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APRESENTACAO

De acordo com as normas vigentes no Estatuto do Programa de Pés-
Graduacao em Ciéncias Farmacéuticas, da Universidade Federal do Rio Grande do
Sul, a presente dissertacdo foi redigida na forma de capitulos, para uma melhor
organizacdo e discussdo dos resultados obtidos. Assim, este trabalho encontra-se
dividido da seguinte forma:

e Introducédo, contendo a apresentacdo do tema e a formulacdo das hipéteses de
trabalho;

e Obijetivos: geral e especificos;

e Reviséo da literatura;

e Capitulos | e II: artigos em redacdo que se referem as diferentes etapas do
trabalho realizado a serem submetidos a periddicos cientificos;

e Discusséo geral;

e Conclusoes;

e Referéncias bibliogréficas;

e Anexo: Parecer do Comité de Etica.






RESUMO

O presente trabalho visa desenvolver microparticulas na forma farmacéutica pé
inalatério contendo levodopa, um farmaco empregado no tratamento da doenca de
Parkinson. As microparticulas foram preparadas pela técnica de secagem por aspersao
utilizando os polimeros &cido hialurénico, quitosana e hidroxipropilmetilcelulose.
Desenvolveu-se método analitico indicativo de estabilidade por cromatografia liquida de
alta eficiéncia (CLAE) para o controle de qualidade da formulacdo, bem como, estudos
preliminares de estabilidade e determinacdo da cinética de fotodegradacédo. Utilizou-se
coluna analitica ACE® RP-18 com tampao fosfato monobdasico 0,01 M, ajustado a pH
3,0 como fase mével, com vazédo de 1,0 mL/min e deteccdo em 280 nm. A linearidade
foi obtida na faixa de concentracdo de 10-60 pg/mL (r?=0,9999) (a=5%). Os limites de
guantificacdo e deteccdo foram 208 ng/mL e 46,8 ng/mL, respectivamente. Os
excipientes e produtos de degradacdo ndo apresentaram interferéncia na eluicdo da
levodopa. Resultados adequados foram encontrados para repetibilidade, precisao
intermediaria (<2% DPR), exatiddo e robustez. Os resultados de recuperacao estiveram
na faixa de 100,01% a 100,93%. A cinética de fotodegradacdo em solucao frente a luz
UVC indicou reacdo de segunda ordem. A caracterizacdo da formulacdo demonstrou
resultados satisfatorios em relacdo ao teor, diametro aerodinamico, densidade, teor de
umidade e morfologia. A formulacéo apresentou tamanho de particula inferior a 16,2 ym
e formato arredondado com estrutura oca. A densidade de compactacdo mostrou
valores entre 0,06-0,08 g/cm® e diametro aerodindmico abaixo de 5 um, sugerindo que
0S pOs sao apropriados para a deposicao nas regides mais profundas do pulméo. Além
disso, realizou-se estudo de citotoxicidade pulmonar in vivo, o qual demostrou que a
administracao intratraqueal das microparticulas ndo induziu aumentos significativos dos
indicadores de toxicidade pulmonar, em comparagdo ao grupo controle-positivo.
Portanto, a avaliacdo da toxicidade aguda sugere que a liberacdo pulmonar de

levodopa pode ser uma nova e promissora via de administragédo para este farmaco.

Palavras-chave: levodopa, pulmonar, microparticulas, secagem por aspersao,

validacdo de método analitico.






ABSTRACT

Development and Quality Control of levodopa microparticles for pulmonary
delivery.
The aim of this study was to develop microparticles containing levodopa for pulmonary
delivery, a drug used in the treatment of Parkinson’s disease. The microparticles were
prepared by spray-drying using the polymers hyaluronic acid, chitosan and
hydroxypropyl methylcellulose. A stability-indicating method was developed and
validated for quality control by high performance liquid chromatography (HPLC), as well
as, stability studies and photodegradation kinetics. The analytical column ACE® RP-18
was operated with 0.01 M monobasic potassium phosphate, adjusted to a pH value 3.0
as mobile phase, at a flow rate of 1.0 mL/min with detection wavelength at 280 nm.
Linearity was obtained over the concentration range of 10-60 pg/mL (r=0.9999) (0=5%).
The quantification limit and detection limit were 208 ng/mL and 46.8 ng/mL, respectively.
Excipient ingredients and resulting degradation products had no interference in the
levodopa elution. Adequate results were found for repeatability, inter-day precision (<2%
RSD), accuracy and robustness. The recovery results were in the range of 100.01% to
100.93%. The photodegradation kinetics in solution front to UVC light indicated the
second-order reaction. The formulation showed satisfactory results for drug content,
aerodynamic diameter, density, water content and morphology. The formulation
presented particle size below 16.2 ym and spherical shape presenting a hollow
structure. The tapped density ranged from 0.06-0.08 g/cm® and an aerodynamic
diameter smaller than 5 pum, suggesting that the powders are appropriated for deep lung
deposition. Besides that, a cytotoxicity study in vivo was performed which showed that
microparticles intratracheal administration did not induce significant increases of lung
toxicity indicators compared with the positive control. Therefore, the acute lung toxicity
evaluation suggests that pulmonary levodopa delivery could be a new and promising

administration route for this drug.

Keywords: levodopa, pulmonary, microparticles, spray-drying, analytical method

validation.
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1. INTRODUCAO







A doenca de Parkinson (DP) é caracterizada pela degeneracdo dos neurbnios
dopaminérgicos da substancia negra e por inclusdes neuronais conhecidas por
corpusculos de Lewy. Devido ao aumento da expectativa de vida média da populagéo
mundial, a doenca de Parkinson e demais doencgas neurodegenerativas tém se tornado
um problema de saude publica mundial (BRASIL, 2002).

A levodopa € o farmaco que proporciona o alivio mais eficaz dos sintomas
motores da doenca, sendo considerada o farmaco de escolha para o tratamento (LANG
e OBESO, 2004; SEEBERGER e HAUSER, 2007). Devido ao seu sucesso terapéutico
em pesquisas clinicas e experimentais, a levodopa vem sendo estudada a fim de
desenvolver uma formulacdo que permita niveis sanglineos estaveis e sustentaveis
durante o dia, podendo, assim, promover beneficios aos pacientes portadores da
doenca e diminuir o desenvolvimento de flutuacbes motoras e possivelmente
discinesias (SEEBERGER e HAUSER, 2007).

A ampla area de superficie epitelial, a alta vascularizacéo, o fino epitélio alveolar
e a imensa capacidade de troca de soluto sdo fatores que consideram a via pulmonar
uma via alternativa para a administracdo de farmacos que visam o tratamento de
enfermidades sistémicas (SCHEUCH et al., 2006). Assim sendo, a via de administracéo
pulmonar tem apresentado um crescente interesse, como uma alternativa ndo-invasiva
para liberacdo de farmacos para tratamento local e sistémico (LIU et al., 2008).

A microencapsulagéo tem sido foco de inUmeras pesquisas na area farmacéutica
nas Ultimas décadas, envolvendo diferentes objetivos, entre eles a obtencédo de
produtos de liberagdo modificada de farmacos, melhora na estabilidade de farmacos ou
aumento da biodisponibilidade (ESPOSITO et al., 2002).

As microparticulas (1-1000 um) séo geralmente formadas a partir de materiais
poliméricos, podendo ser preparadas através de iniUmeros métodos descritos na
literatura, entre 0s quais encontra-se a secagem por aspersdo (ou spray-drying),
amplamente estudada e cujas vantagens estdo baseadas nos seguintes aspectos:
rapidez e preparacdo em etapa Unica, possibilidade de aplicagdo a farmacos
termossensiveis e a maior facilidade de transposicdo de escala em relagdo a outros
meétodos de microencapsulacdo (CONTE et al., 1994; ESPOSITO et al., 2002).

17



Segundo Seeberger e Hauser (2007), na busca de otimizar a variavel
biodisponibilidade e a insatisfatéria farmacocinética da levodopa, algumas formulacfes
alternativas foram desenvolvidas e estudadas, como: formulagéo intravenosa, sendo
impraticavel para uso prolongado; pro-farmacos de levodopa; liberagdo controlada via
oral; via intraduodenal e desintegracdo oral, contudo nenhuma mostrou-se mais
vantajosa. Na literatura consta apenas um trabalho sobre levodopa via pulmonar, o qual
apresentou propriedades farmacocinéticas superiores a terapia oral. Entretando, o
estudo ndo descreve a formulacdo apenas o estudo farmacocinético (BARTUS et al.,
2004; NYHOLM, 2006).

Assim sendo, devido a biodisponibilidade variavel e as indesejaveis propriedades
farmacocinéticas da levodopa em formulacdes por via oral, o presente trabalho visa
desenvolver uma formulagcdo inovadora de levodopa na forma farmacéutica pé
inalatorio, pela técnica de secagem por aspersdo utilizando os polimeros: acido
hialurénico, hidroxipropilmetilcelulose (HPMC) e quitosana. Oportunizando, desta forma,
a obtencdo de uma possivel formulacdo de liberacdo controlada para a manutencgao
dos niveis plasmaéticos, proporcionando melhora na biodisponibilidade, diminuicdo de
doses diarias e efeitos colaterais, como flutuacbes motoras. A fim de avaliar as
caracteristicas qualitativas e quantitativas desta nova formulacdo, desenvolveu-se
metodologia para o controle de qualidade bem como avaliou-se a toxicidade pulmonar

da mesma por meio do estudo de citotoxicidade pulmonar em ratos.
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2. OBJETIVOS







2.1 Objetivo geral

Preparar e caracterizar microparticulas contendo levodopa na forma farmacéutica p6

para inalagéo.
2.2  Objetivos especificos
e Preparar e caracterizar microparticulas de levodopa pelo método de secagem
por aspersdo (spray-drying), usando os polimeros: acido hialurénico,

hidroxipropilmetilcelulose e quitosana;

e Caracterizar a formulacdo quanto ao tamanho de particula, densidade de
compactacao, diametro aerodinamico, teor de umidade e morfologia;

e Desenvolver e validar método por cromatografia a liquido de alta eficiéncia para

analise qualitativa e quantitativa da forma farmacéutica pé para inalacao;

e Realizar estudos preliminares de estabilidade, identificando os principais fatores

extrinsecos que promovem degradacédo do farmaco em estudo;

e Estudar in vivo a toxicidade pulmonar da formulacéo.
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3. REVISAO DA LITERATURA







3.1. Doenca de Parkinson

A doenca de Parkinson (DP), primeiramente descrita pelo médico inglés James
Parkinson, em 1817, deve-se a processo neurodegenerativo do sistema extrapiramidal
gue resulta em disturbios de controle de movimento, sendo incapacitante e prevalente.
A doenca sintomatica é caracterizada pela perda de 70 a 80% dos neurdnios
dopaminérgicos. Os sintomas classicos sdo bradicinesia (lentiddo dos movimentos
voluntarios), tremor de repouso, rigidez e perda de reflexos posturais (HAUSSEN e
SCHONWALD, 2000; STANDAERT e YOUNG, 2003). Afetando uma a cada 100
pessoas acima dos 65 anos, a doenca de Parkinson € a segunda doenca
neurodegenerativa mais comum depois da doenca de Alzheimer (SINGH et al., 2007).

