007; ZUGLIANELLO et al., 2018). A producéo destes pos permite melhorar
a estabilidade fisico-quimica das suspensdes de nanocapsulas (GUTERRES; BECK;
POHLMANN, 2009). O fundamento da técnica de spray-drying consiste na co-
precipitagdo com evaporagdo do solvente, na qual o material a ser seco pode estar
dissolvido, emulsionado ou disperso no meio liquido a ser atomizado (BECK et al.,
2008; NANDIYANTO; OKUYAMA, 2011).

Por outro lado, a granulagéo por via umida em leito fluidizado é uma das
técnicas mais utilizadas na area industrial, estando bem estabelecida como etapa
intermediaria para a producéo de comprimidos e capsulas. Diante disso, esta técnica
tem sido relatada na literatura para preparacdo de granulos contendo nanoparticulas
(BASA et al., 2008; BOSE et al., 2012; HAKIM et al., 2005; YAMAMOTO et al., 2007).
Friedrich et al. (2010) desenvolveram granulos contendo nanocapsulas de
dexametasona através de granulacao por via umida. Os autores demonstraram a boa
estabilidade destes granulos e a recuperacdo das caracteristicas nanomeétricas da
suspensao original. Recentemente, Andrade et al. (2018) desenvolveram granulos
obtidos por leito fluidizado contendo nanocapsulas de nucleo lipidico brancas como
aglutinante, demonstrando o importante papel do revestimento catibnico na sua
redispersao aguosa.

As limitagdes tecnoldgicas das formulacdes contendo fenitoina e a auséncia de
informacdes na literatura sobre o0 uso de nanocapsulas de nucleo lipidico com este
farmaco na forma de pds e granulos redispersiveis para uso oral motivou a escolha
do tema de estudo. Diante disso, a hipétese do trabalho é que estes pés e granulos,
obtidos por secagem por aspersao e leito fluidizado, respectivamente, possam ser
tecnologicamente viaveis como pds para reconstituicdo em agua, recuperando as
caracteristicas das suspensfes originais, com boa redispersibilidade, estabilidade
fisico-quimica e gastrointestinal, liberacdo controlada do farmaco e uma melhor acéo
anticonvulsivante. Portanto, o desenvolvimento e avaliacdo in vivo destes sistemas
nanoestruturados visam a contribuic¢éo cientifica na producdo de formula¢des seguras

e eficazes como alternativa ao tratamento anticonvulsivante convencional.
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2 OBJETIVOS

2.1 Objetivo geral

Desenvolver pds e granulos redispersiveis contendo nanocapsulas de nudcleo
lipidico carregadas com fenitoina para administracdo oral, empregando as
técnicas de secagem por aspersao e granulacao em leito fluidizado, e avaliando
a estabilidade em fluido gastrointestinal e as propriedades de mucoadeséo,
respectivamente, bem como seus efeitos in vivo sobre a atividade
anticonvulsivante, em um modelo de crises convulsivas induzidas por

pilocarpina em camundongos.

2.2 Objetivos especificos

Desenvolver nanocapsulas de nucleo lipidico carregadas com fenitoina e
revestidas ou ndo com quitosana,

Desenvolver pos contendo nanocapsulas de nucleo lipidico carregadas com
fenitoina, empregando a técnica de secagem por aspersao (spray-drying),
avaliando as suas caracteristicas fisico-quimicas, incluindo a reconstituicdo em
agua;

Avaliar a estabilidade das suspensdes e respectivos pos secos por aspersao
nos fluidos gastrico e intestinal simulados, considerando a distribuicdo de
tamanho de particula das nanocapsulas, assim como dos poés redispersiveis;
Desenvolver granulos contendo nanocapsulas de nucleo lipidico carregadas
com fenitoina, utilizando a granulacdo em leito fluidizado, avaliando suas
caracteristicas fisico-quimicas, assim como a formag¢do dos granulos e seu
comportamento mucoadesivo apods redispersdo aguosa.

Avaliar os perfis de liberacdo in vitro da fenitoina a partir de nanocapsulas e
dos respectivos pos e granulos redispersiveis.

Estudar o efeito anticonvulsivante in vivo da nanoencapsulacéo da fenitoina, a
partir da administracao dos pos e granulos redispersiveis, em modelo de crises

induzidas por pilocarpina em camundongos.
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3 REVISAO DA LITERATURA

3.1 Epilepsia

A epilepsia € considerada um problema de salde publica, pois acomete
aproximadamente 50 milhdes de pessoas em todo o mundo, atingindo todas as
idades, sendo uma das principais enfermidades que atinge o SNC (WHO, 2016). A
epilepsia compreende um grupo de distdrbios neuroldgicos, caracterizados pela
recorréncia de crises epilépticas (GOLDENBERG, 2010; WHO, 2016). As crises
parciais se originam em areas isoladas, enquanto que as crises generalizadas atingem
ambos os hemisférios do cérebro (BENNEWITZ; SALTZMAN, 2009).

As crises epilépticas podem ser controladas por meio de farmacoterapia em
70% dos casos. Diante disso, a sua alta incidéncia pode estar relacionada a fatores
socioecondmicos como 0 acesso limitado a assisténcia médica, ou mesmo, de causa
idiopatica (BANERJEE; FILIPPI; HAUSER, 2009). A discriminagao social em torno da
doenca perdura até os dias atuais, impactando na qualidade de vida dos pacientes e
de suas familias (WHO, 2016).

Os farmacos anticonvulsivantes séo utilizados principalmente para evitar crises
epilépticas, mas podem ser usados na clinica em casos especificos de enxaqueca,
transtorno afetivo bipolar e dor neuropatica. Eles agem através de diferentes
mecanismos: bloqueio dos canais de sédio e calcio, inibicdo de receptores GABAa ou
ligacdo a proteina SV2A da vesicula sinaptica (ROGAWSKI; LOSCHER, 2004). Como
exemplos de farmacos anticonvulsivantes, tém-se a carbamazepina, clobazam,
etossuximida, fenitoina, fenobarbital, gabapentina, primidona, topiramato, lamotrigina,
vigabatrina e acido valproico (MINISTERIO DA SAUDE, 2010).

A fenitoina tem sido bastante efetiva em controlar crises parciais (focais) e
tébnico-clénicas (MEGIDDO et al., 2016) e estad disponivel em diferentes formas
farmacéuticas como comprimidos (100 mg), capsulas (100 mg), suspensdes orais (20

mg/mL) e solucdo injetavel (50 mg/mL).
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3.2 Fenitoina

3.2.1 Caracteristicas fisico-quimicas

A fenitoina (5,5-difenilhidantoina) € um farmaco anticonvulsivante convencional
utilizado em crises epilépticas parciais e generalizadas, mas ndo em crises de
auséncia (MEGIDDO et al., 2016). Possui natureza fracamente acida (pKa = 8,31) e
baixa solubilidade em agua, o que pode ocasionar problemas durante a absor¢cao no
trato gastrointestinal (BURSTEIN et al., 1999). No Sistema de Classificagdo
Biofarmacéutico, é classificado como classe IlI, sendo portanto considerado um
farmaco de baixa solubilidade e alta permeabilidade (SOUZA; FREITAS;
STORPIRTIS, 2007).

A fenitoina possui um anel hidantoina e dois grupos substituintes fenila, como
demonstrado na Figura 1. Tem sido proposto pela literatura que o anel aromatico
ligado ao grupo amida da hidantoina possui afinidade pelos canais de sédio voltagem-
dependentes, sendo responsavel por sua atividade anticonvulsivante (LIPKIND;
FOZZARD, 2010; UNVERFERTH et al., 1998; ZHA; BROWN; BROUILLETTE, 2004).
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Figura 1 — Estrutura quimica da fenitoina e seu nacleo farmacoforico.

3.2.2 Mecanismo de acao

As crises epilépticas sdo resultado de descargas elétricas excessivas nos
neurdnios do cérebro, as quais podem ser graves e prolongadas. A fenitoina possui
uma acado inibitéria nos canais de sodio voltagem-dependentes, levando a uma
diminuicdo da atividade elétrica neuronal (DAVIES, 1995). Esse processo envolve

uma inativagéo lenta dos canais de sodio, sendo que o inicio e a recuperacao tardia
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destes contribui para retardar a alta frequéncia dos potenciais de agdo que ocorrem
como resultado da despolarizagéo prolongada ou repetitiva (ROGAWSKI; LOSCHER,
2004).

3.2.3 Farmacocinética

A biodisponibilidade oral da fenitoina € de 95%, seu pico maximo é variavel
com um Tmax de 4 a 12 horas, possui um volume de biodistribuicdo de 0,5 a 0,8 L/kg,
liga-se a 70-95% das proteinas plasmaticas e apresenta amplo tempo de meia-vida
(7-42 horas). Quando é administrada na forma de sal sédico, a preparacao € absorvida
lentamente pelo trato gastrointestinal. O fator limitante para a sua absorcdo é a
dissolucdo no meio, pois a fenitoina é praticamente insoluvel no pH acido do
estdbmago, enquanto que ha um aumento da sua solubilidade em pH mais alto. Além
disso, este farmaco € predominantemente absorvido pelo intestino, sendo que a
presenca de alimentos pode alterar a sua absor¢cédo (SHORVON, 2010).

A fenitoina tem um indice terapéutico estreito, 0 que requer monitoramento
plasmatico. Em pessoas idosas, isso se torna ainda mais importante, pois ha
alteracoes relacionadas a idade na distribuicdo, no metabolismo e na eliminacédo de
farmacos. Além disso, a polimedicacédo pode contribuir para a interacdo da fenitoina
com outros agentes terapéuticos (BATTINO et al., 2004). A maioria dos farmacos
possui cinética de 12 ordem, na qual existe uma relacéo linear entre a dose e 0s niveis
séricos. No entanto, a fenitoina apresenta um tipo de cinética conhecida como
Michaelis-Menten, em que a sua eliminacdo € nao linear devido a saturacdo do
metabolismo. Em altas concentracdes plasmaticas, hd um aumento da meia-vida e
diminuicdo do clearence. Portanto, um pequeno acréscimo na dose pode elevar
desproporcionalmente o0s niveis séricos e, consequentemente, atingir concentracoes
toxicas (DELEU; AARONS; AHMED, 2005). Os efeitos adversos da fenitoina incluem:
sonoléncia, tonturas, sedacéo, dor de cabeca, perda da libido, hiperplasia gengival,
deficiéncia de acido folico e vitamina K, hepatite, disfuncdo hormonal, alteracdes de
humor, defeitos na coagulacdo (SHORVON, 2010) e outros mais graves como
arritmias cardiacas, hipotensao e efeitos colaterais neurolégicos em concentracoes
séricas mais altas (BATCHELOR; APPLETON; HAWCUTT, 2015).
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3.3 Nanoparticulas poliméricas

Nanoparticulas séo carreadores de farmacos, na escala nanométrica (1 a 1000
nm), que podem ser biodegradaveis ou ndo, utilizados em sistemas de liberacéo de
farmacos. As nanoparticulas poliméricas podem ser classificadas em nanocépsulas e
nanoesferas, as quais diferem quanto a organizacdo estrutural (Figura 2). As
nanoesferas sdo sistemas matriciais, constituidas por uma rede polimérica, na qual o
farmaco pode estar dissolvido ou disperso, enquanto que as nanocapsulas sdo
sistemas vesiculares formados por um nucleo oleoso envolvido por um invélucro
polimérico, onde o farmaco pode estar dissolvido no nucleo ou adsorvido a parede

polimérica (REIS et al., 2006; SCHAFFAZICK et al., 2003).

Nanocapsula Nanoesfera

Parede polimérica Matriz polimérica

Nucleo oleoso

Farmaco Farmaco

Figura 2 — Esquema representativo da estrutura de nanocapsulas e nanoesferas.
Fonte: adaptado de Schaffazick et al. (2003).