Devido ao aumento da sobrevida da populagéao, a doenca de Parkinson como todas
as doencas neurodegenerativas, esta se tornando cada vez mais freqiiente em pessoas
idosas de paises desenvolvidos. Com o passar dos anos ocorre um declinio
progressivo da funcdo das células, coincidindo com o declinio progressivo da funcao
mitocondrial. Este fato tem sido reconhecido como fator causal de muitas doencas
neurodegenerativas (SCHAPIRA, 1992; WALLACE, 1992; TURNER e SCHAPIRA,
2001).

Embora a causa exata da doenca seja desconhecida, diversas hipéteses foram
implicadas na sua patogénese tais como: predisposi¢cao genética, acao de neurotoxinas
ambientais, toxinas enddgenas, infec¢des virais, envelhecimento cerebral, aumento da
deposicao de ferro na substancia nigra, a excitotoxicidade por disfuncdo mitocondrial
cronica e estresse oxidativo devido a dois fatores, o aumento da atividade da enzima
monoaminooxidase (MAQO) e a inibicdo da cadeia respiratoria (GU e OWEN, 1998;
TURNER e SCHAPIRA, 2001; MEDIFOCUS, 2008).

3.2. Tratamento farmacoldgico
Foi somente na década de 60, apds a identificacdo das alteracdes patologicas e
bioguimicas no cérebro de pacientes com doenca de Parkinson, que surgiu 0 primeiro
tratamento com sucesso. A introducdo da levodopa representou 0 maior avanco
terapéutico, produzindo beneficios clinicos para praticamente todos os pacientes e
25



reduzindo a mortalidade por esta doenca. No entanto, logo apés a introducdo da
mesma, tornou-se evidente que o tratamento por longo prazo era complicado pelo
desenvolvimento de efeitos adversos que incluem flutuacdes motoras, discinesia
(movimentos involuntarios) e complicacbes neuropsiquiatricas (BRASIL, 2002;
NYHOLM, 2006; SEEBERGER e HAUSER, 2007; MEDIFOCUS, 2008).

A farmacoterapia para a doenca de Parkinson esta focada em farmacos
dopaminérgicos, principalmente precursores da dopamina, como a levodopa, e
agonistas da dopamina (NYHOLM, 2006). A levodopa € considerada o farmaco padréao
ouro para o tratamento da doenca, pois proporciona uma diminuicdo mais eficaz dos
sintomas motores, especialmente rigidez e bradicinesia (SEEBERGER e HAUSER,
2007).

Existem atualmente varios modos de intervenc¢éo farmacolégica sintoméatica:

* Levodopa padrdo ou com formulagcBes de liberacdo controlada, associados com
inibidor da dopadescarboxilase (carbidopa ou benserazida);

« Agonistas dopaminérgicos;

* Inibidores da monoaminooxidase B (MAO-B): selegilina;

* Inibidores da catecol-O-metiltransferase (COMT): tolcapona e entacapona;

* Anticolinérgicos;

« Antiglutamatérgicos: amantadina (BRASIL, 2002; NYHOLM, 2006; SEEBERGER
e HAUSER, 2007).

Uma vez que os sintomas produzem graus de incapacidade e o tratamento
dopaminérgico seja necessario, tanto levodopa ou agonistas dopaminérgicos podem
ser utilizados. Entretanto, levodopa mostrou ser mais eficaz, em estudos controlados
randomizados, no controle dos sintomas motores que 0s agonistas dopaminérgicos
(BRASIL, 2002).

3.3. Levodopa
A sindrome de Parkinson caracteriza-se pelo déficit de dopamina nas vias nigro-
estriatais do cérebro. A levodopa, através da enzima L-aminoacido-descarboxilase, é
convertida em dopamina, principal neurotransmissor depletado na DP. Acredita-se que
a levodopa reponha parte dos estoques deficientes de dopamina no estriato
26



produzindo, portanto, melhora dos sintomas (BRASIL, 2002; HAUSSEN e
SCHONWALD, 2002).

A levodopa, ap6s administracdo oral, é absorvida pelo tubo gastrointestinal
alcangando nivel sérico maximo em 15 a 45 minutos. Na circulagdo, além da converséo
pela dopa-descarboxilase para dopamina, uma fracdo do farmaco € convertida de
maneira irreversivel para 3-O-metildopa, através da enzima catecol-O-metiltransferase
(BRASIL, 2002). Estima-se que a biodisponibilidade oral da levodopa seja de 5% e
aproximadamente 1-3% da levodopa administrada chega inalterada no cérebro, sendo
gue grande parte administrada é descarboxilada pela MAO presente na mucosa
intestinal e em outros locais periféricos. O tempo de meia-vida da levodopa é de 1 a 2
horas (GOODMAN e GILMAN, 1980; BRASIL, 2002; HAUSSEN e SCHONWALD, 2002;
RODRIGUES e CAMPOQOS, 2006).

A levodopa de liberacdo modificada é absorvida no trato gastrointestinal de maneira
controlada, alterando o pico de concentracdo maximo do farmaco para 45 a 90 minutos.
Contudo, devido a baixa biodisponibilidade apresentada, requer aumento da dose em
relacdo a levodopa. As doses diarias iniciais de levodopa sdo usualmente de 200/50
mg/dia (levodopa/benserazida) ou 250/25 mg/dia (levodopa/carbidopa) divididas no
minimo em duas administracbes. As doses sdo ajustadas de acordo com a resposta
clinica. Em geral, a dose média eficaz da forma farmacéutica de liberacdo modificada é
de 600-750 mg/dia de levodopa (BRASIL, 2002).

A biodisponibilidade de farmacos usados para o tratamento crénico da doenca de
Parkinson possui importantes implicagbes na sua utilidade clinica. Farmacos com
biodisponibilidade baixa podem causar uma ampla variagcdo na resposta clinica entre
pacientes e no proprio paciente. Além disso, inidmeros fatores, incluindo sexo, idade e
motilidade gastrica, podem afetar a biodisponibilidade do farmaco (SEEBERGER e
HAUSER, 2007). A velocidade de absorcédo depende, além do esvaziamento gastrico,
do periodo de exposicdo as enzimas de mucosa gastrica e da flora intestinal. A
administracao junto as refeicdes, especialmente volumosas, retarda a absorcéo e reduz
0 pico de concentracdo plasmética em até 30%. Proteinas, presentes nos alimentos,
possuem aminoacidos neutros que competem pelos mecanismos de transporte da
levodopa no jejuno e na barreira hematoencefalica (HAUSSEN e SCHONWALD, 2002).
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Além disso, a absorcéo de levodopa ocorre no intestino delgado proximal, dependendo
do esvaziamento gastrico, o qual é erratico e pode estar diminuido em pacientes que
apresentam a doenca (NYHOLM, 2006).

Para as medicacdes utilizadas no tratamento, otimizar a biodisponibilidade do
farmaco pode diminuir a variabilidade da resposta clinica e minimizar os efeitos
adversos de longo uso como flutuacdes motoras (SEEBERGER e HAUSER, 2007).

Algumas estratégias a fim de melhorar a biodisponibilidade da levodopa foram
desenvolvidas, tais como: liberacao controlada via oral, pré-farmacos de levodopa, co-
administracdo de levodopa com carbidopa, uso de um inibidor de carboxilase ou de
catecol-O-metiltransferase, bem como outras vias de administracdo como: intravenosa
e via intraduodenal, contudo nenhuma mostrou-se mais vantajosa. (NYHOLM, 2006;
SEEBERGER e HAUSER, 2007).

3.4. Descricéao

A levodopa (Figura 1) apresenta as seguintes caracteristicas:

O

HO
OH

NH,
HO

Figura 1: Estrutura quimica da levodopa (THE MERCK Index, 2000).

> Nomes quimicos: (-)-3-(3,4-diidroxifenil)-L-alanina; B-(3,4-diidroxifenil)-L-alanina;
(-)-2-amino-3-(3,4-diidroxifenil) acido propandico

> Classe terapéutica: antiparkinsoniano

> Registro no Chemical Abstracts (CAS): 59-92-7
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Nome no Chemical Abstracts (CAS): 3-hidroxi-L-tirosina

Formula Molecular: C4H,;NO,

Peso Molecular: 197,19;

Composicédo: C 54,82%, H 5,62%, N 7,10%, O 32,45%;

Solubilidade: facilmente solivel em acido cloridrico e acido formico. Solubilidade

YV V V V V

em agua: 66 mg/40 mL. Praticamente insoluvel em etanol, benzeno, cloroférmio e
acetato de etila;
> Faixa de fusdo: 276-278 °C e 284-286 °C.

3.5. Via Pulmonar

A administracdo de farmacos via pulmonar possui inUmeras vantagens comparada
a outras vias, como a oral ou parenteral. Apesar de ser empregada tradicionalmente
para o tratamento de doencas locais, nos ultimos dez anos houve um crescente
interesse pela liberacdo sistémica de farmacos (EDWARDS et al., 2003; LABIRIS e
DOLOVICH, 2003). Os pulmdes possuem alta permeabilidade e vascularizacéo (~500
milhdes de alvéolos), pequena espessura da barreira epitelial (~0,2 um), ampla area de
absorcéo (~75 m?) e atividade proteolitica limitada (PATTON e PLATZ, 1992; CLARK,
2002; COURRIER, 2002; MUCHMORE e GATES, 2006; SCHEUCH et al., 2006; SUNG
et al.,, 2007; LIU et al., 2008). Além disso, é também considerada uma via de
administracao de farmacos néo-invasiva (LABIRIS e DOLOVICH, 2003). A via pulmonar
tem demonstrado seu potencial na absor¢édo tanto de moléculas pequenas, quanto de
macromoléculas (VON WICHERT e SEIFART, 2005). Em geral, moléculas pequenas
com carater hidrofobico apresentam maior biodisponibilidade pela via pulmonar que
pela via oral (PATTON et al., 2004). Moléculas hidrofilicas neutras ou carregadas
negativamente sdo também absorvidas com alta biodisponibilidade (BROWN e
SHANKER, 1983; PATTON et al., 2004). No caso de macromoléculas como peptideos
e proteinas, a liberacdo pulmonar tem apresentado o6timos resultados (PATTON e
BYRON, 2007). Um exemplo de sucesso é a insulina inalatéria para tratar o diabetes
mellitus, que ja esta sendo comercializada em alguns paises (PATTON, 2006).

Dentre outras vantagens da via pulmonar, pode-se destacar também a
farmacocinética reprodutivel, pois a liberacdo pulmonar ndo sofre influéncia de dietas
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alimentares, transtornos gastrintestinais e variacdes entre pacientes (LABIRIS e
DOLOVICH, 2003).

Farmacos podem ser liberados localmente para o tratamento de patologias
respiratérias, como asma ou fibrose cistica. Neste caso, a liberacdo localizada pode
diminuir a dose de farmaco, bem como diminuicdo de efeitos adversos resultantes de
altas doses via sistémica e proporcionar um inicio de acao rapido (SAKAGAMI et al.,
2006; SUNG et al., 2007). Alternativamente, a liberacao sistémica do farmaco pode ser
alcancada através da regido alveolar, onde o farmaco é absorvido pelas finas camadas
de células epiteliais e chega a circulacao sistémica; alcancando, assim, um efeito rapido
e evitando metabolismo de primeira passagem. Além disso, esta via pode ser
considerada uma alternativa para as medicacfes que nao podem ser utilizadas por via
oral, devido a degradacéo enziméatica ou a baixa permeabilidade intestinal (SUNG et al.,
2007).

Basicamente o trato respiratério esta dividido em duas partes: via superior,
compreendendo a cavidade nasal, a laringe e a faringe, e via inferior, constituida pela
traguéia, brénquios, bronquiolos e alvéolos (PATTON e BYRON, 2007; SEVILLE et al.,
2007).

As particulas se depositam no pulmdo, principalmente, por trés mecanismos:
impactacdo por inércia (ou colisdo inercial), sedimentacdo gravitacional e difusédo
browniana. Particulas com didametro aerodindmico superior a 5 um séo depositadas por
impactacdo por inércia na boca e na via aérea superior, particulas menores, entre 1 e 5
pum, depositam-se nos pulmdes por sedimentacdo, enquanto particulas muito pequenas,
menores que 1 um, sdo conduzidas por difusdo, sendo que a maioria permanece em
suspensao e sao depois exaladas (AULTON, 2005; SUNG et al., 2007).

A colisdo inercial ocorre nas regibes superiores do trato respiratério, onde a
velocidade do ar é alta e o fluxo é turbulento. Quando particulas estdo sendo
conduzidas aos pulmdes por uma corrente de ar e encontram uma outra corrente de ar
em sentido oposto, colidirdo com as paredes das vias respiratorias sem seguir a direcao
das correntes de ar. Por sua vez, a sedimentacdo gravitacional é resultado da forca
gravitacional sobre as particulas, sendo um importante mecanismo de deposi¢cdo nas
regides alveolares. Finalmente, a difusdo browniana corresponde ao movimento
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aleatdrio de particulas, resultando em deposi¢do das particulas nas vias respiratorias
inferiores (LABIRIS e DOLOVICH, 2003; SEVILLE et al., 2007).

Assim sendo, o tamanho de particula e a densidade, e conseqgientemente, o
didmetro aerodinamico, sdo os parametros fundamentais na definicdo do local de
deposicao e na biodisponibilidade do farmaco que chega ao trato respiratério (TAYLOR
e KELLAWAY, 2001; SHAM et al., 2004; RABBANI e SEVILLE, 2005; PILCER et al.,
2008). Quanto menor for a densidade das particulas, maior sera a dispersibilidade do
po e a eficiéncia de liberacdo (VEHRING, 2007). A fracdo de po respiravel, usualmente
a fracdo de particulas com didametro aerodinamico entre 1 e 5 um, deve ser a mais alta
possivel a fim de garantir uma deposicdo pulmonar maxima no trato respiratorio
profundo (BOSQUILLON et al., 2001; MUCHMORE e GATES, 2006).

O diametro aerodindmico corresponde ao diametro fisico de uma esfera de
densidade unitaria, que sedimenta no ar com uma velocidade igual a particula sob
analise (AULTON, 2005; CHOW et al., 2007). Forma, carga e higroscopicidade da
particula sdo outros fatores ligados a formulacao capazes de influenciar a deposicéo
(CHOW et al., 2007).

Independentemente do método usado para a producdo de aerosol, antes de
alcancar o trato respiratério inferior, as particulas inaladas devem superar alguns
obstaculos e mecanismos de defesa pulmonar, principalmente a estrutura do trato
respiratério e a camada de muco, a qual protege o epitélio na regido traqueobronquial.
As particulas devem ser pequenas o suficiente para passarem pela boca, garganta,
serem conduzidas pelas vias aéreas e alcancarem o trato respiratorio inferior, mas
também ndo podem ser pequenas demais pois serdo exaladas. Contudo, algumas
particulas serdo removidas do pulméo pela depuracdo mucociliar (RIOS et al, 1994;
GEHR et al., 1996; CLARK, 2002; COURRIER, 2002).

No trato respiratério inferior, ha outros dois mecanismos de defesa: os macréfagos
alveolares e a atividade enzimatica. Os alvéolos estdo protegidos por macréfagos
alveolares, células do sistema imunologico as quais procuram por particulas estranhas
ao longo da superficie pulmonar (SUNG et al., 2007). Entretanto, ndo ha um consenso
em relacdo ao tamanho ideal que a fagocitose possa ser evitada. Alguns autores
descrevem que a atividade de fagocitose € maxima em particulas entre 1 — 2 pm
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(AKHTAR e LEWIS, 1997; AHSAN et al., 2002; MAKINO et al, 2003; GRENHA et al.,
2005), em geral, sabe-se que quanto menor o tamanho da particula maior a chance de
serem capturadas pelo sistema imunoldgico (RUDT e MULLER, 1992; AHSAN et al.,
2002; GRENHA et al., 2005).

Em relagcdo ao segundo mecanismo de defesa, os pulmdes apresentam uma
atividade enzimatica inferior quando comparada a outras superficies mucosas, como
por exemplo a gastrica (EVORA et al., 1998). Entretanto, algumas enzimas foram
identificadas, como inibidores de proteases, isoenzimas da familia do citocromo P-450 e
lisoenzimas (PATTON e PLATZ, 1992; DUSZYK, 2001).

3.6. Secagem por aspersao

A técnica de secagem por aspersao, ou spray-drying, consiste na passagem de uma
solucéo ou suspensédo contendo a substancia ativa, por um orificio atomizador, para a
camara de secagem, onde um fluxo de ar quente promove a rapida secagem das
goticulas. As particulas sélidas secas sdo, entdo, separadas e recolhidas e podem
apresentar-se na forma de poés finos, granulados ou aglomerados (PALMIERI et al.,
1994, 2001).

O processo de secagem por aspersao consiste em quatro etapas fundamentais: 1)
aspersdo da amostra; 2) contato liquido-vapor aquecido; 3) evaporacao; 4) separacao
soélido-gas/vapor. Alterac6es nas condi¢cdes operacionais de secagem, dentre elas a
natureza do material a ser aspergido, velocidade de alimentacdo e a temperatura de
secagem (CONTE et al., 1994; HE et al., 1999; BILLON et al., 2000) ou até mesmo o
modelo do equipamento, influenciam as caracteristicas do produto obtido. Desse modo,
0 tamanho de particula e distribuicdo granulométrica, porosidade, fluxo, umidade,
estabilidade e aparéncia podem ser modificados e/ou controlados alterando-se os
parametros do processo (BILLON et al., 1999; RABBANI e SEVILLE, 2005).

A secagem por aspersao apresenta a vantagem de ser uma técnica rapida, onde a
agua é removida em uma Unica etapa. Pode ser aplicada a farmacos e polimeros
hidrofilicos e hidrofébicos e materiais sensiveis ao calor, além de permitir um controle
do tamanho de particula (PALMIERI et al., 1994; ESPOSITO et al., 2002). Além disso, a
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secagem por aspersao tem sido amplamente utilizada para obtencdo de pos para
inalacdo (BOSQUILLON et al., 2004; GILANI et al., 2004; NAJAFABADI et al., 2004).

3.7 Microencapsulacao

A microencapsulacdo tem sido amplamente estudada na area farmacéutica com
varios objetivos, entre eles: desenvolvimento de formas de liberacdo, obtencdo de
microparticulas gastrorresistentes, desenvolvimento de formas de liberagédo
intrapulmonar, intranasal e intra-articular, desenvolvimento de formas de liberagéao
oftalmica, diminuicdo da toxicidade gastrintestinal, melhora na estabilidade de
farmacos, obtencdo de granulos, aumento da biodisponibilidade, imunizacdo oral e
intranasal (CONTE et al., 1994; ESPOSITO et al., 2002).

As microparticulas sao sistemas micrométricos (1 a 1000 um), geralmente
poliméricos, que podem ser classificados em duas categorias, de acordo com a sua
constituicdo: as microesferas, que sdo sistemas matriciais micrométricos; e
microcipsulas, que s&do sistemas reservatérios micrométricos, contendo uma
substancia ativa ou nucleo rodeado por uma membrana ou revestimento (ESPOSITO et
al., 2002).

Outro aspecto relevante é a caracterizacdo dos sistemas microparticulados. A
determinacdo das propriedades da formulacdo obtida € fundamental para sua
caracterizagcdo como sistema carreador de farmaco. Desta forma, diversos aspectos
podem ser avaliados como: rendimento do processo, eficiéncia de encapsulacao, teor
de umidade, morfologia por microscopia 6ptica, microscopia eletrénica de varredura ou
microscopia confocal e tamanho de particula e distribuicdo granulométrica por
difratometria a laser (KRISTMUNDSDOTTIR et al., 1996; PALMIERI et al., 2001;
ESPOSITO et al., 2002; ONEDA e RE, 2003).

A determinacédo das interagdes e/ou incompatibilidades entre os constituintes da
formulacao é freqientemente avaliada por técnicas como a espectroscopia na regiao do
infravermelho, a difratometria de raios-X e métodos termo-analiticos, como a
calorimetria exploratéria diferencial (KRISTMUNDSDOTTIR et al., 1996; LORENZO-
LAMOSA et al., 1998; KURKURI e AMINABHAVI, 2004).

33



3.8 Polimeros

As microparticulas podem ser preparadas a partir de polimeros naturais, sintéticos
ou semi-sintéticos. Polimeros como acido hialurénico, HPMC e quitosana tém sido
empregados na microencapsulacdo de farmacos via pulmonar, como dipropionato de
beclometasona, betametasona e sulfato de terbutalina, devido as suas propriedades
mucoadesivas, além de aumentar a absorcdo pulmonar e retardar a depuracao
mucociliar (HWANG et al.,, 2008; LEAROYD et al., 2008b; MANCA et al., 2008;
SIVADAS et al., 2008).

O acido hialurénico € um polissacarideo biodegradavel, biocompativel, ndo-téxico,
nao-imunogénico e nao-inflamatdrio, que vem sendo utilizado em diversas aplicacdes
médicas. Esse biopolimero aniénico € composto de unidades dissacarideas alternadas
de &cido D-glicurdnico e N-acetil-D-glicosamina com liga¢cfes interglicosidicas B(1—4).
Mais de 50% do &cido hialurénico presente no corpo humano € encontrado na pele,
pulmdes e intestino. Também esta presente no liquido sinovial, corddo umbilical e no
sangue (BENEDETTI, 1994). Atualmente, é produzido comercialmente de tecidos
animais como da crista de galos e de fermentacées microbianas (OH et al., 2010).
Devido as inumeras funcdes biologicas e excelentes propriedades fisico-quimicas, o
acido hialurénico tem sido amplamente utilizado no tratamento de artrite, cirurgias
oftalmicas, liberacéo de farmacos e implantes de tecidos (HWANG et al., 2008).

Quitosana, B(1-4)2-amino-2-deoxi-D-glicose, é um biopolimero hidrofilico obtido
industrialmente pela hidrolise alcalina de grupos aminoacetil da quitina, o qual é o
componente principal de conchas, camardes, siris e outros crustaceos (LIM et al.,
2000). Este polissacarideo  apresenta  relevantes  propriedades  como:
biocompatibilidade, néo-toxicidade e biodegradabilidade (SINHA et al., 2004). Além
disso, possui propriedades mucoadesivas e a capacidade de promover a permeacao de
macromoléculas através do epitélio (LEHR et al., 1992). Obtida da desacetilacdo da
quitina, a quitosana é formada de unidades de D-glicosamina e N-acetilglicosamina. E
um excipiente promissor que pode ser empregado em uma ampla variedade de
aplicacdes, incluindo preparacdes de liberacdo modificada (TLIUM, 1998; LEAROYD et
al.,, 2008a). Outros estudos demonstram que pode-se aumentar a absorcdo de

farmacos

34



pela interacdo direta da molécula catibnica do polimero com a membrana celular
carregada negativamente (BORCHARD et al., 1996).