Véarios métodos de preparacdo de nanoparticulas tém sido relatados na
literatura, pelos quais se obtém particulas, geralmente de tamanho entre 100 e 500
nm. Estes podem ser classificados em duas principais categorias: por reacdo de
polimerizacao (in situ) e deposicéao interfacial do polimero pré-formado (QUINTANAR-
GUERRERO et al., 1998; REIS et al., 2006). A polimerizacao interfacial é baseada no
uso de uma fase continua aquosa e outra organica. Na fase aquosa continua, o
mondmero é dissolvido em agua, sem necessidade de adicdo de tensoativos. O
processo se inicia quando a molécula do mondémero colide com um iniciador (ion ou
radical livre) e o crescimento da cadeia ocorre quando os ions formados colidem com

outras moléculas de mondmero. Na fase orgénica continua, ha uma dispersédo do
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mondmero em um meio nao-solvente ou em uma emulsao. A vantagem deste método
€ a obtencdo de nanocapsulas a partir da formacédo do polimero in situ ao redor da
fase interna 6leo/agua ou agua/dleo (REIS et al., 2006). Apesar de ser o método mais
rapido e de facil escalonamento, residuos de mondémeros e oligbmeros do processo
de polimerizacdo poderiam limitar o uso destas nanoparticulas (FESSI et al., 1989).

A técnica de deposicao interfacial do polimero pré-formado foi descrita por
Fessi et al. (1989) e envolve a emulsificacdo espontanea de uma fase interna, na qual
o polimero esta dissolvido em um solvente organico miscivel em agua (acetona ou
etanol), em uma fase aquosa externa, com presenca ou nao de um tensoativo. O
processo envolve a rapida difusao do solvente, o qual pode ser eliminado sob presséo
reduzida, favorecendo a deposicéo do polimero na interface agua-solvente organico,
formando instantaneamente nanocapsulas ou nanoesferas.

No caso da producdo de nanocapsulas, o 6leo utilizado na fase orgéanica
favorece a alta eficiéncia de encapsulacdo de farmacos lipofilicos (QUINTANAR-
GUERRERO et al., 1998; REIS et al., 2006), juntamente com outros fatores como
caracteristicas fisico-quimicas do farmaco, o tipo de tensoativo utilizado, a natureza
do polimero e o pH do meio (SCHAFFAZICK et al., 2003). As principais desvantagens
da técnica de deposicdo interfacial do polimero pré-formado € a limitada
disponibilidade de solventes organicos misciveis em agua, resquicios de solventes
gue podem ser toxicos a saude e baixa eficiéncia em encapsular farmacos hidrofilicos
(REIS et al., 2006).

As nanoparticulas poliméricas tém sido bastante estudadas na area
farmacéutica (FANG et al., 2016; FONSECA et al., 2014; RODRIGUES et al., 2016;
VENTURINI et al., 2011). Os sistemas nanoestruturados sao promissores carreadores
de farmacos devido as inUmeras vantagens tais como protecdo do farmaco contra
fotodegradacédo (FRIEDRICH et al., 2015; OURIQUE et al., 2014; PAESE et al., 2009)
e melhora das respostas bioldgicas como o efeito neuroprotetor da indometacina na
doenca de Alzheimer e o efeito antioxidante do resveratrol e da curcumina
(BERNARDI et al., 2012; CORADINI et al., 2014).

Niwa et al. (2011) desenvolveram uma nanosuspensao contendo fenitoina na
forma de beads a partir da combinacgéo de duas técnicas: nano-moagem (nano-milling)
e secagem por aspersdo (spray-drying). O pd seco obtido a partir desta
nanosuspensao apresentou uma alta dispersibilidade e recuperacdo do tamanho

nanomeétrico original e imediata liberacdo do farmaco no meio gastrointestinal. Fang
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et al. (2016) produziram nanoparticulas de poli(butilcianoacrilato) revestidas com
Pluronic P85 contendo fenitoina e demonstraram que estas nanoestruturas
atravessam a barreira hematoencefélica, liberando o farmaco no interior do cérebro
em ratos resistentes (superexpressao de glicoproteina-P) ao tratamento com este
anticonvulsivante. Wang et al. (2016) desenvolveram hidrogéis de nanoparticulas
eletroresponsivas, que possibilitaram um aumento do efeito anticonvulsivante da
fenitoina sddica em um modelo de crises tbnico-clénicas induzidas em ratos,

comparado ao das nao-eletroresponsivas e ao da solucdo do farmaco.

3.3.1 Nanocépsulas de nucleo lipidico

Recentemente, nanocapsulas de nucleo lipidico, envolvidas por uma
membrana polimérica de poli(e-caprolactona) (PCL), estabilizadas com polissorbato
80, foram desenvolvidas, utilizando o método de deposicéo interfacial do polimero pré-
formado. A proporgéo entre os componentes da formulagéo foi otimizada no intuito de
obter exclusivamente nanocapsulas, evitando a contaminacéo por nanoesferas e/ou
nanoemulsdes (JAGER et al., 2009; VENTURINI et al., 2011).

O nucleo lipidico € formado por um lipideo sélido (monoestearato de sorbitano)
e um lipideo liquido (6leo). A composicao deste nucleo esta relacionada a solubilidade
do farmaco no 6leo. Além disso, a viscosidade do nucleo lipidico influencia
diretamente a permeabilidade do farmaco e, consequentemente, a sua liberacao
(JAGER et al., 2009). Zanotto-Filho e colaboradores (2013) utilizaram o éleo de
semente de uva para nanoencapsulacdo da curcumina e avaliaram a sua atividade no
tratamento de gliomas. Os autores observaram uma diminuicdo do tumor e aumento
da sobrevida dos animais, sugerindo que as nanocapsulas aumentaram a eficacia
farmacologica do farmaco.

As caracteristicas de biocompatibilidade e biodegradabilidade de polimeros
como a poli(e-caprolactona) sdo requisitos importantes para o uso biologico de
nanocarreadores (SINHA et al., 2004). A PCL é um poliéster alifatico semicristalino,
cuja temperatura de transicéo vitrea e de fusdo sao, aproximadamente, -60 °C e 59-
64 °C, respectivamente. E obtida através de polimerizac&o por abertura de anel de um
mondmero (e-caprolactona). E solivel em solventes como diclorometano e
cloroféormio, parcialmente sollivel em acetonitrila e acetona e insolivel em agua
(LABET; THIELEMANS, 2009).
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A degradacdo da PCL é dependente do peso molecular, do grau de
cristalinidade e das condi¢cbes de degradacéo. Inicialmente, a fase amorfa degrada,
resultando em um aumento da cristalinidade. A reacdo de degradacao é catalisada
por acidos carboxilicos liberados a partir da hidrélise do grupo éster, o que ocasiona
perda de massa. Na natureza, os microorganismos podem degrada-la completamente
e as enzimas aceleram este processo. Por outro lado, a fagocitose tem um papel
importante no estagio final de degradacdo in vivo deste polimero (LABET,;
THIELEMANS, 2009; SINHA et al., 2004). Além disso, outras vantagens do uso da
PCL em nanoestruturas é o controle da liberacdo do farmaco, da
penetracdo/permeacdo na pele, melhora da estabilidade quimica e aumento da
resposta biolégica (POHLMANN et al., 2013).

3.3.2 Nanocapsulas para delivery cerebral

O Sistema Nervoso Central (SNC) é constituido por duas grandes barreiras, a
barreira hematoencefédlica (BHE) e a barreira sangue-liquido cefalorraquidiano
(BSLCR). A BHE € composta de células endoteliais, caracterizadas pela presenca de
tight junctions que formam uma barreira celular, limitando a entrada de células
(macréfagos), compostos endodgenos e xenobidticos. No entanto, moléculas de baixo
peso molecular podem atravessa-la facilmente (<1000 Da). A regulacéo do fluxo de
substancias do sangue para o fluido intersticial € modulada por transportadores de
membrana como a glicoproteina-P (P-gp), a qual € uma bomba de efluxo que utiliza
energia celular para bombear farmacos de volta para o limen do vaso, diminuindo o
acumulo destes no cérebro (BENNEWITZ; SALTZMAN, 2009; WONG; WU;
BENDAYAN, 2012).

A limitada passagem de moléculas pela BHE é um desafio para o delivery
cerebral de farmacos (PATEL et al., 2012). Algumas estratégias para aumentar a sua
penetracdo e a permanéncia no cérebro é o uso de nanoparticulas poliméricas,
lipossomas, dendrimeros e carreadores lipidicos nanoestruturados (BENNEWITZ;
SALTZMAN, 2009; YANG, 2010). Varios mecanismos tém sido propostos para
explicar o transporte de nanoparticulas através da BHE. As duas principais rotas sao
a transcitose adsortiva e a transcitose mediada por receptor através da interacao de
um ligante com porcBes expressas nas células endoteliais no cérebro (HERVE;
GHINEA; SCHERRMANN, 2008; YANG, 2010). Proteinas catiénicas (por exemplo, a
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albumina) e a quitosana tém sido investigadas como nanocarreadores, pois podem
aumentar o delivery cerebral via transcitose adsortiva (YANG, 2010).

Em algumas infec¢cOes bacterianas e virais, Doenca de Alzheimer, epilepsia e
tumores cerebrais pode haver um comprometimento da integridade desta barreira,
alterando a sua permeabilidade (WONG; WU; BENDAYAN, 2012). Em disturbios
cerebrais, como as crises epilépticas, ha uma abertura transitéria da BHE devido a
regulacao positiva do receptor de toxina diftérica (RTD), o qual € responsavel pelo
transporte de internalizacao de farmacos no cérebro (GAILLARD; BRINK; DE BOER,
2005). Diante disso, o targeting de moléculas poderia ser favorecido. No entanto, esse
processo torna o entendimento do transporte via paracelular ainda mais complexo,
considerando a limitacdo de resultados in vivo sob condi¢des patologicas (CHEN et
al., 2013).

De acordo com estudos prévios, nanocapsulas de nucleo lipidico sdo aptas
para aumentar a biodisponibilidade de farmacos no cérebro pelas vias oral
(RODRIGUES et al., 2016) e parenteral (DIMER et al., 2015; FIGUEIRO et al., 2013;
FROZZAetal., 2010; ZANOTTO-FILHO et al., 2013), reduzindo seus efeitos colaterais
(DIMER et al.,, 2014). Rodrigues e colaboradores (2016) demonstraram que as
nanocapsulas de nucleo lipidico atravessam a barreira hematoencefalica, liberando o
farmaco no cérebro apos administracéo intravenosa e oral.

Outra estratégia interessante em delivery de farmacos no SNC é o revestimento
de nanocapsulas com quitosana, a qual tem sido bastante utilizada como revestimento
catibnico para a modificacao de superficie de nanoparticulas (BENDER et al., 2012;
NAFEE et al., 2009; OYARZUN-AMPUERO et al., 2010; PREGO et al., 2005). Isso
ocorre devido a interacdo entre a carga negativa de fosfolipideos e a carga positiva
de moléculas de quitosana (PREGO et al., 2005). Este revestimento é adsorvido na
superficie da nanocépsula, através da adicdo de uma solucdo de quitosana, sob
agitacdo moderada e tempo pré-determinados, em uma etapa posterior ao método de
nanoprecipitacdo (MORA-HUERTAS; FESSI; ELAISSARI, 2010).

A quitosana € um polissacarideo linear obtido a partir da N-desacetilacdo da
quitina, a qual é um biopolimero comumente encontrado no exoesqueleto de
invertebrados e parede celular de fungos. Este polimero possui unidades de (3-(1,4)-
2-amino-2-D-glucosamina (desacetilada) e B-(1,4)-2-acetamido-2-D-glucosamina
(acetilada), cujo grau de desacetilacdo € dado pelo nimero de unidades desacetiladas
(KHOR; LIM, 2003; PRASHANTH; KITTUR; THARANATHAN, 2002). Ela possui



43

propriedades de biocompatibilidade, biodegradabilidade e mucoadesao (KHOR; LIM,
2003; OYARZUN-AMPUERQO et al., 2010) bem como a habilidade em alterar as tight
junctions pela via paracelular, facilitando a passagem desses sistemas
nanoestruturados através da barreira intestinal (PREGO et al., 2005).