Eteres da celulose n&o-idnicos, como hidroxipropilmetilcelulose, tém sido
amplamente estudados em formulagbes de liberacdo sustentada. Extensivamente
utilizado como excipiente, em formulacfes farmacéuticas orais e tdpicas e, também, em
produtos cosméticos e alimentares. Dentre as inimeras fun¢des, destaca-se seu uso na
area farmacéutica como agente de revestimento, formador de pelicula, agente
estabilizador, unificador de comprimidos, agente de suspensdo e de incremento de
viscosidade. Além disso, é considerado um material ndo-toxico e nao irritante. Em
contato com a agua, este polimero hidrata-se rapidamente formando uma solucdo
viscosa. E encontrado em diversas graduacbes que variam em viscosidade e em
quantidade para substituicdo. O HPMC (Methocel® E3) utilizado possui 28-30% do
grupo metoxil (OCHj3), 7-12% do grupo hidroxipropil (OCH,CHOHCH?3) e é considerado
de baixa viscosidade (2,4 — 3,6 mPas) (KIBBE, 2000; LEVINA e RAJABI-SIAHBOOMI,
2004).

3.9. Estudo de toxicidade pulmonar

A andlise do fluido de lavagem broncoalveolar (FLBA) € um método efetivo para
a deteccado de resposta inflamatéria pulmonar, o qual permite amostrar células e
componentes bioquimicos do trato respiratério inferior (HENDERSON et al.,, 1985;
KOWAL-BIELECKA et al., 2010). Dentre as metodologias existentes para avaliar a
toxicidade pulmonar de uma substancia, a analise do FLBA é um dos métodos mais
descritos na literatura para a identificacao de agentes citotoxicos (HENDERSON, 2005).

Substancias inaladas potencialmente deletérias podem induzir mudancas na
funcdo respiratéria, promover alteracbes em parametros bioquimicos e na
permeabilidade do pulm&o, causar respostas imunogénicas e, em Ultima instancia,
provocar a morte do individuo (CRYAN et al., 2007).

O aumento de proteinas e um influxo de neutrofilos (polimorfonucleares) sao as
alteragcdes no FLBA mais sensiveis de uma resposta inflamatéria (HENDERSON et al.,
1985). Portanto, pode-se detectar mudancas na permeabilidade do epitélio pulmonar
através da determinacdo da concentracdo de proteinas totais. Substancias inaladas
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podem afetar a barreira epitelial pela abertura das juncdes celulares ou pelo aumento
da permeabilidade da membrana celular. Além disso, o FLBA pode ser estudado quanto
ao numero de células, presenca de enzimas indicadoras de dano celular, tais como
desidrogenase lactica (DHL), fosfatase alcalina (FA) e Nacetilglucosaminidase (NAG),
bem como quanto aos niveis de citosinas, interleucinas e 6xido nitrico (HENDERSON,
2005; CRYAN et al., 2007).
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4. CAPITULO | — MICROPARTICULAS CONTENDO LEVODOPA NA FORMA
FARMACEUTICA PO INALATORIO: PREPARACAO E CARACTERIZACAO.







4.1. INTRODUCAO

A microencapsulacdo tem sido estudada em diversas areas, como engenharia
guimica e alimenticia, quimica industrial, cosmética e farmacéutica, entre outras. Dentre
as técnicas utilizadas para a obtencdo de microparticulas para liberacdo pulmonar
pode-se destacar a secagem por aspersao, cujas vantagens estdo baseadas no
controle sobre o tamanho de particula, morfologia da particula, densidade do po6 e
possibilidade de incorporacao de varios excipientes. Pode-se ressaltar também a rapida
preparacdo com baixo custo, facil transposicédo de escala comparada a outros métodos
de microencapsulacdo e possibilidade de emprego para substancias termolabeis,
devido ao curto tempo de residéncia dos produtos na camara de secagem (WAN et al.,
1992; CONTE et al., 1994; LEAROYD et al., 2008a).

Os sistemas microparticulados, em geral, possuem potencial para serem utilizados
tanto nos sitios de acdo especifico como em sistemas de liberacdo controlada.
Entretanto, as microparticulas possuem vantagens adicionais quando acompanhadas
de polimeros com propriedades mucoadesivas como: um contato mais proximo com a
camada de muco, absorcdo mais eficiente e aumento da biodisponibilidade de
farmacos, devido a ampla superficie em um dado volume (SAKAGAMI et al., 2001).

Polimeros mucoadesivos tém sido foco de inimeras pesquisas na area farmacéutica
com a finalidade de proporcionar uma melhora na liberacdo de farmacos devido ao
aumento do tempo de permanéncia e contato da forma farmacéutica com as mucosas.
Os materiais mucoadesivos incorporados nas formulagbes podem aumentar a absorcao
de farmacos pela mucosa celular ou o farmaco pode ser liberado no sitio por um
periodo prolongado (SAKAGAMI et al., 2001; SIVADAS et al., 2008).

As microparticulas mucoadesivas, como um sistema carreador de farmacos para
melhorar a liberagdo de medicamentos, possuem potenciais aplicagbes em diversas
vias de administracdo, tanto para efeito local quanto sistémico (LIM et al., 2000;
SIVADAS et al., 2008).

Neste contexto, este capitulo descreve o desenvolvimento das microparticulas e sua
caracterizagdo bem como estudo de citotoxicidade pulmonar da formulagdo em ratos
através da técnica de lavagem bronco-alveolar (Comité de Etica — Parecer n® 2008118).

39






Novel levodopa microparticles for pulmonary delivery and in vivo respiratory tract toxicity
study.

Rubia L. Pereira*, Aline B. Barth, Leandro Tasso, Renata P. Raffin, Silvia S. Guterres,

Elfrides E. S. Schapoval.

Programa de PéOs-Graduacdo em Ciéncias Farmacéuticas, Faculdade de Farmacia,
Universidade Federal do Rio Grande do Sul (UFRGS), Av. Ipiranga 2752, Porto Alegre-

RS, Brazil, CEP 90610-200.

* Corresponding author: Tel: +55 51 33085214; Fax: +55 51 33085378

E-mail address: rlperei@yahoo.com.br (Rubia Lazzaretti Pereira)


mailto:rlperei@yahoo.com.br




Abstract

Parkinson's disease (PD) is a chronic, progressive neurodegenerative movement
disorder and comprises both motor and non-motor symptoms at all stages of the
disease. Levodopa provides the most relief of the motor signs and symptoms of PD and
it is considered the gold standard of treatment. The aim of this study was to develop
novel microparticles containing levodopa for pulmonary delivery. Powders were
produced by spray-drying levodopa, chitosan, HPMC and hyaluronic acid at different
ratios and under controlled conditions, to obtain suitable particle size distribution for lung
delivery. The formulation that showed the best results was characterized using laser
diffraction, scanning electron microscopy, tapped density analysis and quantified by
HPLC. In addition, a cytotoxicity assay was performed to evaluate the pulmonary
membrane damage of levodopa and the formulation dry powder in rats. The results
showed good drug loading capacity (97.30% = 0.5) and the obtained microparticles
presented appropriate aerodynamic diameter for pulmonary delivery (4.18 + 0.09 um).
The bronchoalveolar lavage (BAL) study in vivo showed that levodopa microparticles did
not elicit any significant increases in marker enzyme activities compared to the
untreated control group. Therefore, no respiratory tract toxicity was observed with this

novel formulation.

Keywords: levodopa, microparticles, spray-drying, Parkinson’s disease, cytotoxicity

study.






1. Introduction

Parkinson’s disease (PD) is a central nervous system (CNS) pathology that leads
to severe difficulties with body motions. Affecting one in every 100 adults above the age
of 65 years, it is the second most common neurodegenerative disease after Alzheimer’s
disease (De Rijk et al., 2000). Typical symptoms include tremor, rigidity, slowed body
movements (bradykinesia), unstable posture and difficulty in walking. To date PD
remains an incurable disease, however available therapies aim to improve the functional
capacity of the patient for as long as possible (Katzung, 2001; Singh et al., 2007; Goole
and Amighi, 2009).

Levodopa is the key compound in the treatment of PD, acting as a precursor of
dopamine. When levodopa is administered orally it is rapidly decarboxylated and only a
small portion of the dose enters the CNS unchanged. Thus, a high dose is required for
the desired effect which induces to numerous side effects (Forzese, 1997; Olanow et al.,
2004; Jankovic, 2005). Besides that, levodopa presents a variable oral bioavailability
which leads to motor fluctuations. Nevertheless, levodopa still the most effective
pharmacological treatment for PD (Nyholm, 2006; Seeberger and Hauser, 2007; LeWitt,
2009; Murata, 2009; Simuni et al., 2009a; Yokochi, 2009; Ngwuluka et al., 2010; Puente
et al., 2010).

The problems with oral levodopa have prompted researchers to find alternative
routes of administration (Nyholm, 2006; Goole and Amighi, 2009; Kim et al., 2009). The
large alveolar surface area suitable for drug absorption, low thickness epithelial barrier,
extensive vascularization and relatively low proteolytic activity compared to other

administration routes, together with the absence of the first-pass effect, make the
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pulmonary delivery an outstanding target (Patton and Platz, 1992; Clark, 2002; Courrier
et al., 2002; Jain, 2008). Therefore, a novel spray-dried formulation of levodopa
microparticles containing chitosan, hydroxypropyl methylcellulose (HPMC) and
hyaluronic acid for pulmonary delivery has been developed focused on the concept of
slowing and targeting the release of levodopa to prolong the therapeutic effect, to
reduce dose and number of administrations. In a pharmacokinetic study published by
Bartus and collaborators (2004), it was demonstrated several advantages of pulmonary
delivery of levodopa over the oral route and established the concept that an inhalable
formulation may provide a relatively simple and effective means for improving the
treatment of PD patients.

The advantages for sustained release (SR) formulations for pulmonary drug
delivery are numerous, and include extended duration of action, improved management
of therapy, reduced dosing frequency, improved patient compliance, reduction in side
effects, together with potential cost savings that exits for SR therapy (Cook, 2005;
Learoyd et al., 2008b).

Chitosan, a polysaccharide derived from deacetylation of the naturally occurring
polymer chitin, is a promising excipient that can be employed in sustained release
preparations (Learoyd et al., 2008a). Indeed, chitosan has well-documented relevant
properties as biocompatibility, low toxicity and biodegradability (Hirano et al., 1988;
Knapczyk et al., 1989; Hirano et al., 1990; Dornish et al., 1997). Other mucoadhesive
polymers such as hyaluronic acid act as a drug release modifier. Both polymers have
been found to increase pulmonary absorption by delaying mucociliary clearance (Lim et

al., 2000; Hwag et al., 2008; Learoyd et al., 2008a; Sivadas et al., 2008). HPMC was
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chosen since it had previously been used as particle stabilizer (Steckel et al., 2003) and
as a particle shaper for dry powder inhaler (Colombo et al., 2008).