Considerando que a maior parte das células do trato gastrointestinal séo
produtoras de muco, entdo o uso de polimeros bioadesivos, como a quitosana, é
desejavel para administracdo oral de farmacos no intuito de prolongar o contato entre
as nanoparticulas e a mucosa (bioadeséao), sendo absorvidas em uma etapa posterior
(JUNG et al., 2000; PREGO et al., 2006). Além disso, outros fatores devem ser
levados em consideragado para aumentar sua absorgédo, como o tamanho, a carga de
superficie e a hidrofobicidade (JUNG et al., 2000). Nanocarreadores de farmacos com
revestimento positivo tém se mostrado promissores devido a melhora da sua
estabilidade na presenca de ions Ca?* e maior interacdo com membranas bioldgicas
carregadas negativamente (CALVO; REMUNAN-LOPEZ, 1997). Bender et al. (2012)
avaliaram a hemocompatibilidade in vitro de nanocapsulas de nucleo lipidico
estabilizadas com polissorbato 80 e lecitina (carga negativa), e revestidas com
guitosana (carga positiva). Os resultados demonstraram que as nanocapsulas foram
hemocompativeis, ndo sendo observada hemolise e agregacdo plaquetaria

significativa.

3.4 Secagem por asperséao

A técnica de secagem por aspersao (spray-drying) é bastante utilizada na area
industrial quimica, farmacéutica e alimenticia devido a sua versatilidade e facil
escalonamento. Esse método foi descrito pela primeira vez por Percy (1872) como um
processo simultdneo de atomizacdo e secagem de substancias. O processo de
secagem por aspersao envolve trés etapas principais: (1) atomizacéo do precursor em
forma de goticulas; (2) conversao das goticulas em particulas através da evaporacéo
do solvente e (3) coleta de particulas, como demonstrado na Figura 3 (SINGH; VAN
DEN MOOTER, 2016). Na 12 fase, um precursor (solucdo, suspensdo ou emulséo) é
atomizado em forma de goticulas, cujo tamanho € dependente do tipo de atomizador
utilizado, no qual atuam forcas como a centrifuga, eletrostatica e ultrasonica
(ISKANDAR, 2009; NANDIYANTO; OKUYAMA, 2011). Estas goticulas entram em

contato com um fluxo de ar aquecido ou atmosfera inerte (nitrogénio). Em seguida, ha
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a conversao destas goticulas em particulas através da remocdo do solvente
(ISKANDAR, 2009; RHODES, 2008). Na ultima etapa, as particulas sdo separadas e
coletadas no ciclone e/ou coletor eletrostatico, em funcdo da massa de pd e/ou do
tamanho da particula (RHODES, 2008).

1

®
(2)

G

Figura 3 — Etapas do processo de secagem por aspersao (spray-drying).
Fonte: adaptado de Singh e Mooter (2016).

As variaveis inerentes ao processo incluem temperatura de entrada e saida,
taxa de alimentacao, fluxo de gas de secagem e parametros da atomizacéao (tipo de
atomizador). Além disso, ha outros parametros que determinam as propriedades do
produto final, tais como pressdo de vapor e taxa de evaporacdo do solvente,
concentracdo do precursor e razao farmaco/polimero (SINGH; VAN DEN MOOTER,
2016). Esta técnica de secagem é util para o controle do tamanho e morfologia das
particulas, as quais podem ser esféricas, uniformes e de escala nano a micrométrica.
Através desse método, € possivel a obtencdo de pds nanoestruturados, compostos
por nanoparticulas coloidais (particulas primarias) e/ou pés submicrométricos que
possuem propriedades na escala nanométrica (NANDIYANTO; OKUYAMA, 2011).

Miiller e colaboradores (2000) aplicaram a técnica spray-drying pela primeira
vez para a secagem de suspensdes de nanocapsulas poliméricas. O didxido de silicio
foi utilizado como adjuvante de secagem devido a forte adesao dos nanocarreadores
as paredes do equipamento. Além disso, os autores confirmaram a presenca de
nanoparticulas na superficie de microparticulas esféricas. Portanto, este método

poderia ser utilizado para a obtencdo de pds secos contendo nanoestruturas. A forma
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sélida permite a eliminacdo da 4gua destas suspensdes coloidais, ocasionando uma
melhora da estabilidade fisico-quimica e microbiologica das formulacdes durante seu
armazenamento (GUTERRES; BECK; POHLMANN, 2009).

Tewa-Tagne e colaboradores (2007) avaliaram diferentes adjuvantes de
secagem sollveis em &gua para a secagem por aspersdo de nanocdpsulas,
ressaltando a potencialidade desta técnica para esta aplicacdo. Além disso, pos com
melhores caracteristicas de morfologia e redispersdo foram obtidos, utilizando a
concentragcao de 10% (m/v) de lactose. Marchiori et al. (2012) avaliaram a influéncia
do processo de spray-drying nas caracteristicas fisico-quimicas de nanocapsulas de
nacleo lipidico de tretinoina. Os autores concluiram que a técnica de secagem nao
alterou a estrutura supramolecular das nanocapsulas, preservando a propriedade de
protecdo da tretinoina contra a degradacao ultravioleta.

A maltodextrina € constituida por uma mistura de sacarideos (polissacarideo)
de diferentes massas molares, sendo produto da degradagcédo enzimatica do amido e
caracterizada pela dextrose equivalente (DE < 20), principal parametro responsavel
por suas propriedades reoldgicas e funcionais (YUSRAINI; HARIYADI; KUSNANDAR,
2013). Este excipiente exibe propriedades tensoativas (PYCIA et al., 2016) e, apos
passar por um processo de secagem por aspersao, apresenta-se como um p6é amorfo
gue pode reduzir o caking, o stickness e melhorar o fluxo, aumentando a estabilidade
de processamento e armazenamento de solidos (DESCAMPS et al., 2013).

A maltodextrina € um excipiente solivel em agua, o que poderia facilitar a
redispersao do p6 (HOFFMEISTER et al., 2012; TEWA-TAGNE; BRIANCON; FESSI,
2007). Além disso, ela possui aprovacdo pelo FDA (BOUREZG et al., 2012),
compatibilidade com nanocapsulas para posterior secagem por aspersao (TEWA-
TAGNE; BRIANCON; FESSI, 2007) e boa seguranca quando usada em formulacdes
pediatricas (EMA, 2013). Além disso, excipientes como a lactose, apesar de ser
bastante utilizado em pés para redisperséo aquosa (OURIQUE et al., 2014; RIBEIRO
et al., 2016), ndo seria adequado para uso pediatrico devido a intolerancia de criangas
a lactose, relacionada a sintomas tais como desidratacdo, diarreia e acidose
metabdlica (EMA, 2006; ROWE; SHESKEY; OWEN, 2012), limitando, assim, a sua
aplicacao.

Tewa-Tagne e colaboradores (2007) desenvolveram pos contendo
nanocapsulas poliméricas através da técnica de spray-drying, avaliando diferentes

adjuvantes de secagem em relacdo as propriedades fisico-quimicas tais como a
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morfologia das particulas e a recuperacéo do tamanho original das nanocapsulas. Os
pés contendo 10% de maltodextrina (m/v) apresentaram particulas grandes com
ampla distribuicdo de tamanho. Além disso, a presenca de aglomerados influenciou o
aumento do tamanho inicial da suspensdo de nanocapsulas, ap0s o0 processo de
secagem por asperséao. Por outro lado, Hoffmeister et al. (2012) também avaliaram a
maltodextrina (10% m/v) como adjuvante de secagem para a obtencéo de pos secos
contendo nanocapsulas de nucleo lipidico de melatonina. Os autores observaram que
os pos foram redispersiveis em agua e adequados para a incorporacdo em hidrogéis.

Bourezg et al. (2012) avaliaram trés métodos de secagem (liofilizacéo,
secagem por aspersdo e granulagdo em leito fluidizado) para obtencdo de
nanoparticulas lipidicas redispersiveis. Dentre os adjuvantes de secagem utilizados
(poliois, maltodextrina e celulose microcristalina), a combinagédo de maltodextrina e
polidis (manitol ou sorbitol) foi a mais adequada para obter pos redispersiveis para
uso pediatrico. No entanto, houve um aumento do tamanho de particula em relagéo
ao tamanho da suspenséao primaria apos redispersao dos pos obtidos pelos diferentes

métodos de secagem.

3.5 Granulagdo empregando leito fluidizado

A granulacdo umida tem sido bastante empregada nos processos industriais,
principalmente na producdo de comprimidos e capsulas. No entanto, pode ser
utilizada para produzir granulos esféricos de liberacdo modificada e/ou uso pediatrico.
Uma de suas vantagens é o aumento da uniformidade de contetdo em produtos que
requerem baixa dose do farmaco e melhorar as propriedades de fluxo (FAURE;
YORK; ROWE, 2001; PARIKH, 2005).

A granulacao pode ser definida como um processo em que particulas pequenas
se aglomeram em outras maiores, has quais as particulas primarias ainda podem ser
identificadas (IVESON et al., 2001; PARIKH, 2005). No método por via seca, no qual
nao se usa liquido, os granulos podem ser formados por pontes solidas (solid bridges)
através de forcas de adesdo entre as particulas promovidas pelo aglutinante. No
método por via Umida, no qual utiliza algum liquido para unir as particulas, os
aglomerados sdo ligados através de forcas de coesao entre as particulas por meio de
pontes liquidas (liquid bridges) (PARIKH, 2005).
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A granulacdo em leito fluidizado (Figura 4) utiliza a técnica de via Umida no
processo de obtencdo dos granulos. A aspersdo de um liquido aglutinante € realizada
no interior de um leito de po fluidizado e, subsequentemente, ocorre a secagem dos
aglomerados em um mesmo equipamento (JOSHI et al., 2017). A mistura do po é
mantida fluidizando através de um fluxo de ar injetado para cima a partir do fundo do
granulador e a solucdo do aglutinante é pulverizada sobre o leito do p6 em uma
direcdo oposta ao fluxo de ar (FAURE; YORK; ROWE, 2001). Os parametros que
devem ser controlados durante a granulacdo sédo aqueles inerentes ao processo
(pressdo de atomizacdo, tamanho da gota e razdo de adicdo do aglutinante,
velocidade do ar de secagem e umidade), as propriedades do aglutinante, como
viscosidade e tensédo superficial, e do substrato de granulacédo (IVESON et al., 2001).

1l
A/

Figura 4 — Desenho esquematico da granulacédo em leito fluidizado.
Fonte: adaptado do manual do fabricante (Glatt Air Techniques Inc.).

Friedrich e colaboradores (2010) utilizaram a granulacéo por via Umida para a
producdo de granulos contendo nanocapsulas de nucleo lipidico para aumentar a
estabilidade fisico-quimica das suspensdes originais. No intuito de otimizar o processo
de obtencao destes granulos, a granulacdo em leito fluidizado é uma abordagem
promissora. Diante disso, granulos a partir de nanosuspensfes de farmacos ou
moléculas ativas foram obtidos por esta técnica de secagem. Basa e colaboradores
(2008) desenvolveram granulos para producdo de comprimidos a partir de uma
nanosuspensao de cetoconazol e lactose como substrato para granulacéo, no intuito
de aumentar a velocidade de dissolugdo do farmaco, melhorando sua

biodisponibilidade. Os autores demonstraram que a incorporacdo de granulos
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contendo a nanosuspensao aos comprimidos aumentou a taxa de dissolugédo do
cetoconazol quando comparado a formulagdo comercial.

Além disso, Bose et al. (2012) avaliaram a viabilidade de uma nanosuspenséao
de vitamina E TPGS em uma forma soélida através do processo de granulacdo em leito
fluidizado, utilizando manitol e lactose monohidratada spray-dried como substrato. Os
autores observaram que os granulos contendo manitol apresentaram uma melhor
dissolucdo do farmaco e, consequentemente, nos parametros farmacocinéticos da
nanosuspensao primaria e na forma de granulos em relacdo a suspensao grosseira.
Recentemente, Andrade e colaboradores (2018) desenvolveram granulos contendo
nanocapsulas de nucleo lipidico brancas através da técnica de leito fluidizado. O
revestimento catidbnico melhorou a redispersdo aquosa dos granulos, facilitando a

recuperacéo das propriedades nanométricas da suspensao original.

3.5.1 Mecanismos envolvidos em um processo de granulagcdo umida

Ha diferentes mecanismos de formacédo do granulo durante o processo de
granulacdo umida, sendo que os principais incluem (IVESON et al., 2001): molhagem
e nucleacao das particulas (1); consolidacéo e crescimento por colisées do material
no granulador (2); atrito e ruptura (3). Estes mecanismos ocorrem simultaneamente
em um processo de granulacdo em leito fluidizado (BURGGRAEVE et al., 2013). Na
primeira etapa, 0 aglutinante entra em contato com o po, sendo distribuido pelo leito
para formar os nucleos dos granulos. A zona de nucleacéo (wetting zone) é definida
como a area na qual o liquido entra em contato com a superficie do po, formando o
ndcleo inicial. Os fatores que influenciam esta fase sdo o angulo de contato entre o
liquido e o po, a espalhabilidade do aglutinante e o tamanho das particulas primarias.

Na etapa de consolidacéo e crescimento, ocorrem colisdes entre dois granulos,
entre granulos e particulas primarias, levando a compactacdo ou coalescéncia e ao
crescimento dos mesmos. Este crescimento pode iniciar logo que o liquido é
adicionado ao leito do p6é, bem como simultaneamente com o estagio de nucleacéo, e
pode continuar ap6s o término da adicdo do aglutinante. O tamanho do granulo é
determinado pelas condicdes de nucleacdo. Durante esta fase, os granulos
gradativamente se consolidam, aumentando a saturacdo de seus poros e alterando

suas propriedades mecanicas.
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Em seguida, os granulos umidos ou secos quebram devido ao impacto no
granulador, ou durante o posterior manuseio do produto. Essa quebra dos granulos
pode influenciar na distribuicdo do tamanho de particula final. Contudo, o atrito dos
granulos secos pode levar a geracao de finos, o que pode ser inconveniente do ponto
de vista tecnolégico, considerando que o processo de granulacao geralmente visa a

remocao dos mesmos.






4 CAPITULO 1







53

APRESENTACAO

O primeiro capitulo da tese abordou o desenvolvimento de pos obtidos a partir de
secagem por aspersdo (spray-drying), contendo nanocapsulas de nucleo lipidico
carregadas com fenitoina, revestidas ou ndo com quitosana. Posteriormente, estes
poés foram reconstituidos em agua no intuito de se avaliar a sua redispersibilidade,
recuperacdo das propriedades nanométricas, estabilidade fisico-quimica e
gastrointestinal, liberacdo do farmaco in vitro e avaliacdo do efeito anticonvulsivante
em modelo de crises induzidas por pilocarpina em camundongos. O farmaco de
escolha foi a fenitoina devido a sua farmacocinética nao-linear, a qual depende da
saturacdo do metabolismo, e ao indice terapéutico estreito, o que requer frequente
monitoramento plasmatico. A fenitoina € um agente anticonvulsivante utilizado no
tratamento da epilepsia. A proposta do estudo foi desenvolver um pé para
reconstituicdo em agua que recupere as caracteristicas nanometricas da suspenséao
original, possua estabilidade em fluido gastrointestinal e efeito anticonvulsivante
superior em relagcéo ao farmaco nao encapsulado. Este artigo sera submetido em fase

de redacao para posterior submissao a periodico cientifico de circulagao internacional.
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ABSTRACT

This study evaluated the in vivo anticonvulsant effect of a spray-dried powder for
reconstitution containing phenytoin-loaded lipid-core nanocapsules. The effect of
chitosan coating on redispersibility, gastrointestinal stability, and drug release from
nanoparticles was evaluated during the development of the powders. Maltodextrin was
used as adjuvant in the spray-drying process. Chitosan coating played an important
role in redispersibility. Moreover, the highest concentration of solids in the feed
increased particle size (> 100 um). However, after aqueous redispersion, volume-
based particle size was reduced to about 1 um. The release of nanoparticles from the
surface of the spherical microagglomerates (roundness index = 0.75) was confirmed
by SEM analysis. Powders reconstituted in water partially recovered the nanometric
properties of the original suspensions and were stable for 24 h. Phenytoin-loaded
chitosan-coated nanocapsules and their redispersible powders have good
gastrointestinal stability, and are able to control drug release in simulated gastric and
intestinal fluids. Besides that, the reconstitution powder containing chitosan-coated
nanocapsules exhibited improved anticonvulsant activity against seizures induced by
pilocarpine in mice, compared to the non-encapsulated drug, representing an

important approach in anticonvulsant treatments of children and adults.

Keywords: anticonvulsant, chitosan, nanocapsules, phenytoin, powder, spray-drying.
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1. Introduction

Polymeric nanoparticles have been studied as an alternative to conventional
antiepileptic treatment (Fang et al., 2016; Leyva-Gomez et al., 2014). Antiepileptic
drugs often fail to completely control seizures and, therefore, to prevent undesired side
effects. Phenytoin (PHT) is a blockade of voltage-dependent sodium channels used in
the treatment of epilepsy. Besides severe adverse effects that include cardiac
arrhythmias, hypotension and neurological side effects (Batchelor et al., 2015), the
narrow therapeutic index of PHT demands plasma monitoring in treatments based on
this drug (Deleu et al., 2005), making it an interesting candidate for nanoencapsulation.
Despite that, no effective and safe therapy that (i) controls PHT release, (ii) crosses
the blood brain barrier (BBB) (Wang et al., 2016) and (iii) mitigates in vivo effects of
the drug has been developed.

Lipid-core nanocapsules (LNC) are core-shell nanocarriers comprising a lipid core
composed of sorbitan monostearate and medium chain triglycerides (MCT). This lipid
core is coated with a poly(e-caprolactone) polymeric membrane, whose particles are
stabilized by polysorbate 80 micelles on their surface (Venturini et al., 2011). Lipid-
core nanocapsules stabilized with polysorbate 80-lecithin and coated with chitosan on
the surface of LNC have been also proposed, showing good in vitro hemocompatibility
(Bender et al., 2012), and improved antimicrobial activity of drugs (Cé et al., 2016).
Moreover, different administration routes have been proposed to improve brain
delivery of drugs by nanocarriers in the treatment or prevention of central nervous
system (CNS) diseases (Rodrigues et al., 2016; Zanotto-Filho et al., 2013).

However, LNC are produced as aqueous dispersions and may have limited
physicochemical stability during storage, leading to polymer hydrolysis, particle
aggregation, and microbiological growth in some cases (Guterres et al., 2009). Spray-
drying has been reported to increase the stability of those polymeric nanocarriers,
converting them in powders (Beck et al., 2008; Hoffmeister et al., 2012; Ribeiro et al.,
2016). On the other hand, due to difficulty to swallow tablets or capsules, oral liquid
formulations are usually considered more acceptable by elderly patients and pediatric
patients alike, compared with solid dosage forms. As an alternative, liquid preparations
are prepared by reconstitution from stable solid oral dosage forms (powders and
granules), with improved dose flexibility and homogeneity, easy administration, and
better palatability (EMA, 2013).
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Although spray-drying has been reported as an alternative to produce dried
nanocapsules, the efficiency of process depends on a suitable amount of a drying
adjuvant added to the original formulation (Mdller et al., 2000; Tewa-Tagne et al.,
2006). The choice of the drying adjuvant is crucial to ensure redispersibility of dried
products, to prevent phase separation (Tewa-Tagne et al., 2007), and to reach the
suitable level of safety needed for adult and pediatric formulations (EMA, 2013). As a
product of enzymatic degradation of starch, maltodextrin is a polysaccharide
characterized by dextrose equivalent (DE) lower than 20, which defines its rheological
and functional properties (Pycia et al., 2016). It is a water soluble excipient approved
by the FDA for oral formulations, and has surfactant properties (Hoffmeister et al.,
2012; Ourique et al., 2014; Paese et al., 2017; Pycia et al., 2016; Tewa-Tagne et al.,
2007), making it suitable for the preparation of spray-dried nanocapsules to facilitate
aqueous redispersion (Hoffmeister et al., 2012; Tewa-Tagne et al., 2007).
Nanoparticles have been studied concerning different administration routes, like
parenteral (Leyva-Gomez et al., 2014; Paese et al., 2017), oral (Beck et al., 2008;
Rodrigues et al., 2016), pulmonary (Ourique et al., 2014), and topical (Hoffmeister et
al., 2012; Marchiori et al., 2012). In the oral route, the gastrointestinal tract is an
important barrier to drug loaded-polymeric nanoparticles, which may influence the
pharmacological effect of drugs due to degradation induced by pH variation and
agglomeration resulting from the presence of enzymes or bile salts (Tobio et al., 2000).
In addition, the lipase activity of pancreatin in the intestinal fluid could facilitate the
digestion of lipid formulations. The shell structure of nanocarriers has an important role
in lipid degradation. For instance, an added coating could protect the lipid substrate
from the action of lipase (Klinkesorn and McClements, 2009; Roger et al., 2009).
Therefore, the gastrointestinal stability of lipid nanocarriers like polymeric
nanoparticles (Tobio et al., 2000), emulsions (Mun et al., 2006), lipid nanocapsules
(Roger et al., 2009), nanoemulsions (Li et al., 2016), and polymeric nanocapsules (Niu
et al., 2017) has been investigated. However, there is a lack of information about the
gastrointestinal stability of LNC and the behavior of their respective redispersible
powders in biological fluids.

In this scenario, this study described the development and production of spray-dried
LNC as a powder for reconstitution and oral administration, assessing their in vivo
anticonvulsant activity in mice. The analyses were designed to understand the role of

chitosan coating in the aqueous redispersion behavior of the spray-dried powders as
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well as the effect of the spray-drying process on their gastrointestinal stability and drug
release profile. To the best of our knowledge, no previous report has been published
on the evaluation of in vivo efficacy of drug-loaded nanocapsules after their aqueous
reconstitution from spray-dried powders.

2. Materials and methods

2.1 Materials

Poly(e-caprolactone) (PCL) (molecular weight, MW = 80,000 g molt), low MW chitosan
(MW = 50,000-190,000 g mol?; 75-85% deacetylation), sorbitan monostearate,
maltodextrin (dextrose equivalent 16.5 — 19.5), pepsin from porcine stomach mucosa,
pancreatin from porcine pancreas, and pilocarpine were supplied by Sigma Aldrich
(Séo Paulo, Brazil). Grape seed oil was obtained from Delaware (Porto Alegre, Brazil)
and polysorbate 80 was acquired from Vetec (Rio de Janeiro, Brazil). Soybean lecithin
(Lipoid® S75) was obtained from Lipoid (Ludwigshafen, Germany). Phenytoin was
kindly donated by Cristalia (Sdo Paulo, Brazil). All other reagents and solvents were

analytical or pharmaceutical grade.

2.2 Preparation and characterization of the lipid-core nanocapsules

Lipid-core nanocapsules (LNC) were prepared by interfacial deposition of preformed
polymer as previously described (Jager et al., 2009; Venturini et al., 2011). Two
different formulations were prepared: uncoated and chitosan-coated LNC. To obtain
the uncoated LNC, poly(e-caprolactone) (0.25 g), grape seed oil (412.5 pL), sorbitan
monostearate (0.0962 g) and phenytoin (0.00625 g) were dissolved in acetone (60 mL)
at 40°C. Concomitantly, soybean lecithin (0.15 g) was solubilized in ethanol (7.5 mL)
and added to the organic phase. This mixture was injected into an aqueous solution
(135 mL) containing polysorbate 80 (0.1925 g) under moderate stirring at 40°C for 10
min. After, acetone was eliminated, and the suspension was concentrated under
reduced pressure. The final volume was adjusted to 25 mL (0.25 mg.mL™* of phenytoin)
in a volumetric flask. This formulation was named phenytoin-loaded LNC (PHT-LNC).
The cationic coating of the nanocapsules was prepared using a chitosan solution (0.6%
w/v) in 1% acetic acid, adapted from Bender et al. (2012). This coating was optimized
based on the narrower particle size distribution when different concentrations of

chitosan (0.3, 0.6, and 0.9% w/v) were tested. Then, the chitosan solution was slowly
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poured into these nanocapsules at the concentration of 0.225 mg.mL™, and the mixture
was kept under magnetic stirring overnight at room temperature (25°C). This
formulation was named as phenytoin-loaded chitosan-coated LNC (PHT-CS-LNC).
Particle size distribution was determined by laser diffraction (Mastersizer 2000,
Malvern Instruments, UK). Samples were directly placed in the wet sample dispersion
unit. Particle size (mean diameter) and zeta potential were evaluated using a Zetasizer
Nano ZS (Malvern Instruments, UK) diluting the samples in ultrapure water (1:500) and
in 10 mM NaCl aqueous solution, respectively. The dilution media was filtered (0.45
pm) before analyses. pH values were measured using a calibrated potentiometer
(Digimed, DM-22, Campo Grande, Brazil). Each analysis was performed in triplicate
batches.