Microspheres have recently been proposed for pulmonary administration, once
they can be designed to achieve appropriate morphological and aerodynamic
characteristics for that purpose. The success of the inhaled particles depends mostly on
their size and density, and hence, aerodynamic diameter (Taylor and Kellaway, 2001).
The respirable fraction of these powders, generally the fraction of particles with an
aerodynamic diameter ranging from 1 to 5 pm, should be as high as possible to
guarantee a maximum deposition in the deep lung (Bosquillon et al., 2001).

The first epithelial surface encountered by inhaled materials is the epithelium of
the respiratory tract. The epithelium is lined by a fluid (ELF) that can be sampled by a
saline wash (lavage) of the area of interest. The purpose of this technique, known as
bronchoalveolar lavage (BAL), is to obtain a sample of the ELF from the respiratory tract
so it can be analyzed for biomarkers of an inflammatory response in the respiratory
tract. The most common responses measured are indicators of an inflammatory
response. Protein content in the lavage fluid can be used to monitor increased
permeability of the alveolar/capillary barrier, which occurs in an inflammatory response.
Lactate dehydrogenase is a cytoplasmic enzyme whose presence extracellular indicates
cell death and alkaline phosphatase is an enzyme associated with Type Il cell secretions
(Henderson, 2005; Hussain and Ahsan, 2005; He et al., 2007; Matute-Bello, 2008).

Therefore, the aim of this study was to prepare novel microspheres composed of

chitosan, HPMC and hyaluronic acid by spray-drying and characterize the formulation
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for pulmonary delivery. In addition, the effect of levodopa and the microspheres on the

pulmonary membrane damage was evaluated in rats.

2. Materials and methods
2.1. Materials

Levodopa (99.99%) was purchased from Henrifarma (S&o Paulo, Brazil).
Chitosan, low molecular weight (LMW: 50kDa) was supplied by Sigma-Aldrich
Chemicals (St. Louis, USA), Methocel® E3 (HPMC) was kindly donated by Colorcon (NJ,
USA) and hyaluronic acid was purchased from Purebulk (Oregon, USA). All other
solvents or chemicals were of HPLC or analytical grade. Purified water was obtained by

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

2.2 Microparticles preparation and characterization
2.2.1 Preparation of spray-dried powders

Formulations for spray-drying were prepared by the addition of levodopa to a
0.5% (v/v) glacial acetic acid aqueous solution containing hyaluronic acid and HPMC.
The solution was prepared by mixing 0.16 g of hyaluronic acid and 3.12 g of HPMC in
500 mL glacial acetic acid aqueous solution (0.5% v/v) under mechanical agitation until
completely dissolved. After that, 2.5 g of levodopa were added into the solution. The
prepared formulation was subsequently spray-dried (LM-MSD1.0: Labmaq S&o Paulo,
Brazil) using the following operating conditions: inlet temperature, 120 °C; spray flow

rate, 0.3 L/h and air pressure, 50 KPa. The equipment is equipped with a 0.7 mm
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pressurized nozzle. These conditions resulted in an outlet temperature between 75-
85°C.

Two grams of the resultant spray-dried powder were resuspended in 150 mL
glacial acetic acid aqueous solution (0.5% v/v) and mixed with 50 mL of another solution
of glacial acetic acid (0.5% v/v) containing 0.2 g chitosan low molecular weight. The
prepared formulation (200 mL) was subsequently spray-dried using the following
operating conditions: inlet temperature, 120 °C; spray flow rate, 0.2 L/h and air pressure,
50 KPa. The recovered particles were stored in a desiccator at room temperature until

further use.

2.2.2 Determination of drug and water content

The levodopa content in the prepared microspheres was determined by high
performance liquid chromatography (HPLC, Agilent 1200 series; Santa Clara, USA)
method with UV detector at 280 nm. The method to quantify the drug in the formulation
was developed and validated according to the official guidelines (ICH 2005; USP, 2009).
Microspheres, containing a quantity equivalent of 10 mg levodopa, were transferred to a
50 mL volumetric flask, and then it was added 15 mL of mobile phase (0.01 M
monobasic potassium phosphate adjusted to a pH value 3.0) followed by 20 minutes in
ultrasonic bath and 20 minutes in mechanical shaker. After that, the volume was
completed with mobile phase and an aliquot of 2 mL of this solution was diluted in a 10
mL volumetric flask with mobile phase resulting in a final concentration of 40 pg/mL. The
solution was then filtered through a 0.45 um membrane filter (Millipore®) prior to the

injection. Samples were eluted with mobile phase through a ACE® RP-18 octadecyl
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silane column (250 x 4.6 mm |.D. particle size 5 ym) at a flow rate of 1.0 mL/min. The
temperature was set at 25 °C in the column oven. The sample injection volume was 20
pL and the run time was 10 minutes.

The residual moisture content of spray-dried powders was determined by Karl

Fisher titration (Mettler-Toledo DL37 coulometer, Ohio, USA).

2.2.3 Stability study in solution

The stability of levodopa in mobile phase at room temperature was examined by
incubating a known amount of levodopa in the buffer solution for 15 h to verify the drug
stability during the analytical analysis.

It was also performed a stability study of levodopa in 0.5% (v/v) acetic acid
solution containing the excipients to ensure that levodopa will not degrade during the
formulation preparation. Aliquots of this solution were withdrawn after 1 h, 2 h, 3 h, 4 h
and 5 h and compared to a reference standard solution. The samples were analysed in

triplicate by HPLC.

2.2.4 Particle size analysis

Particle size distribution and polydispersity of the spray-dried powders were
determined by laser scattering using a Scirocco cell with Sirocco 2000 dry powder
feeder (Mastersizer 2000, Malvern Instrument, UK). The powder was dispersed in air
using 2 bar pressure. All samples were measured using Fraunhofer diffraction mode.

Each sample was analysed in triplicate.
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The population dispersity was referred as span and calculated as reported in the
following equation:
Span = [(d90'd10) / d50] x 100

where dgg, d;g and dsy are the mean diameters at the 90%, 10% and 50% of the population distribution,
respectively.
Ea. (1)

2.2.5 Powder density and aerodynamic diameter

The tapped density of the spray-dried powders was measured after 10, 500 and
1250 mechanical tapping on the same sample using a tamping volumeter (Tapped
Density Assessor: J. Engelsmann AG, Ludwigshafen, Germany) until the change in the
powder volume was smaller or equal to 0.1 mL (Hausner, 1967; Guyot et al., 1995).
Measurements were performed in triplicate. The particle density (p) was calculated
dividing the mass of powder by the final tapped volume.

After that, the theoretical aerodynamic diameter, daero, Of the microparticles was

calculated by the following equation:

daere = d [:y'[:'fpi]
where d is the particle size, p is particle density and p; is the shape function 1 g/cms.

Eq. (2)
The mean diameter over the volume distribution d4 3 was used as particle size (d)

in the equation.

2.2.7 Scanning electron microscopy
Morphology of the microparticles was examined by scanning electron microscopy
(SEM, Model JSM-6060; Jeol Technics, Tokyo, Japan). Spray-dried powders were

mounted onto separate, adhesive-coated, 12.5 mm diameter aluminum pin stubs.
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Excess powder was removed by tapping the stubs sharply. Spray-dried powders were

gold-coated prior to analysis.

2.2.8 Differential scanning calorimetry

The thermal properties of the levodopa, polymers, binary and ternary physical
mixture, formulation physical mixture and the spray-dried powders were analysed using
a differential scanning calorimeter (DSC, Model Q20; TA Instruments, Delaware, USA).
All physical mixtures were done using the same proportion of drug and polymers used in
the formulation. Samples (5—7 mg) were sealed in DSC hermetic aluminum pans and
placed in liquid nitrogen for 5 minutes. After that, the samples were exposed to a 10
°Cmin™ temperature ramp between -80 and 380 °C. Exothermal and endothermic peak
temperatures, onset temperature and heat of enthalpy for each peak were determined

using TA Instruments software.

2.3 Respiratory tract toxicity study in vivo - analysis of bronchoalveolar lavage

Male Wistar rats weighing 250-300 g were anaesthetized with ethyl carbamate
(2.25 g/kg, i.p.) and placed on their backs on a board during the experiments. The
trachea was exposed and an incision was made between the fifth and sixth tracheal
rings. Rats were divided into four groups, four rats in each group, to receive four
different treatments using a blunt stainless steel cannula. Positive control group received
100 pL sodium dodecyl sulfate (SDS, 0.1%), the negative control received an air
insufflation of 10 mL. The third group of animals received levodopa (4.5 mg/kg) and the

fourth group received the microparticles containing levodopa (4.5 mg/kg), chitosan
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HPMC and hyaluronic acid. The amount of levodopa dry powder administered was
calculated according to a study published by Bartus et al. (2004).

After 4 hours the animals were sacrificed and the lungs were removed. The
lavage was done with 3 mL of room temperature sterile saline which was left in the lungs
for 30 s. During this time, the lungs were gently massaged to ensure the saline reached
all areas. The retained volume was then re-instilled for an additional lavage cycle.
Subsequently, the lungs were lavaged again with a further volume of sterile saline using
the same procedure. The combined lavagates were then retained in a tube kept on ice.
The cellular content of the lavage fluid was removed by centrifugation at 1000 rpm for 10
min at 4 °C (refrigerated centrifuge, Sigma 4K15). The supernatant of BAL was analyzed
for total protein, alkaline phosphatase (AP), lactate dehydrogenase (LDH) and albumin
using commonly applied laboratory procedures.

The experimental protocol performed in the present study was approved by the
Ethical Research Committee of the University of Rio Grande do Sul (protocol n°

2008118).

3. Results and Discussion
3.1 Stability study

Levodopa was stable in mobile phase at room temperature for 15 hours. So, the
method developed and validated was suitable for all HPLC drug analysis. Levodopa was
also stable in 0.5% (v/v) acetic acid solution containing the excipients during the 5 h
analysed. This ensures that levodopa will not degrade or suffer an interference of the

excipients during the stirring time and before the spray-drying procedure.
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3.2 Spray-dried powder characteristics

Powders were produced by spray-drying levodopa, chitosan, HPMC and
hyaluronic acid at different ratios and under different controlled conditions. The
formulation and the conditions described in the item 2.2.1 were the one that presented
acceptable drug loading results and suitable particle size distribution for lung delivery. It
was necessary to spray-dry the microspheres twice due to the incompatibility of chitosan
and hyaluronic acid in the acetic acid solution. Chitosan, a cationic polymer, and
hyaluronic acid, an anionic polymer, form an insoluble complex in solution.

Analysis of the levodopa content of the spray-dried powders indicated that the
drug loading ranged from 96.80% to 97.80% (Table 1). Titration analysis of the spray-
dried powders indicated that the moistures content ranged from 5.0 — 7.5% w/w. These
values are in line with other studies that indicate moisture content of spray-dried

powders of 7.5% w/w (Stahl et al., 2002; Chew, 2005).

Table 1: Drug loading by HPLC and water content of spray-dried powder.