Morphological analyses were evaluated by transmission electron microscopy (MET
JEM 1200 Exll, Centro de Microscopia Eletronica, UFRGS, Brazil) operating at 80 kV.
Suspensions were diluted in ultrapure water (1:10) and deposited on specimen grid
(Formvar-carbon support film) using uranyl acetate solution (2% wi/v) as negatively
stained standard.

Phenytoin was assayed by high-performance liquid chromatography (HPLC). The
apparatus consisted of a Shimadzu LC-20A system (LC-20AT pump), a CBM-20A
system controller, a SPD-M20A photodiode-array detector, a SIL-20A auto-sampler
(Tokyo, Japan), and a Phenomenex C18 column (150 mm x 4.6 mm, 5 pum, Gemini).
The mobile phase was composed of acetonitrile:water (50:50 v/v). The injected volume
was 20 pL at an isocratic flow rate of 1.0 mL.min"! and the detection wavelength was
210 nm. The retention time of phenytoin was 5.6 min. The HPLC method afforded good
linearity in the range of 1.00 to 20.00 pg.mL™ (r = 0.9999), suitable inter and intra-day
variability (< 2.0%), good accuracy between 96.10% and 98.16%, and a limit of
guantification of 0.80 pg.mLt. Total drug was determined after dissolving
nanocapsules in acetonitrile (1:25 v/v) followed by ultrasonic homogenization for 30
min, centrifugation at 1597 x g for 20 min, and filtration (0.45 um) before HPLC
analysis.

The encapsulation efficiency assay (EE%) was performed according to an
ultrafiltration-centrifugation technique (Ultrafree-MC 10,000 MW, Millipore, Billerica,
USA) at 1820 x g for 10 min. The difference between total concentration of drug in the
formulation and its concentration in the aqueous phase of the suspension was

calculated. To determine the presence of drug nanocrystals, the suspensions were
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separated in two flasks, stocked at room temperature, and protected from light
according to a protocol previously proposed (Pohlmann et al., 2008). The first flask
was kept immobilized throughout the experiment (21 days), while the second flask was
shaken before HPLC analysis. Each analysis was performed in triplicate.

2.3 Preparation and characterization of spray-dried lipid-core nanocapsules
Spray-dried phenytoin-loaded LNC as well as spray-dried unloaded nanocapsules
were prepared (Spray Dryer B-290, Bichi, Switzerland) using maltodextrin as drying
adjuvant at different concentrations (5% and 1.75%). The effect of cationic coating was
evaluated comparing the behavior of the powders containing uncoated LNC (SD-PHT-
LNC) and chitosan-coated LNC (SD-PHT-CS-LNC). Maltodextrin was added to the
nanocapsules suspension 20 min before the spray-drying process and kept under
magnetic stirring. The drying process was carried out according to the following
parameters (Marchiori et al., 2012): inlet temperature (120 + 1°C); outlet temperature
(68 = 5°C); sample feed rate (4.5 mL.min); drying gas flow (approx. 35 m3.h'); spray
gas flow of 600 NL.ht. The equipment has two-fluid nozzle (cap diameter: 0.7 mm),
operating at a co-current flow. All formulations were prepared in triplicate, kept in
desiccator, and protected from light at room temperature (25°C) before analyses.
Process yield (%) was calculated by the ratio between the weight of the produced
powder and all solid components of the formulation. Loss on drying was assessed by
heating an amount of sample until 105°C for 1 min by means of an infrared moisture
analyzer (Ohaus MB45, Parsippany, USA). The particle size distribution and geometric
mean diameter were measured by laser diffraction (Mastersizer 2000, Malvern, UK)
using the dry powder dispersion unit (Scirocco 2000, Malvern, UK). The redispersion
profile of the spray-dried powders was evaluated in water (Hydro 2000 sample
dispersion unit, Malvern, UK) as a function of time. Aliquots were analyzed every 1 min
for 5 min.

Morphological analyses of powders before and after aqueous redispersion were
carried out by scanning electron microscopy (SEM; JEOL, JSM 6060, Tokyo, Japan)
at the Centro de Microscopia Eletronica-UFRGS (Porto Alegre, Brazil) at 10 kV. The
powders were deposited on silicon wafer and covered with water for 5 min, which was
removed using absorbent paper. The samples were also spread on a double-adhesive
tape adhered to aluminum stubs and sputter-coated with gold. Roundness index or

circularity of particles before and after aqueous redispersion were obtained from SEM
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images using the software ImageJ (version 1.50i, National Institutes of Health, USA).
The parameters were calculated using the formula: circularity = 41 (area/perimeter?).
In accordance with the roundness scale (Powers, 1953), the index ranges from O to 1,
with 1 indicating a perfect circle.

2.3.1 Reconstitution of spray-dried powders and redispersibility analysis

The spray-dried powders were reconstituted in ultrapure water and vortexed for 2 min
to a final concentration of 0.25 mg.mL™! of phenytoin. The pH values of the redispersion
were determined using a potentiometer (Digimed, DM-22, Campo Grande, Brazil). In
order to assay the drug content of spray-dried powders before and after reconstitution,
these samples were dispersed in the mobile phase, sonicated for 60 min, centrifuged
at 1597 x g for 20 min, and filtered (0.45 um) before HPLC analysis. Particle size was
measured by laser diffraction (Mastersizer 2000, Malvern, UK). The aqueous
redispersibility of the spray-dried powders was evaluated by gravimetry and laser
diffraction analyses were performed to obtain the particle size distribution of the
reconstituted powders. This procedure was adapted from Kho et al. (2010). In the first
step of the experiment, the reconstituted powder was gently shaken for 30 min. Then,
it was centrifuged at 7,280 x g for 10 min after which the supernatant containing
nanocapsules and excipient was withdrawn, and replaced with same volume of
ultrapure water, and centrifuged again. These steps were repeated five times to ensure
that all the redispersed nanocapsules and dissolved excipient were removed. In each
step, an aliquot of the supernatant was withdrawn for laser diffraction analysis. After
the last centrifugation, the supernatant was discarded, and the sediment was dried at
40°C until constant weight for 72 h. The percentage of redispersibility of the spray-
dried powders was calculated from the initial mass of powder and the mass of the final
sediment of the non-redispersed aggregates. Furthermore, aliquots of reconstituted
powder were filtered (0.45 um) and analyzed by photon correlation spectroscopy
(Zetasizer Nano ZS, Malvern, UK) for obtaining the mean particle size and zeta

potential (electrophoretic mobility). The measurements were conducted in triplicate.

2.4 Stability study in simulated gastrointestinal fluids
Gastrointestinal stability of phenytoin-loaded LNC and the redispersible powders were
evaluated in simulated gastric fluid (SGF) containing 0.32% (w/v) pepsin (pH 1.2) and

simulated intestinal fluid (SIF) composed of 1% (w/v) pancreatin (pH 7.5) according to
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Roger et al. (2009). Samples were diluted in different media (1:9), kept on magnetic
stirring, and incubated at 37°C. Freshly prepared formulations and samples collected
0, 1, 2, and 3 h after were analyzed by laser diffraction (Mastersizer 2000, Malvern,
UK). SIF was centrifuged at 1597 x g for 20 min to eliminate aggregates of pancreatin
that could interfere in the laser diffraction analysis.

2.5 In vitro drug release

In vitro drug release studies of phenytoin-loaded LNC and the redispersible powders
were carried out using a dialysis membrane method at 37°C. Four milliliters of each
sample were placed in a dialysis bag (10 kDa molecular weight cutoff, Sigma Aldrich,
Brazil), which was put in a beaker containing 80 mL of release medium (SGF and SIF)
under moderate stirring, ensuring sink conditions. At predetermined time intervals,
aliquots (2 mL) were collected and replaced with fresh medium. The samples were
filtered (0.45 pm) and analyzed by HPLC according to the method previously
described. SIF samples were centrifuged at 7280 x g for 10 min before filtering due to
the risk of membrane saturation by aggregates of pancreatin. A solution of phenytoin
(0.25 mg.mL) was prepared in ethanol: water (60:40 v/v) to evaluate the diffusion
profile of the non-encapsulated drug in both media. Mathematical modeling (MicroMath
Scientist® 2.0) was performed to evaluate the profiles of the drug release. The data

were fitted to model-dependent biexponential (Eq. 1).

C = Ae kit + Be~k2t (1)

Where C is the amount of drug released at time t (h), A (burst phase) and B (sustained

phase) are the initial drug concentrations, and ki and k2 (h™") are the kinetics constants.

2.6 In vivo experiments

2.6.1 Animals

In vivo studies were approved by the Ethics Committee for Animal Research of the
Federal University of Santa Maria (protocol # 3273040416). They were carried out in
accordance with National guidelines of the Council for Control of Animal Experiments
(CONCEA) and U.S. Public Health Service's Policy on Humane Care and Use of
Laboratory Animals (PHS Policy). Adult C57BL/6 mice (25-35 g, 30 — 90 days old) of
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both genders were used in the experiments. Animals were kept at constant room
temperature (24 + 1°C), relative humidity (55%), under a 12:12 h light-dark cycle with
free access to water and food until 4 h before the experiments because of the
interaction of phenytoin with food, which could decrease its oral bioavailability.

2.6.2 Drug administration and behavioral evaluation of pilocarpine-induced seizures
model

Mice were treated daily with water (control), non-encapsulated PHT suspension in
water, redispersible powders containing phenytoin-loaded cationic nanocapsules (SD-
PHT-CS-LNC), and powder containing unloaded cationic nanocapsules (SD-CS-LNC).
The dose of all compounds used was 10 mg.kg2.day? (n = 5) for 7 days. Powders
were reconstituted in water at a concentration of 1 mg.mL' and administered by
gavage (p.o.). The weight of the animals was monitored daily. On the 7™ day of
treatment, 60 min after the last oral administration, pilocarpine dissolved in 0.9% NacCl
was injected (300 mg.kg?, i.p.) to induce seizures following standard procedures
(Borges et al., 2003; Funck et al., 2014; VeliSek, 2005). The animals were observed
for 60 min. Latency to limbic seizures, latency to generalized seizures, seizure severity,
and survival were observed and recorded. Seizure severity was scored according to
the modified Racine Scale (Racine, 1972): 0 = normal behavior; 1 = Facial movement,
hyperactivity; 2 = head nodding, tremor; 3 = unilateral forelimb clonus; 4 = bilateral
forelimb clonus and rearing; 5 = bilateral forelimb clonus with loss of posture; 6 =
generalized tonic-clonic seizures, status epilepticus, or death. Stages 1-3 were

recognized as limbic seizures and stages 4—6 as generalized seizures.

2.7 Statistical Analysis

Data were expressed as mean * standard deviation (SD). Statistical analysis was
carried out using a one-way analysis of variance (ANOVA), the Student’s t test, and
the Kruskal-Wallis test in GraphPad Prism 5 (GraphPad Software, San Diego, USA).

Differences were considered significant when p < 0.05.
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3. Results and Discussion

3.1 Lipid-core nanocapsules

Uncoated and chitosan-coated LNC were prepared as aqueous dispersions as
previously described. Our goal was to evaluate the role and influence of the chitosan-
coating layer of the nanocapsules on the properties of spray-dried powders and their
redispersion behavior. Both formulations (coated and uncoated) were homogeneous,
white-bluish, and opalescent in aspect, regardless of whether they were coated with
chitosan. Formulations analyzed by TEM showed spherical shaped and nanometric
particles for phenytoin-loaded LNC (PHT-LNC) (Fig. 1A) and phenytoin-loaded
chitosan-coated LNC (PHT-CS-LNC) (Fig. 1B). Besides that, radar charts were built
from their particle size distribution data by laser diffraction analysis [Fig.1 (Al) and
(B1)]. Radar charts have been used to assess a variety of healthcare or pharmaceutical
data (Perez-Vega et al., 2014). Consequently, specific fingerprints of the LNC [Fig.1
(A1) and (B1)] were similar as a consequence of their monomodal particle size
distribution with low polydispersity, as previously established for LNC (Bianchin et al.,
2015). Also, d0.9(v) was smaller than 350 nm and d0.5(n) was smaller than 70 nm for
both formulations, confirming their nanometric properties. D[4,3] values were 177 £ 13
nm and 193 = 16 nm for uncoated- and chitosan-coated nanocapsules, respectively.
These results indicated that chitosan coating did not cause any agglomeration or

precipitation of particles.
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Fig. 1. Photomicrographs obtained by TEM (bar = 100 nm). A, B: phenytoin-loaded
uncoated nanocapsules (PHT-LNC), phenytoin-loaded chitosan-coated nanocapsules
(PHT-CS-LNC and their fingerprints obtained by laser diffraction (A1, B1), respectively.
D[4,3] (v): mean diameter based on volume-weighted; d0.1 (v): diameter based on
volume at percentile 10 of the cumulative size distribution; d0.5 (v): diameter based on
volume at percentile 50 of the cumulative size distribution; d0.9 (v): diameter based on
volume at percentile 90 of the cumulative size distribution; D[4,3] (n): mean diameter
based on number-weighted; d0.1 (n): diameter based on number at percentile 10 of
the cumulative size distribution; d0.5 (n): diameter based on number at percentile 50
of the cumulative size distribution; d0.9 (n): diameter based on number at percentile

90 of the cumulative size distribution.