Powder composition Drug loading (%) +S.D. Water content (%) +S.D.
Levodopa, chitosan, hyaluronic acid and HPMC 97.30 + 0.50 6.25+1.25
Chitosan, hyaluronic acid and HPMC - 6.22 + 0.80

3.2.1 Particle size analysis

Particle size data by laser diffraction are presented in Table 2. The tapped
density of the spray-dried powders was similar for all powders (range: 0.06-0.08 g/mL;
Table 2). Previous researchers suggested that powders with low tapped density exhibit
better aerosolisation characteristics compared to more dense powders (Bosquillon et al.,

2001; Bosquillon et al., 2004).
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The results of particle size and tapped density were used to calculate the
theoretical aerodynamic diameter (daero). AS shown in Table 2, the daero Value of spray-
dried powders was between 4.09 — 4.28 um, suggesting that the powders were of a
suitable aerodynamic size for pulmonary delivery. In addition, the daero Value of spray-
dried powders was smaller than the placebo formulation, showing a favorable influence

of levodopa in the particle size.

Table 2: Particle size distribution and aerodynamic diameter of spray-dried powder (average of three

measurements).
Powder d[v,10] d[v,50] d[v,90] d[4,3] Span Tapped daero
(um) (um) (um) (um)  S.D. density (um)
+S.D. +S.D. +S.D. +S.D. (g/cm”) £S.D.  £S.D.
Levodopa, chitosan, HPMC 462+ 1364+ 3023+ 157+ 18+ 0.07 £ 0.01 4,18 +
and hyaluronic acid 0.48 0.79 0.34 0.5 0.2 0.09

3.2.2 Differential scanning calorimetry

The influence of the heat flow on the thermal properties of the spray-dried
formulation is shown in Fig. 1. For levodopa differential scanning calorimetry, a
characteristic endothermic peak of melting is present at approximately 305 °C. The
thermogram of the spray-dried formulation exhibited three endothermic transitions at 57,
142 and 267 °C. A broad exothermic peak was observed at 120 °C only at the spray-
dried sample. This peak was not observed at the physical mixture, showing that a
different interaction occurred in the formulation. Others exothermic peaks were seen
between 320-345 °C. Besides that, it was also observed a temperature decrease in the
levodopa peak from 306 to 267 °C.

All DSC curves were also evaluated especially with regard to the phase transition

enthalpies (peak areas). The levodopa microparticles showed a decrease in the
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enthalpies (AH) compared to pure levodopa, binary and ternary mixtures and physical

mixture, as shown in Table 3.

HPMC

Hyaluronic acid

Chitosan

Levodopa

Physical Mixture
(drug + polymers)

Levodopa
microparticles

&)

T — T T T T T 1
-80 -40 O 40 80 120 160 200 240 280 320 360
Temperature °C

Fig.1. DSC thermogram of the polymers (HPMC, hyaluronic acid chitosan), levodopa, physical mixture
(levodopa and polymers) and spray-dried levodopa microparticles.

The results showed that all pure substances presented higher melting points
compared to the mixed substances. Conventionally, the melting enthalpy represents the
level of crystallinity of a substance. When two substances are mixed, the purity of each
is reduced and lower melting points appear in the DSC thermograph. Any large shift in

melting points indicates that a strong solid-solid interaction has occurred, although it
56



does not necessarily indicate an incompatibility (Budavari et al., 1999). The decrease in

the enthalpy also suggests that levodopa is encapsulated in the spray-dried formulation.

Table 3: Melting temperature and heat of enthalpy of levodopa peaks in different samples.

Samples Tm (°C) AH (J/g)
Levodopa 305.77 516.3
Levodopa + chitosan 294.51 360.8
Levodopa + hyaluronic acid 287.54 344.6
Levodopa + HPMC 282.69 172.75
Levodopa + hyaluronic acid + HPMC 288.69 216.9
Levodopa + chitosan+ hyaluronic acid + HPMC 290.75 203.2
Levodopa microparticles 267.58 92.76

3.2.3 Scanning electron microscopy

Scanning electron microscopy was used to visualize the particle diameter,
structural and surface morphology of the spray-dried powders. The spray-dried powders
consisted of microparticles having a round shape characterized by an irregular dented
surface. The micrograph of the spray-dried formulation shows some spherical particles
but most of them were crumpled. All the particles present smooth surface. Most of the
particles show a diameter less than 10 pm. The spray-drying method produced
microparticles with a promising morphology as shown in Fig. 2. The particles cavities in
the interior are the result of the extraction of the water droplets from within the matrix.
This feature is important to reduce the density and to obtain favorable aerodynamic
diameter (Giovagnoli et al., 2007). The appearance of much smaller particles located on
the surface of larger particles was observed.

The spray drying technique reproducibly yielded dry powders comprised of fine
and spherical particles. The SEM images indicated that the powders formed were

amorphous in nature; this was as expected, as powders generated through spray-drying
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are known to be predominately amorphous in nature (Corrigan, 1995). In general, no
crystalline structure was observed. Given the amorphous nature of the powders, all
samples were stored at room temperature in a desiccator immediately after spray-drying

to limit crystallization of the samples.

Fig.2. SEM microphotographs of microparticles prepared by spray-drying containing: (a) and (b) levodopa,
chitosan, HPMC and hyaluronic acid; (c) and (d) chitosan, HPMC and hyaluronic acid.

3.3 Respiratory tract toxicity study in vivo - analysis of bronchoalveolar lavage

Bronchoalveolar lavage is a useful and safe method for sampling cellular and
biochemical components from the lung. Therefore, BAL study was performed in order to
investigate if levodopa formulated with chitosan, HPMC and hyaluronic acid causes any
biochemical or cellular changes in the lungs.
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For the BAL studies, SDS was used as positive control, an anionic surfactant
known for its harsh effect on the biological membrane. This agent has been shown to
cause lung damage and release lung injury markers such as lactate dehydrogenase
(LDH) and alkaline phosphatase (ALP) (Henderson et al., 1985; Hussain and Ahsan,
2005). In this regard, the safety of levodopa formulation was assessed and compared
with SDS and levodopa powder by monitoring the changes in the markers of lung injury
in BAL fluid (Fig. 3).
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Fig.3. Enzyme activities of ALP (a), LDH (b), albumin (c) and total protein levels (d) following
bronchoalveolar lavage fluid analysis at 4 hours after pulmonary administration of different formulations:
air insufflation (untreated), sodium dodecyl sulfate (SDS, 0.1%), levodopa powder (4.5 mg/kg) and
levodopa (4.5 mg/kg)) + chitosan + HPMC + hyaluronic acid microparticles. Data represent mean + S.D.,
n=4.

SDS and levodopa powder produced an increase in all biochemical markers 4 h
after the treatment compared to untreated animals. The LDH activities with the spray-
dried powder were significantly less than those with SDS, positive control, and as low as

the negative control. Similar results were obtained when ALP levels were measured
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(Fig. 3). In fact, the increase in ALP levels for the SDS-treated group correlated well with
the increased LDH levels. Levodopa powder and SDS-treated rats also produced an
increase in albumin and total protein levels 4 h after the treatment. However, no
increase in albumin and total protein levels was observed in the spray-dried formulation
group, as well as the negative group. Furthermore, the differences between the LDH,
ALP, albumin and total protein levels produced in the untreated group and levodopa
microparticles-treated rats were not statistically significant (p>0.05) analysed by
Student-Newman-Keuls method. The statistical study also showed no difference
between the animals treated with levodopa and SDS.

The biochemical changes that may occur in response to pulmonary exposure of a
drug and pharmaceutical adjuvants have been studied by monitoring the changes in
enzymatic activities in bronchoalveolar lavage fluid (Henderson et al., 1985). Of the
enzymes studied, LDH and ALP are known to provide important insights as to the cell
injury produced by exogenous substances. Protein can leak into the alveolar space
because of loss of the epithelial integrity. These reactions can be reflected by increasing
the cell counts, LDH and concentrations of total protein in BALF.

LDH, a cytoplasmic enzyme, should be extracellular in bronchoalveolar lavage
fluid only if cell lysis or cell membrane damage has occurred (Henderson, 1984). When
cells are damaged or destroyed, the release of LDH into the blood stream or
extracellular fluid causes its level to rise. Therefore, LDH is used as a general injury
marker. Similarly, ALP, a membrane-bound indicator of type Il cell secretory activity, is
used as a sensitive marker of compromised cellular integrity or toxicity induced by cell

damage or pathological conditions. It has been considered as an indicator of alveolar
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type 1l cell proliferation in response to type | cell damage (DeNicola et al., 1981;
Henderson et al., 1985; Todo et al., 2001).

As discussed above, the LDH and ALP levels in SDS-treated rats imply that
damage to lung cells was evident 4 h after the treatment. However, levodopa
microparticles-treated rats showed enzymatic profiles similar to non-treated rats.
Altogether, the positive control used in the study produced significant damage to the
lung tissue as well as levodopa powder, whereas levodopa formulation did not cause
any damage. These data are consistent with the hypothesis that the excipients are
relatively safe for use in a pulmonary formulation. Overall, the BAL study demonstrates
that the formulation is well tolerated by the respiratory epithelium. Taken together, this
study opens up the possibility of using this novel formulation as an efficacious carrier for

the delivery of levodopa through the pulmonary route, if formulated judiciously.

Conclusion

These investigations demonstrate that it is possible to generate respirable
powders for Parkinson’s disease treatment with good characteristics by using a simple
spray-drying method. Although, the formulation respirability was not proven, the
properties in terms of morphology, size and drug content were satisfactory and are
supposed to influence positively in the aerodynamic features. These powders would be
predicted to deposit predominately in the central and peripheral regions of the lung
following inhalation, with minimal oropharyngeal deposition, thereby maximizing the
dose delivered to the lung. The cytotoxicity study in vivo proves that this novel

formulation do not cause lung injury, however further studies are still necessary.
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5. CAPITULO Il — DESENVOLVIMENTO E VALIDACAO DE METODOLOGIA
ANALITICA E ESTUDO PRELIMINAR DE ESTABILIDADE DAS MICROPARTICULAS
DE LEVODOPA.







5.1 INTRODUCAO

O controle de qualidade torna-se uma ferramenta imprescindivel na area
farmacéutica, pois a partir dele pode-se garantir um medicamento seguro e eficaz.
Assim sendo, o controle de qualidade inclui o desenvolvimento e validacdo de métodos
analiticos sensiveis, especificos e confiaveis, além do estudo da estabilidade (SETHI,
1999).

Os métodos analiticos utilizados nas determinagcfes qualitativas e quantitativas,
desde a matéria-prima até as especialidades farmacéuticas, incluindo todas as fases do
desenvolvimento do farmaco, desde a pesquisa até o controle de qualidade, devem ser
devidamente validados (SWARTZ e KRULL,1998). O objetivo da validagdo de um
método é demonstrar, por meio de estudos experimentais, que o0 mesmo é apropriado
para as aplicacfes analiticas pretendidas, assegurando a confiabilidade dos resultados
(BRASIL, 2003, ICH, 2005; USP, 2009).

Diferentes grupos tém definido os parametros analiticos para validacdo. Na
tentativa de harmonizar as divergéncias encontradas entre as defini¢des,
representantes das industrias e agéncias reguladoras dos Estados Unidos, Europa e
Japao, por meio da ICH (International Conference on Harmonisation), definiram os
parametros e requerimentos para a validagdo de métodos analiticos para produtos
farmacéuticos (ICH, 1996, 2005). As diretrizes contidas nas guias publicadas pela ICH
sdo quase integralmente adotadas na Farmacopéia Americana (USP, 2009) e no texto
da Resolucéo Especifica n° 899/2003 da ANVISA.