Table 1 shows the detailed physicochemical characteristics of unloaded (LNC and CS-
LNC) and phenytoin-loaded LNC (PHT-LNC and PHT-CS-LNC). They presented
hydrodynamic mean diameter between 158 and 168 nm and narrow particle size
distribution (PDI < 0.2). No change was observed in particle size after cationic coating

(p > 0.05), in agreement with the laser diffraction analysis.
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Table 1. Physicochemical characteristics of unloaded and PHT-loaded lipid-core

nanocapsules (n = 3, mean = SD).

Mean Drug
Formulation diameter PDI2 ZP® (mV) content EE° (%)
(nm) (mg.mL™1)
LNC 165+ 4 0.14+0.02 | -19.1+£0.6 - -
CS-LNC 167 £ 4 0.16 £0.02 | +17.0+0.6 - -
PHT-LNC 158 + 8 0.17+0.03 | -104+£0.8 | 0.25+0.01 | 94+1.34
PHT-CS-LNC 168 + 4 0.15+0.01 | +16.2+15 | 0.23+0.01 | 93+1.02

2 Polydispersity index; P Zeta potential; ¢ Encapsulation Efficiency

Unloaded and PHT-loaded uncoated lipid-core nanocapsules (LNC and PHT-LNC)
had negative zeta potential due to the presence of polysorbate 80 molecules on the
surface of lecithin phospholipids and its free fatty acids, which act as stabilizers at the
particle/water interface (Bender et al., 2012). On the other hand, unloaded and PHT-
loaded chitosan-coated LNC (CS-LNC and PHT-CS-LNC) had a positive zeta
potential, which confirm the chitosan coating on the particle surface due to the
interaction of its ionized amino groups with the negative phosphate group of lecithin
(Bender et al., 2012; Cé et al., 2016).

The drug contents of 0.25 mg.mL* (PHT-LNC) and 0.23 mg.mL! (PHT-CS-LNC) were
close to the concentration established, showing that the preparation technique did not
interfere in drug stability. Furthermore, both nanocapsule suspensions presented
encapsulation efficiency of about 95%, demonstrating that chitosan coating had no
influence on this parameter. Besides that, there was a 12-fold increase in the aqueous
solubility of drug (0.02 mg.mL) (Alvarez-Nufiez and Yalkowsky, 1999) after its
nanoencapsulation, confirming this strategy as a tool for improving the aqueous
solubility of poorly soluble drugs (Coradini et al., 2014).

LNC and PHT-LNC showed pH values of 6.41 £ 0.12 and 6.57 + 0.36, respectively. A
decrease of pH values to 4.00 + 0.08 for both chitosan-coated LNC was observed,
compared to the uncoated formulations due to 1% acetic acid agueous solution used
to dissolve chitosan. In addition, the presence of drug nanocrystals in the formulations
as a function of time was assessed to prevent precipitation as nanocrystals during the
preparation due to its low water solubility. The initial concentration of phenytoin in
nanocapsules (PHT-LNC and PHT-CS-LNC) remained constant for 21 days in both
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shaken and immobilized samples (p > 0.05), regardless of the presence of chitosan

coating (Supplementary material Fig.S1 and Fig. S2).

3.2 Spray-dried nanocapsules: redispersion studies and physicochemical
characteristics

LNC were spray-dried using maltodextrin as a drying adjuvant to increase
physicochemical stability and to develop a powder for reconstitution and oral
administration. Although lactose has been widely used in the production of spray-dried
powders (Lebhardt et al., 2011; Ourique et al., 2014, Ribeiro et al., 2016), maltodextrin
was chosen due to its water solubility, which facilitates powder redispersion in water
(Bourezg et al., 2012; Rowe et al., 2012). Moreover, lactose is not suitable for pediatric
use due to lactose intolerance, which has been associated with symptoms such as
diarrhea, dehydration, and metabolic acidosis in infants (EMA, 2006; Rowe et al.,
2012). Therefore, replacing it with other adjuvants is highly desirable.

On the other hand, one of the main problems in the preparation of spray-dried powders
is the non-homogeneous character of the mixture of the two or more components in
the sample to be fed during the spray-drying process. If the sample is homogeneous,
weak or moderate interactions are expected, favoring stable dispersions without
sedimentation or flocculation in the feeding sample during the drying process, leading
to the production of well-separated particles that should have a good redispersion in
water (Tewa-Tagne et al., 2006). Consequently, homogeneous spray-dried powders
would be produced if spontaneous phase separation of dispersion is avoided during
sample feeding. In this regard, the good compatibility of maltodextrin and polymeric
nanocapsules, with no visible phase separation, was previously reported (Tewa-Tagne
et al., 2007), supporting our choice in selecting this adjuvant.

Figure 2 shows the redispersion behavior of the spray-dried powders containing
uncoated LNC (SD-PHT-LNC) and chitosan-coated LNC (SD-PHT-CS-LNC) using
maltodextrin at 5% (w/v), demonstrating the effect of chitosan coating on redispersion
behavior of spray-dried powders. A better redispersion behavior was clearly observed
for the spray-dried powders containing chitosan-coated LNC (D[4,3]: 690 nm; SPAN:
2.921) compared with those prepared from the uncoated nanocapsules (D[4,3]: 25 pum;
SPAN: 3.369). This result suggests that the surface charge and/or coating layer of LNC
has an important role on redispersion behavior. To maintain the stability of colloidal

systems after the drying process, steric and electrostatic repulsions need to overcome
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the van der Waals attractive forces between particles close to each other (Hong et al.,
2014). In this study, chitosan-coated nanocapsules were stabilized by electrostatic
forces due to positive charge between particles as well as by steric hindrance (Bender
et al., 2012), while uncoated nanocapsules were stabilized by the predominance of
steric repulsions generated by the polysorbate 80-lecithin layer on the particle/water
interface (Ezhilarasi et al., 2016). Observing the behavior of the reconstituted powders
in water allowed suggesting that saccharide-saccharide interactions (maltodextrin-
chitosan) are stronger than saccharide-lipid ones (maltodextrin-lecithin), probably due
to the hydrogen bonds formed by the saccharide-saccharide interaction, since these
are more stable than the dipole-dipole interactions in the saccharide-lipid interaction.
However, hydrogen bonds are quickly undone in water as they reach the water-particle
interface, establishing hydrogen bonds between the water and the saccharide
molecules, undoing saccharide-saccharide interactions, promoting the redispersibility
of powders. This mechanism does not occur when there are dipole-dipole interactions,
leading to non-redispersible powders. Moreover, coating with surfactant of low glass
transition temperature (e.g. lecithin) may induce high cohesive forces between the
particles (Vehring, 2008).
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Fig.2. Particle size distribution of powders containing phenytoin-loaded uncoated
nanocapsules using 5% maltodextrin (solid line) and phenytoin-loaded chitosan-

coated nanocapsules with 5% (dashed line) and 1.75% (w/v) maltodextrin (dotted line).

However, in order to improve drug content (mg of phenytoin/g of powder) in the final

spray-dried powder, a minimal amount of adjuvant would be desirable. Therefore, a
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lower concentration of maltodextrin (1.75% w/v) was tested. At this concentration, the
yield of the process to dry the uncoated nanocapsules was 0% due to the high powder
adherence to the equipment walls. In this case, the nanocarriers can affect the
stickiness of the powder, enhancing it adhesive and plastic features during the drying
process (Drapala et al., 2017). When the concentration of the adjuvant is not high
enough to protect nanocapsules from the thermal stress, high adherence on the
cyclone wall is expected (Mdiller et al., 2000; Tewa-Tagne et al., 2006). Moreover, high
MW molecules (e.g. chitosan) usually are more stable to stress, compared to those of
low MW such as lecithin (Drapala et al., 2017). Consequently, the powders prepared
from chitosan-coated nanocapsules using maltodextrin at 1.75 % (w/v) had a yield of
65% and a good redispersion profile, as observed in Fig. 2, with a D[4,3] value of 951
nm and SPAN of 3.008. The redispersibility behavior of the spray-dried powders were
highly dependent on the surface composition of the LNC.

Based on the data discussed above, the powder containing chitosan-coated
nanocapsules was selected for further studies. Firstly, their detailed physicochemical
characteristics (SD-CS-LNC and SD-PHT-CS-LNC) were evaluated, as shown in
Table 2. The process of spray-drying had high yields (70-74%), with low residual water
content in powders (< 2%), confirming the suitability of the operational conditions.
Phenytoin content (3.97 + 0.18 mg.g™!) was similar to the expected drug loading (3.96
mg.g?). The powder containing phenytoin presented larger geometric mean diameter
(114 £ 6 pm) than that without it (69 + 9 um) due to the higher particle density, which
increases agglomeration under the action of the air flow used in the laser diffraction

technique.

Table 2. Physicochemical characteristics of spray-dried powders containing chitosan-

coated nanocapsules with and without drug (n = 3; mean = SD).

ield idual Drug Particle size distribution*
Formulation vie Residua content
(%) water (%) D[4,3] um SPAN

(mg.g™")

SD-CS-LNC 74+2 |1.63+1.55 69+9 3.03+0.59
SD-PHT-CS-LNC | 70+1 [1.79+0.29 | 3.97+0.18 114 +6 3.38+0.13

*dry dispersion in the laser diffraction analysis.

In order to further evaluate their water redispersion behavior, these powders were

dispersed directly into the wet sample dispersion unit and characterized by laser
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diffraction. Data were obtained as volume (Fig. 3A) and number-weighted particle size
distribution (Fig. 3B). Initially, particle size distribution of the dried particles was
evaluated for 5 min, every 1 min. However, practically no change in the volume-based
redispersion profile was observed after 2 min, and all subsequent analyses were
stopped after this time had elapsed. The volume-based redispersion profiles indicated
that both formulations had large particle size distribution (Fig. 3A). The values of D[4,3]
were 1038 + 166 nm and 1041 = 79 nm for powders prepared with unloaded and
phenytoin-loaded chitosan-coated LNC, respectively, demonstrating that the particle
size of the original dry powders decreased (Table 2).

In order to evaluate the influence of the micrometric population in the particle size
distribution, both profiles were analyzed as number-weighted particle size distribution
(Fig. 3B). The mean surface area moment values (D[3,2]) were 425 nm + 160 nm (SD-
CS-LNC) and 436 nm £ 19 nm (SD-PHT-CS-LNC), revealing the existence of a
negligible micrometric population. Furthermore, the particle size distribution obtained
by laser diffraction as well as the drug content of powders were assessed for 90 days.
These values remained similar to their initial ones (data not shown), which indicates a
good physicochemical physical stability of the spray-dried powders during storage at

room temperature (25°C) and protected from light.
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Fig.3. Volume (A) and number-weighted (B) particle size distribution of powder
containing unloaded chitosan-coated lipid-core nanocapsules (dashed line) and
phenytoin-loaded chitosan-coated lipid-core nanocapsules (solid line) 2 min into

analysis.

Morphology of the spray-dried powders as well as the recovery of nanocapsules after

their redispersion in water were analyzed by SEM (Fig. 4). Dried particles of different
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sizes arranged as large ‘bunch of grape’-type microagglomerates (Drapala et al., 2017)
(Fig. 4A), corroborating the broad particle size distribution of the powders as measured
by laser diffraction. However, after redispersion in water (Fig. 4B), these
microagglomerates disintegrated and the nanocapsules adsorbed on their surface
were released into the agueous medium. This structure, composed of a coating layer
of the nanocapsules, can be explained considering the droplet-to-particle conversion
during the drying process. When two components of different sizes are mixed
(maltodextrin and nanocapsules, in the present study), single particles are formed. In
the beginning of the drying process, these components are distributed homogeneously
in the droplet. But during solvent evaporation, the meniscus region induces capillary
flow, causing the self-assembly of the nanopatrticles into the close-packed structure.
Due to the buoyancy force, small particles can move easier and faster to the meniscus
region than large particles. For this reason, this process is responsible for the coating
of larger components by the smaller particles (Nandiyanto and Okuyama, 2011).
Moreover, to confirm that the nanostructures observed by SEM after powder
redispersion were due to the presence of nanocapsules, an additional powder was
prepared from a dispersion of phenytoin, polysorbate 80, sorbitan monostearate, and
lecithin without any polymer and oil. Larger microagglomerates were obtained (Fig.
4C). After contact with water, these particles were solubilized, and all components
were leached on absorbent paper (Fig. 4D), demonstrating the absence of hydrophobic
nanostructures. As the last step in this morphological evaluation, the sphericity of the
microagglomerates calculated from the SEM images showed roundness indices of
about 0.75 before and after redispersion. According to the Powers’ Scale of
Roundness (Powers, 1953), indices between 0.70 and 1.00 indicate almost spherical
particles. This index represents the spherical shape of the dried microagglomerates,
the nanocapsules released after redispersion in water, as well as the remaining

nanocapsules/maltodextrin agglomerates.



Fig.4. SEM images of (A) spray-dried phenytoin-loaded chitosan-coated LNC, (B)
nanocapsules in the aqueous redispersion of the spray-dried powder, (C) spray-dried
dispersion of phenytoin (without polymer or oil) and (D) agueous redispersion of the

spray-dried dispersion of phenytoin (2,000x).

3.2.1 Reconstitution of spray-dried powders in water: physicochemical properties

For better understanding of the results this issue, reconstitution was defined as the
returning to the liquid state by adding water while redispersion or redispersibility is the
capacity of recovering the nanometric profile of the original suspension. In
extemporaneous preparations, like powders for reconstitution, itis necessary to ensure
good redispersibility and stability. Therefore, particle size, zeta potential, pH, and drug
content were evaluated after reconstitution of the spray-dried powders containing
phenytoin-loaded chitosan-coated nanocapsules. Nanoparticles have a natural
tendency to aggregate due to attractive interaction of their surfaces when they are
close to each other, reducing the number of primary nanoparticles in dry systems.
During a reconstitution procedure, sometimes it is necessary to use external energy
such as ultrasound, stirring, and mechanical vibration to overcome attractive forces
between nanoparticles (Hakim et al., 2005). In this study, only the mechanical agitation
was evaluated to reconstitute the powders, since it is an easy, fast, and viable method

for further in vivo experiments and therapeutic applications. Hence, the powders were
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reconstituted in ultrapure water to recover drug content of the original nanocapsules
(0.25 mg.mLY) in a vortex-shaker for 2 min. The reconstituted powder had a
redispersibility index of 72 + 4%, compared to the original nanocapsules suspension,
and their profiles of particle size distribution do not alter during the redispersibility
analyses (Fig. 5) and they were similar to the redispersion profile of the spray-dried
powder previously discussed in Fig. 3. These results confirm that the powders are
redispersible, partly recovering their original nanometric population. Spray-dried
powders that have redispersibility > 90% are considered fully redispersible, while
powders with < 50% is considered non-redispersible (Hong et al., 2014).
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Fig.5. Particle size distribution of chitosan-coated lipid-core nanocapsules (white area)
and their reconstituted powder (black/hatched area). The black area represents the

percent volume of particles with exclusively nanometric profile in the redispersion.

Furthermore, Table 3 shows the detailed physicochemical properties of the
reconstituted powder just after the reconstitution and after 24 h of storage at room
temperature (25°C) and protected from light. They had a mean diameter of 345 + 1 nm
and polydispersity index of 0.36 £ 0.04, confirming the nanometric population. These
results were in the range between the mean diameter of the original nanocapsules and
the dry powder, indicating the presence of released LNC and LNC/maltodextrin
agglomerates, as demonstrated by SEM analyses. The agglomeration of the particles
may have been caused by the high initial feed concentration (Nandiyanto and
Okuyama, 2011; Tewa-Tagne et al., 2006; Vehring, 2008), as previously discussed.

The positive surface charge of chitosan-coated nanocapsules (+20 £ 4 mV) remained

unchanged, showing that no destabilization of the chitosan coating on nanocapsules
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occurred during the spray-drying process and after the powder reconstitution in water,
as redispersed particles. The drug content was similar to the expected concentration
(0.25 mg.mL™?), suggesting no precipitation of phenytoin in the reconstitution medium.
Also, the pH value was higher compared to the original suspension, which can be
explained by the presence of hydroxyl moieties of the maltodextrin in the agqueous
medium. As phenytoin is a weakly acidic drug and has a low water solubility, higher
pH values could be considered even more adequate to avoid its precipitation in an
acidic environment (Alvarez-Nufiez and Yalkowsky, 1999).

In addition, it is important to ensure the minimum physical stability of the reconstituted
powder. Consequently, it was kept immobilized after reconstitution in water for 24 h,
when it was mildly stirred before analysis. No significant difference was found in the
mean particle diameter (359 £ 64 nm), polydispersity index (0.42 £+ 0.15), drug content
(0.257 + 0.01 mg.mL?), and zeta potential (+18 + 2 mV) in comparison to initial
parameters (p > 0.05). A slight increase in pH (6.00 + 0.04) was observed. These
results showed that the reconstituted powder was stable for 24 h, considering that the
chemical nature of the powder’s surface after reconstitution in water is a critical factor

for its physicochemical characteristics.

Table 3. Physicochemical characterization of reconstituted powder containing
phenytoin-loaded chitosan-coated nanocapsules just after reconstitution (0 h) and after

24 h of storage (n = 3, mean £ SD).

Physicochemical parameters Oh 24 h
Mean diameter (nm) 3451 359+ 64
Polydispersity index 0.36 + 0.04 0.42 +£0.10
Zeta potential (mV) +20+4 +18+2
pH 5.86 + 0.032 6.00 £ 0.042
Drug content (mg.mL?) 0.255+0.01 0.257 £ 0.01

2 statistical difference between 0 and 24 h (p < 0.05; test t-Student).



76

3.3 Stability study in simulated gastrointestinal fluid

Besides the good physicochemical stability, nanotechnological formulations for oral
administration should have appropriate gastrointestinal stability. In the literature,
simulated gastrointestinal media have been used to evaluate the stability of
nanocarriers (Li et al., 2016; Roger et al., 2009) due to the variation in pH and the
presence of enzymes that could trigger the aggregation of nanoparticles in these fluids
(Roger et al., 2009). In addition, the lipolysis (digestion) of oral lipid-based formulations
in the gastrointestinal tract can affect the solubility, dissolution, and bioavailability of
poorly water-soluble drugs. Many of the compounds present in the lipid nanocarriers,
such as phospholipids and polysorbates, have ester groups that may be hydrolyzed by
lipases, like the pancreatic lipase, the main enzyme involved in this process and
present in the intestinal medium (Carriere, 2016). Therefore, particle size should be
monitored in these fluids, evaluating the degradation of lipid nanosystems (Carriére,
2016; Klinkesorn and McClements, 2009).

The stability of phenytoin-loaded chitosan-coated LNC suspension and its respective
reconstituted powder in SGF and SIF were evaluated. In order to rule out the
interference of SGF and SIF in the laser diffraction analyses, these media were also
analyzed without any formulation. No influence of SGF was observed due to the
complete solubilization of all components of this medium, which did not reach the
obscuration index (2%) during the laser diffraction analysis. However, the particles
dispersed in SIF were 567 nm in mean size. Table 4 shows patrticle size distribution
data of chitosan-coated nanocapsules and their redispersible powders in simulated
fluids at times 0, 1, 2, and 3 h, which corresponds to gastric emptying time. The
nanocapsules had D[4,3] (v) values ranging from 195 to 231 nm, which were close to
their original size (193 £ 16 nm). No agglomeration of particles was observed after
precipitation in SIF and SGF. Although no changes were observed in particle size
distribution of chitosan-coated nanocapsules in both media, a shift was observed in
d0.9(v) values in SIF compared to SGF, corresponding to an increase from 354 + 3 nm
to 405 = 10 nm (p < 0.05). This may be explained based on the influence of the
nanometric size of the particles of the intestinal medium (around 500 nm), as discussed
above, in particle size distribution profile of chitosan-coated nanocapsules. This
hypothesis can be supported also by increase in size observed in the d0.9(v) values
for uncoated nanocapsules, from 333 £ 04 nm (SGF) to 347 £ 10 nm (SIF) (p < 0.05)
(Supplementary Material Fig.S3).
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Regarding the reconstituted powders, no statistical difference was found in the particle
size distribution over time in SGF and SIF (p > 0.05). The D[4,3] (v) of redispersible
powders containing chitosan-coated nanocapsules varied from 1082 to 1112 nm,
which are similar to their initial mean particle size (1109 + 7 nm). The d0.9(v) values of
2232 + 16 nm in SGF were also similar to those observed in SIF (2210 = 36 nm) (p >
0.05). The constituent particles of SIF influenced redispersed powder data less
intensely, compared with those nanocapsules data, probably due to its higher mean
particle size. Despite this, chitosan-coated nanocapsules as well as their redispersible
powders showed good gastrointestinal stability.

Table 4. Particle size distribution data for phenytoin-loaded chitosan-coated lipid-core
nanocapsules and their redispersible powder in simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF) at 0, 1, 2, and 3 h.

Nanocapsule suspension Redispersible powder
Diameter (mean, um £ SD) (mean, um £ SD)
SGF* SIF* SGF* SIF*
D[4,3] (v) 196 +1 225+ 6 1104 + 6 1097 + 15
do.1 (v) 76£0 81+2 290+ 3 288+ 9
do.5 (v) 162 +1 177+ 4 842+ 6 837 %9
d0.9 (v) 354+3 405 + 10 2232 +16 2210 + 36

* time interval of 0 — 3 h in each fluid.

3.4 In vitro drug release

Although the spray-dried powder containing chitosan-coated LNC showed suitable
physicochemical and agueous redispersion properties as a powder for reconstitution,
it is important to evaluate the impact of the spray-drying process on their drug release
profiles in the gastrointestinal environment. Therefore, in vitro drug release profiles of
phenytoin-loaded chitosan-coated LNC (PHT-CS-LNC) and their redispersible powder
(SD-PHT-CS-LNC) in SGF and SIF were studied.

Figure 6 shows the drug diffusion profile from a phenytoin solution (Fig. 6A), and the
release profiles from chitosan-coated LNC and their redispersible powder (Fig. 6B).
Non-encapsulated phenytoin reached 85% and 100% of diffusion across the dialysis
bag after 8 hin SGF and SIF, respectively. The lower non-encapsulated drug diffusion

in the gastric fluid may be explained by its lower solubility in this fluid (acidic pH).
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Chitosan-coated LNC controlled drug release in both media in comparison with non-
encapsulated phenytoin, releasing 74% and 72% of drug in SGF and SIF, respectively,
after 48 h. These data showed that the influence of pH-dependent solubility on the drug
release profiles could be overcome by drug nanoencapsulation. Similar data were
observed for the reconstituted powder, which released 69% and 64% of the drug in
SGF and SIF, respectively, at the same time interval. Besides that, no significant
difference was observed between the drug release profiles from nanocapsules and
redispersible powder through analysis of their kinetic constants in gastric (K2= 0.014 h-
1+0.001 and K2 = 0.013 h1 +£ 0.001) and intestinal medium (K2= 0.013 h* + 0.003 and
K2 = 0.011 h! £ 0.000), respectively (p> 0.05), showing that the spray-dried process
controlled phenytoin release by the LNC.
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Fig.6. Drug released (%) from phenytoin solution (A), phenytoin-loaded chitosan-
coated lipid-core nanocapsules, and their redispersible powder (B) in simulated
gastrointestinal fluids.