Os parametros analiticos, ou caracteristicas de desempenho, tipicamente
avaliados durante o processo de validacdo séo: especificidade, linearidade e faixa de
trabalho, exatid&do, preciséo, limite de deteccao, limite de quantificagéo, estabilidade da

substancia em andlise e robustez (BRASIL, 2003).

e Especificidade: representa a capacidade do método de avaliar de forma
inequivoca a substancia em analise na presenca de componentes que podem
interferir na sua determinacéo, tais como excipientes, impurezas ou produtos de
degradacéo;
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Linearidade: corresponde a capacidade do método de fornecer resultados
diretamente proporcionais a concentragdo da substancia em estudo, dentro de

uma faixa de variacdo conhecida;

Limites de deteccéo (LD) e quantificagéo (LQ): o LD representa a concentracao
mais baixa do farmaco que o processo analitico pode diferenciar, mas nao
guantificar com precisdo sob condicdes experimentais e o LQ a menor
concentragcdo da substancia em andlise precisamente avaliada pelo método, com

exatidao e precisao aceitaveis;

Precisdo: representa o grau de concordancia entre os resultados de analises
individuais quando o método é aplicado diversas vezes em uma mesma amostra
homogénea, em idénticas condi¢cdes de testes. A precisdo pode ser avaliada
pelo grau de reprodutibilidade quanto da repetibilidade de um método analitico. A
reprodutibilidade refere-se ao uso do procedimento analitico em diferentes
laboratérios, como parte de um estudo colaborativo. A repetibilidade é
determinada através de varias analises, nas mesmas condi¢cdes, em um curto
intervalo de tempo. A precisdo intermediaria expressa as variacfes intra-
laboratoriais, com 0 mesmo procedimento realizado em diferentes dias, analistas

ou equipamentos;

Exatidao: representa o grau de concordancia entre os resultados individuais
encontrados e um valor aceito como referéncia. Pode ser expressa como 0
percentual de resposta obtido através do ensaio de uma quantidade conhecida
da substancia em exame incorporada em um meio de composicéo definida. Este
parémetro deve ser analisado apds o estabelecimento da linearidade e da
especificidade, podendo ser calculada como a percentagem de recuperacao da
guantidade conhecida da substancia quimica de referéncia adicionada a

amostra,;
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e Robustez: corresponde a capacidade de um método ndo ser afetado por uma
pequena e deliberada modificagdo em seus parametros. Para cromatografia
liquida de alta eficiéncia, por exemplo, pode-se alterar a coluna cromatografica,

temperatura de analise, a proporcao dos componentes e o pH da fase movel.

O teste de estabilidade fornece informacgdes sobre como a qualidade do produto
varia frente a diversos fatores, como, por exemplo, temperatura, umidade, luz, reacdes
de hidrélise e oxidacdo (KOMMANABOYINA e RHODES, 1999). Além disso, a
estabilidade depende das propriedades fisicas, quimicas e fisico-quimicas dos
farmacos, excipientes e materiais de acondicionamento utilizados (MATTHEWS, 1999).

Estudos de degradacdo forcada fornecem informacfes sobre mecanismos de
degradacdo e potenciais produtos de degradacdo. Estas informacdes podem ser
utilizadas para os processos de fabricacdo ou para selecionar embalagens adequadas
(KLICK et al., 2005). As reacdes de degradacdo de um produto farmacéutico ocorrem
em velocidades definidas, sdo de natureza quimica e dependem de vérias condicdes,
como, por exemplo, concentracdo dos reagentes, temperatura, pH, radiacdo ou

presenca de catalisadores.
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ABSTRACT

Levodopa is considered the gold standard treatment of Parkinson’s disease
(PD). However, the efficacy of oral levodopa becomes problematic with the progression
of PD due to its poor pharmacokinetics. Pulmonary delivery represents a novel
approach to reduce this problem. The aim of this study was to develop and validate a
stability-indicating LC method for quality control of the levodopa microparticles as well
as to determine the drug photodegradation kinetics in solution. The analytical column
ACE® RP-18 was operated with 0.01 M KH,PO, as mobile phase, pH 3.0, at a flow rate
of 1.0 mL/min and UV detection at 280 nm. Linearity was obtained over the
concentration range of 10-60 pg/mL (r’=0.9999) (a=5%). The quantification and
detection limits were 208 ng/mL and 46.8 ng/mL, respectively. Excipient ingredients and
resulting degradation products had no interference in the levodopa elution. Adequate
results were found for repeatability, inter-day precision (<2% RSD), accuracy and
robustness. The recovery results were in the range of 100.01% to 100.93%. The drug
photodegradation kinetics was also determined and follows second order reaction
kinetics. The developed and validated method could be used for the analyses of raw
material and for the novel formulation developed, as well as for protocols of levodopa

stability study.

Keywords: levodopa, pulmonary, microparticles, spray-drying, analytical method.






1. Introduction

Parkinson's disease (PD) is a chronic, progressive neurodegenerative movement
disorder and comprises both motor and non-motor symptoms at all stages of the
disease. Tremors, rigidity, slow movement (bradykinesia), poor balance, and difficulty
walking are characteristic primary symptoms of PD. The scope of non-motor
manifestations is broad, and includes disturbance in mood, sleep, impulse control,
cognition, perceptual changes and autonomic function [1]. Nowadays, PD is considered
the second most common progressive neurodegenerative disorder and is a leading
cause of neurologic disability. It has a world-wide distribution and has no gender of
preference [2,3].

The symptoms and signs of PD are related to a progressive loss of dopamine in
the basal ganglia. Therefore, exogenous substitution with dopamine agonists or the
dopamine’s prodrug, levodopa, chemically (S)-2-amino-3-(3,4-dihydroxyphenyl)
propanoic acid (Fig. 1), is used to correct the mechanical disorder at the early stage of
the disease. After administration, levodopa is converted into dopamine and stored in
dopaminergic neurons. This storage capacity buffers the fluctuations in plasma levels of
levodopa that result from its variable oral bioavailability [3,4]. Nevertheless, levodopa is

the most effective pharmacological treatment for PD [5-12].

HO
OH

NH,
HO

Fig. 1. Levodopa chemical structure.
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The decrease in the duration of responsiveness to levodopa is related to the
progressive degeneration of nigral dopaminergic neurons and the subsequent loss of
dopamine buffering, resulting in motor complications as fluctuations, dyskinesia and “on-
off” effects. The appearance of the “on-off” effect is largely dependent on the dosage
and the frequency of levodopa administration [4]. Studies showed that the highest
levodopa dose was the most efficacious, but it also resulted in a significantly greater
incidence of dyskinesia compared to placebo [10].

The problems with oral levodopa administration have prompted researchers to
find alternative routes of administration [3,5,13]. Therefore, a novel spray-dried
formulation of levodopa microparticles containing chitosan, hyaluronic acid and
hydroxypropyl methylcellulose (HPMC) for pulmonary delivery has been developed
focused on the concept of slowing and targeting the release of levodopa to prolong the
therapeutic effect, to reduce dose and the number of administrations. The pulmonary
route is a non-invasive way of administration that may provide rapid and efficient
delivery of levodopa to the brain due to the fast drug absorption through the alveoli and
also avoids the first-pass liver metabolism [14]. In a study published by Bartus and
collaborators [15], it was demonstrated several advantages of pulmonary delivery of
levodopa over the oral route and established the concept that an inhalable formulation
may provide a relatively simple and effective means for improving the treatment of PD
patients.

The advantages for sustained release (SR) formulations for pulmonary drug
delivery are numerous, and include extended duration of action, improved management

of therapy, reduced dosing frequency, improved patient compliance, reduction in side
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effects, together with potential cost savings that exits for SR therapy [16,17].
Mucoadhesive polymers such as chitosan and hyaluronic acid act as a drug release
modifier and also have been found to increase pulmonary absorption by delaying
mucociliary clearance [17-20]. Therefore, they appear to be useful excipients when
preparing sustained release formulations for pulmonary drug delivery. Indeed, chitosan
has well-documented relevant properties as biocompatibility, low toxicity and
biodegradability [21-24]. HPMC was chosen since it had previously been used as
particle stabilizer [25] and as a particle shaper for dry powder inhaler [26].

Spray-drying is a one-step constructive process that provides greater control over
particle size, particle morphology and powder density. Besides, dry powders generated
by spray-drying have been investigated by a number of researchers for suitability as dry
powder inhaler (DPI) formulations [17].

Even though levodopa is a relatively old drug it still provides the most relief of the
motor signs and symptoms of PD and it is considered the gold standard of treatment.
There are a few analytical studies of levodopa for quality control [27, 28] and no
photodegradation kinetics studies described in the literature for levodopa were found.

According to the official guideline [29], stress testing of the drug substance can
help to identify the likely degradation products, which can cooperate to establish the
degradation pathways and the intrinsic stability of the molecule. In agreement with this
guide, the light testing should be an integral part of the stress testing. Therefore, studies
of levodopa and levodopa microparticles photodegradation kinetics in solution were
performed in order to provide evidence on how the quality of the drug varies by the time

under the influence of light. To conduct this study, the developed stability-indicating
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method was applied. A stability-indicating method is necessary to quantify the drug in
the presence of its degradation products, and the method should be capable of resolving
and detecting photolytic degradants that appear during the study [29,30].

The aim of this study was to prepare novel microspheres composed of hyaluronic
acid, HPMC and chitosan, and to develop and validate a stability-indicating LC method
for quality control of the levodopa microparticles as well as to determine the drug

photodegradation kinetics in solution.

2. Materials and Methods
2.1. Materials

Levodopa (99.99%) was purchased from Henrifarma (S&o Paulo, Brazil).
Chitosan, low molecular weight (LMW: 50kDa) was sourced from Sigma-Aldrich
Chemicals (St. Louis, USA), hyaluronic acid was purchased from Purebulk (Oregon,
USA) and Methocel® E3 (HPMC) was kindly donated by Colorcon (Pennsylvania, USA).
All other solvents or chemicals were of LC or analytical grade. Purified water was

obtained by a Millipore® Direct-Q 3UV (Molsheim, France).

2.2 Preparation of spray-dried powders
Formulations for spray-drying were prepared by the addition of levodopa to a
0.5% (v/v) glacial acetic acid aqueous solution containing hyaluronic acid and HPMC.
The solution was prepared by mixing 0.16 g of hyaluronic acid and 3.12 g of
HPMC in 500 mL glacial acetic acid aqueous solution (0.5% v/v) under mechanical

agitation until completely dissolved. After that, 2.5 g of levodopa were added into the
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solution. The prepared formulation was subsequently spray-dried (LM-MSD1.0: Labmaq
Sao Paulo, Brazil) using the following operating conditions: inlet temperature, 120 °C;
spray flow rate, 0.3 L/h and air pressure, 50 KPa. The equipment is equipped with a 0.7
mm pressurized nozzle. These conditions resulted in an outlet temperature between 75-
85°C.