3.5 In vivo experiments

A pilocarpine-induced seizures model, which was first described by Turski et al. (1983),
was used to evaluate the in vivo anticonvulsant efficacy of the reconstituted spray-
dried powder containing nanoencapsulated phenytoin. This model was chosen due to
similarity to human temporal lobe epilepsy (TLE) (Borges et al., 2003). In the present
study, an acute model was used to chemically induce seizures by pilocarpine, which
are characterized by a typical pattern of action in mice, such as salivation, for example,
which is caused by activation of muscarinic receptors. Moreover, pilocarpine activates
phospholipase C, producing diacylglycerol and inositol triphosphate, and promoting
alterations in calcium and potassium gradients, hence promoting excitability (Tawfik,
2011).

Animals were divided in four different groups, which were given (1) water (control), (2)
non-encapsulated phenytoin (PHT) suspension in water, (3) powder containing
unloaded cationic nanocapsules (placebo powder, SD-CS-LNC), and (4) redispersible
powders containing phenytoin-loaded cationic nanocapsules (SD-PHT-CS-LNC).
Phenytoin 10 mg.kg*day* was administrated by gavage to groups 2 and 3, whereas
a similar volume of water or resuspended placebo powder were administered for
groups 1 and 4. The treatment lasted 7 days in order to reach steady-state plasma
concentration due to nonlinear pharmacokinetic of phenytoin. Body weight of all
animals in all groups was essentially constant throughout the treatment time (p > 0.05)
(Supplementary material Fig.S4).

In pilot experiments, the dose of 2.5 mg.kgtday? in the group treated with phenytoin-
loaded nanocapsules did not show significant anticonvulsant effect in mice. Before
that, the powder containing phenytoin-loaded nanocapsules was resuspended in water
(1 mg.mL™1), according to the procedure described in section 2.3.1 in order to reach
the maximum drug concentration to keep suitable physicochemical characteristics,
such as nanometric particle size (840 + 36 nm), pH (5.86 + 0.09), and drug content
(1.04 + 0.03 mg.mL?), and to ensure appropriate oral gavage in mice. The powder
containing unloaded nanocapsules also presented similar properties (819 £ 65 nm; pH

5.97 £ 0.03) with the dilution with the same volume of water.
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Figure 7 shows the effect of all groups on pilocarpine-induced seizures. No differences
were observed between treatments in the latency to myoclonic seizures (p > 0.05; Fig.
7A). On the other hand, an increase in latency to generalized seizures in the group
treated with redispersible powder containing phenytoin-loaded cationic LNC was
observed (Fig. 7B), showing a superior anticonvulsant effect compared with non-
encapsulated phenytoin suspension (p < 0.05) and the placebo powder (p < 0.05).
Besides that, this redispersible powder reduced the severity of seizures (Fig. 7C) and
significantly increased the survival time of animals (p < 0.05; Fig. 7D). These data
confirm the results published by Wang et al. (2016) using the pilocarpine model, who
developed phenytoin-loaded non-electroresponsive and  electroresponsive
nanoparticles. The authors observed that the group treated with the phenytoin solution
did not show significant increase in latency to generalized seizures, compared to a
control, while mice treated with electroresponsive nanopatrticles showed higher latency
to generalized seizures as opposed to rats treated with non-electroresponsive

nanoparticles.
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Fig.7. The in vivo anticonvulsant effect of the powder containing nanocapsules in the
pilocarpine-induced seizures model. The effect of non-encapsulated phenytoin (PHT),
redispersible powder containing phenytoin-loaded cationic nanocapsules (SD-PHT-
CS-LNC) and redispersible powder containing unloaded cationic nanocapsules (SD-
CS-LNC) on the latency to myoclonic seizures (A), on the latency to generalized
seizures (B), seizure stage (C), and survival time of the animals (D). * p < 0.05,

compared to non-encapsulated phenytoin; #p < 0.05, compared to SD-CS-LNC.

The group of mice treated with redispersible powder containing phenytoin-loaded
nanocapsules showed better response to generalized seizures compared to those
treated with the non-encapsulated drug, which exhibited no effect after treatment with

this dose. In addition, the placebo redispersible powder did not have significant
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anticonvulsant effect. This finding suggests that the nanoencapsulated drug is
responsible for its activity. Ying et al. (2014) demonstrated that unloaded
electroresponsive hydrogel nanoparticles modified with angiopep-2 did not present
antiepileptic effect on amygdala-kindled seizures, compared to saline. However, they
were able to transport phenytoin into the brain, improving its anticonvulsant effect.
Based on the results described above, chitosan-coated LNC could be used as drug
shuttles through the blood brain barrier (BBB), as proposed by Rodrigues et al. (2016)
for polysorbate-80-coated LNC. However, the mechanism underlying drug targeting
from cationic nanocapsules into the brain after oral administration has not been
clarified, requiring further research based on the novel in vivo data obtained in this
study.

4. Conclusion

Spray-dried powders containing chitosan-coated lipid-core nanocapsules were
formulated using maltodextrin (1.75% w/v) as a powder for reconstitution. Chitosan
coating was fundamental to improve the aqueous redispersibility of powders.
Moreover, the spray-dried powders had good physicochemical and gastrointestinal
stability after reconstitution in water, partially recovering the nanometric properties of
the original suspensions. The spray-drying process did not alter the drug release
behavior in gastric and intestinal fluids. Moreover, redispersible powders containing
phenytoin-loaded nanocapsules improved pilocarpine-induced seizures, being a

promising approach for adult and pediatric anticonvulsant treatment.
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APRESENTACAO

O segundo capitulo da tese avaliou o uso de nanocapsulas de nuacleo lipidico
carregadas com fenitoina como uma abordagem inovadora para melhorar as
caracteristicas tecnolégicas e a performance in vivo de granulos obtidos por leito
fluidizado. Essa técnica consiste de uma etapa Unica de granulacdo e secagem, em
um mesmo equipamento, a qual tem sido empregada para a producéo de granulos
com boas propriedades de fluxo, estabilidade e aumento da velocidade de dissolugéo
do farmaco. Os granulos foram produzidos a partir de um substrato, composto por
maltodextrina e fenitoina, e uma suspensao de nanocépsulas de fenitoina e/ou agua
como aglutinante, obtendo-se granulos contendo uma combinacdo de fenitoina
encapsulada (10%) e nao encapsulada (90%) ou somente o farmaco néao
encapsulado, respectivamente. Em seguida, os granulos foram avaliados em relacao
as propriedades fisico-quimicas e de fluxo, a recuperacdo das caracteristicas
nanometricas apos redispersao aquosa, a liberagcdo do farmaco in vitro em fluido
intestinal e ao efeito anticonvulsivante dos granulos redispersos. Este artigo esta em
fase de redacdo para posterior submissdo a periddico cientifico de circulacdo

internacional.
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ABSTRACT

Fluid bed is a drying technique used to produce pharmaceutical granules with good
flowability properties, stability and enhanced drug dissolution. In this study, the use of
phenytoin-loaded nanocapsules suspension as binder in the production of fluidized
bed granules of phenytoin (PH) was evaluated on their flow, granulometric properties,
in vitro drug release and anticonvulsant effect. Granules showed good yields (73-82%)
and low moisture content (< 5%). An increase in the granule mean size (122 pm) was
observed compared with maltodextrin primary particles (50 um) due to the formation
of solid bridges in the granules containing nanocapsules (FB-LNCprh), whose increase
was not observed for granules prepared with the non-encapsulated drug (FB-PH).
Moreover, FB-LNCpH granules presented a good flow, moderate cohesion and no
caking. Their nanometric properties were recovered after reconstitution in water (3
mg.mL* of phenytoin), releasing the nanocapsules from the granule surface, showing
redispersibility around 90%. The drug release from redispersed granules was slower
than from ethanolic solution in the intestinal fluid. The presence of nanocapsules and
the particle size influenced on this process. The granules containing phenytoin-
nanocapsules increased the latency to myoclonic and generalized seizures. Taking
into account that 10% of the total drug is in the encapsulated form, redispersed
granules had a promising anticonvulsant effect. Hence, the use of nanocapsules as
binder was an innovative approach to produce fluidized bed granules of phenytoin with

improved technological and biological properties.

Keywords: fluidized bed granules, nanocapsules, phenytoin, flowability,

redispersibility, anticonvulsant effect.
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1. Introduction

Lipid-core nanocapsules (LNC) are nanocarriers that have an organogel structure
(core) composed of a liquid and a solid lipid surrounded by a polymeric wall and
stabilized by polysorbate 80 micelles (CE et al., 2016; VENTURINI et al., 2011). In
order to improve the biological effects, their surface may be chemically modified by
electrostatic interactions between lecithin and chitosan molecules in a coating layer
(BENDER et al., 2012). Besides that, the improvement of the pharmacological effects
of encapsulated drugs that act in the Central Nervous System has been demonstrated
(CARRENO et al., 2016; DIMER et al., 2015; RODRIGUES et al., 2016). According to
these studies, LNC cross the blood-brain barrier (BBB) delivering the drug into brain
by oral and intravenous route. In this scenario, the nanoencapsulation of an
anticonvulsant drug as phenytoin (PH), which is used in the treatment of the epilepsy
and requires plasma monitoring due to its narrow therapeutic index and its adverse
effects such as hypotension, arrhythmia and gingival hyperplasia (BATCHELOR,;
APPLETON; HAWCUTT, 2015; DELEU; AARONS; AHMED, 2005; MEGIDDO et al.,
2016) is a subject to be investigated.

Moreover, LNC suspensions can be converted into dried powders through different
drying process in order to increase their physicochemical and microbiological stability.
Freeze-drying has been described as a good technological strategy to dry
nanocapsules, depending on the choice of the cryoprotect or drying excipient.
However, the great disadvantage is the poor flow properties of the freeze-dried
powders (SCHAFFAZICK et al., 2003). On the other hand, spray-drying has been
widely applied to dry polymeric nanocapsules (HOFFMEISTER et al., 2012; RIBEIRO
et al., 2016; TEWA-TAGNE; BRIANCON; FESSI, 2006). This method is known to
produce size-controlled and specific morphology particles by handling the process
parameters (NANDIYANTO; OKUYAMA, 2011). Moreover, it is necessary to select an
adequate drying adjuvant to avoid or reduce stickiness, and consequently the wall
deposition, with impact on the cohesion and flowability properties of the final product
(KESHANI et al., 2015; TEWA-TAGNE; BRIANCON; FESSI, 2006).

Regarding the production of solid dosage forms containing nanocapsules, Friedrich et
al. (2010) produced granules containing dexamethasone-loaded nanocapsules using
a wet granulation process, which consisted of multi-steps: wet mixture, sieving and

drying. The granules had good physicochemical stability (until 6 months), recovering
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the nanocapsules after redispersion in water. However, these granules showed poor
flow properties. More recently, fluidized bed granules containing blank nanocapsules
were developed by our research group, evaluating the role of the cationic coating in
the production of redispersible granules and on their physicochemical properties
(ANDRADE et al., 2018). Fluidized bed granulation has been widely used in the
pharmaceutical industry to produce granules because it can be easily scalable, has
large capacity and low capital cost (BRIENS; BOJARRA, 2010). It comprises a single-
step granulation process, reducing the production time. Besides that, in general, it
provides granules with good flowability and drug content uniformity (BRIENS;
BOJARRA, 2010; BURGGRAEVE et al., 2013). Taking these comments altogether,
fluid bed granulation represents an interesting tool to produce solid dosage forms from
liquid nanocapsule suspensions, as an approach to turn them in a commercial product.
However, there is still a lack of knowledge about the effects of using drug-loaded
nanocapsules as a liquid binder in the production of fluid bed granules. Therefore, the
aim of this study was to evaluate the use of phenytoin-loaded nanocapsules
suspension as binder on the technological properties and in vivo performance of
fluidized bed granules containing phenytoin. These granules were produced using
water or phenytoin-loaded nanocapsules as the binder system and a mixture of
maltodextrin and non-encapsulated phenytoin as the substrate. Consequently, they
were produced with the non-encapsulated drug or the combination of non-
encapsulated and encapsulated phenytoin. The effects of the presence of
nanocapsules in the binder system were evaluated on the technological properties of
granules, recovery of the original nanometric characteristics, in vitro drug release and

in vivo performance using an anticonvulsant model in mice.

2. Materials and methods

2.1 Materials

Maltodextrin (dextrose equivalent 9 — 15%) was supplied by Fagron (S&o Paulo,
Brazil). Low molar weight chito