Two grams of the resultant spray-dried powder were resuspended in 150 mL
glacial acetic acid aqueous solution (0.5% v/v) and mixed with 50 mL of another solution
of glacial acetic acid (0.5% v/v) containing 0.2 g chitosan low molecular weight. The
prepared formulation (200 mL) was subsequently spray-dried using the following
operating conditions: inlet temperature, 120 °C; spray flow rate, 0.2 L/h and air pressure,
50 KPa. The recovered particles were stored in a desiccator at room temperature until
further use. It was necessary to spray-dry the solution twice due to the incompatibility of
chitosan (cationic) and hyaluronic acid (anionic). These two polymers formed an

insoluble complex in the solution.

2.3 Liquid chromatography (LC) assay of levodopa and levodopa microparticles

Method development, optimization and validation were conducted on an Agilent
1200 series LC (Santa Clara, USA) consisted of a G1311A quaternary pump, G1322A
vacuum degasser, G1316A thermostat column compartment, G1329A standard auto
sampler and G1315B diode array detector set at 280 nm. The analytical column ACE®
RP-18 octadecyl silane (250 x 4.6 mm |.D. particle size 5 ym) was operated with 0.01 M

monobasic potassium phosphate adjusted to a pH value 3.0 with phosphoric acid 85%
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at a flow rate of 1.0 mL/min. The temperature was set at 25 °C in the column oven. The

sample injection volume was 20 pL and the run time was 10 minutes.

2.4 Sample preparation for liquid chromatography analysis

The stock solution of levodopa (0.2 mg/mL) was prepared in mobile phase. The
working standard solution (40 pg/mL) was also obtained by the dilution of the stock
solution in mobile phase.

For the sample solution, a quantity equivalent of 10 mg levodopa was transferred
to a 50 mL volumetric flask, and then it was added 15 mL of mobile phase, followed by
20 minutes in ultrasonic bath and 20 minutes in mechanical shaker. After that, the
volume was completed with mobile phase and an aliquot of 2 mL of this solution was
diluted in a 10 mL volumetric flask to give a final concentration of 40 ug/mL. Both
microparticles and standard solutions were then filtered through a 0.45 ym membrane
filter (Millipore®) prior to the injection.

The stability of both solutions in closed vial was verified for 15 h at room

temperature.

2.5 Validation procedure
The method was validated for specificity, linearity, detection and quantification
limits, precision (repeatability and intermediate precision), accuracy, robustness and

system suitability.
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2.5.1 Specificity

The interference of the excipients was evaluated by comparing the
chromatograms obtained from the microparticles and the standard solution with those
obtained from excipients (chitosan, HPMC and hyaluronic acid). Forced degradation
studies were also performed to provide an indication of the method stability and
specificity [30,31].

The accelerated degradation conditions applied were: UV-A and UV-C light,
thermal stress (dry heat), acid, basic and oxidant media for both levodopa reference
standard and levodopa microparticles solutions. Samples were analyzed against a
freshly prepared control sample (with no degradation treatment) and under light
protection. Excipient solutions were submitted to the same degradation conditions in
order to demonstrate no interference.

Effect of UV-A and UV-C light: 0.5 mL of a solution containing 1 mg/mL of
levodopa in mobile phase was placed in a closed 1 cm quartz cell. The cells were
exposed to a UV chambers (100 x 18 x 17 cm) with internal mirrors and UV fluorescent
lamps, one emitting radiation at 352 nm (UV-A) and the other at 254 nm (UV-C). The
same procedure was done for the control sample simultaneously, which was wrapped in
aluminum foil in order to protect from light. After the degradation treatment, the samples
were diluted to 40 pg/mL with mobile phase and immediately analyzed.

Effect of thermal stress: the stock solutions (1 mg/mL) were prepared in mobile
phase and kept for 7 days at 60 °C in closed test tubes. A 2.0 mL aliquot of this solution

was diluted in mobile phase to a final concentration of 40 pg/mL.
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Effect of acid hydrolysis: the samples were dissolved in mobile phase (1 mg/mL)
and an aliquot of this solution was diluted in HCI 0.1 M (0.2 mg/mL) , allowed to react for
4 days, neutralized with NaOH 0.01 M and diluted in mobile phase to a final
concentration of 40 pg/mL.

Effect of alkaline hydrolysis: 20 mL of the stock solution (1 mg/mL) was
transferred to a 100 mL volumetric flask and the volume was completed with NaOH
0.005 M. After 30 minutes, one aliquot of the solution was neutralized with HCI 0.005 M
and diluted with mobile phase until the final concentration of 40 ug/mL.

Effect of oxidation: initial studies were performed in 3% H,O, at room temperature
for 48 h. Subsequently, the drug was exposed to 10% H,O, for a period of 60 h at room
temperature, but no degradation was observed. Finally, samples were dissolved in
mobile phase (1 mg/mL) and 5 mL of this solution was transferred to a volumetric flask,
where hydrogen peroxide solution (30%) was added (0.2 mg/mL). After 48 hours the

solution was diluted until the final concentration of 40 pg/mL, filtered and analyzed.

2.5.2 Linearity

To test linearity, standard plots were constructed with six concentrations in the
range of 10-60 pg/mL of the drug prepared in triplicates. The linearity was evaluated by
linear regression analysis that was calculated by the least square regression and by

variance analysis (ANOVA) for compliance of the linear model.
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2.5.3 Quantification and detection limits

The quantification (LOQ) and detection (LOD) limits were obtained based on
signal-to-noise approach. The background noise was obtained after injection of the
blank, observed over a distance equal to 20 times the width at half-height of the peak in
a chromatogram obtained by the injection of 40 ug/mL of the reference standard [32,33].
The signal-to-noise ratio applied was 10:1 for the LOQ and 3:1 for the LOD. The results

were verified experimentally.

2.5.4 Precision

The precision determination was done by analyzing six sample solutions of
levodopa microparticles in the same day for intra-day precision (repeatability) and on
three different days for inter-day precision (intermediate precision). The relative standard

deviation (RSD %) was determined.

2.5.5 Accuracy

The accuracy was determined by the recovery of known amounts of levodopa
reference standard added to the placebo solution. The added levels were 75, 100 and
125% of the nominal drug concentration (40 pug/mL). The results were expressed as the

percentage of levodopa reference standard recovered.

2.5.6 Robustness
The robustness of the analytical method was performed in order to evaluate the

susceptibility of measurements due to deliberate variations in analytical conditions. It
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was determined by analyzing the standard and sample solutions with the following
deliberate changes to the chromatographic conditions: column temperature +5 °C, flow
rate £0.2 mL/min, mobile phase pH +0.2 unit variation and column of a different serial

number .

2.5.7 System suitability

The system suitability was verified through the evaluation of the obtained
parameters for the standard solution, such as theoretical plates, peak asymmetry,
resolution and retention factor, verified in different days of the method validation. The
injection precision was calculated according to US Pharmacopeia [34] and the resolution
between the drug and the main photodegradation product was calculated by the LC

software.

2.6 Levodopa photodegradation kinetics

The photodegradation kinetics was carried out with quartz cells containing 0.5 mL
of levodopa in mobile phase at a concentration of 0.1 mg/mL exposed to UV-C radiation
(254 nm). The experiment conditions for the drug irradiation were the same described
for the specificity analysis under UV light in section 2.5.1. At pre-established times (O,
12, 24, 48 and 72 hours), the solutions (n=3) were diluted in mobile phase to achieve the
final theoretical concentration of 40 ug/mL. These solutions were protected from light
and analyzed by LC, employing the validated method.

In order to evaluate the contribution of thermally induced degradation, protected

samples prepared from the standard and the levodopa microparticles were wrapped in
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aluminum foil and exposed to the same conditions described above. They were kept in
the chamber until the withdrawn of the last samples and analyzed. In addition, the
temperature inside the chamber was controlled during the experiment in both cases.
The levodopa photodegradation kinetic rate was determined by plotting the drug
concentration (zero-order process), the log (first-order process) and the reciprocal
(second-order process) concentration versus time. The determination coefficients (R?)
were obtained and the best observed fit indicated the reaction order. The kinetic
parameters such as apparent order degradation rate constant (k), half-life (tos) and tgo
(i.e. time were 90% of original concentration of the drug is left unchanged) were

calculated. Each experiment was done in triplicate (analysis by LC method).

3. Results and Discussion
3.1 Validation of LC method

First studies were done using levodopa and levodopa tablets LC assay described
in US Pharmacopeia [34]. However, the results of system suitability parameters were
not adequate and levodopa peak presented an asymmetry due to the high concentration
of the standard solution proposed in the assay (0.4 mg/mL). Then, a new method was
developed and validated to quantify levodopa in the microparticles formulation.

The new method developed showed adequate system suitability parameters. The
analysis of the levodopa reference standard solution evaluated at each day presented

the approximate results: 16.259 theoretical plates, 7.34 resolution between the drug and
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the main degradation product, 0.85 peak asymmetry or tailing factor and 2.04 for the
retention factor. The levodopa RSD area peak of six injections was 0.05%,
demonstrating the injection repeatability. The obtained results establish that the LC
system and procedure are capable of providing data of acceptance quality [35,36].
Besides that, a stability test was performed with two solutions: one of them
containing the reference standard and the other containing the levodopa micropatrticles,
both in mobile phase and prepared according to section 2.4. After 15 h of analysis there

was no significant alteration in the measured areas.

3.1.1 Specificity

Placebo injections were performed to demonstrate the absence of excipients
components interference with levodopa elution. The results showed that LC method did
not suffer interference by the formulation excipients, since there was not another peak in
the same retention time of levodopa, as presented in Fig. 2.

The samples solutions (levodopa microparticles and standard reference) were
submitted to different stress conditions to induce degradation. Initially, samples were
exposed to UV-A radiation but no degradation was observed. Therefore, samples were
exposed to UV-C radiation, and after 4 hours the samples exhibited an area decrease of
13.71% (levodopa microparticles) and 9.98% for reference standard. Only after 72 hours
of UV-C light exposure a product degradation peak appeared at a retention time of 5.23
minutes corresponding to 22.53% of levodopa area peak, other small peaks also
appeared around 3 and 4 minutes, as shown in Fig. 2. These samples presented an

area decrease of 70.08% for levodopa microparticles and 57.78% for reference standard
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in 6.7 min. The results obtained in this preliminary stability study shows that levodopa is

susceptible to the photodegradation. Probably, the higher degradation of the formulation

samples should be caused by the excipients.
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Fig

. 2. Chromatograms obtained during specificity study: (A) formulation excipients and

reference substance (40 pg mL™); (B) (a) acid hydrolysis (HCI 0.1 M) and (b) acid

hydrolysis (HCI 0.1 M) after 4 days; (C) (a) basic hydrolysis (0.01 M NaOH) and (b)

basic hydrolysis (0.01 M NaOH) after 30 min; (D) oxidative degradation (30% H,O,) after

48h; (E) (a) dry heat 60 °C and (b) dry heat 60 °C for 7 days; (F) (a) photodegradation

(UVC) and (b) photodegradation (UVC) after 72h.
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When submitted to 60 °C for 7 days, the samples showed an area reduction of
21.83% and 24.23% for the reference standard and levodopa microparticles solution,
respectively.

The alkaline degradation in 0.005 M NaOH presented an instantaneous
degradation that could be seen as the formation of a yellow color in the solution, which
increased along the exposure time. After 30 minutes, it was observed that 15.83% of the
drug degraded in the levodopa microparticles and 14.90% in the reference standard
solution, but there was no corresponding formation of degradation products as
compared to the drug standard solution without degradation.

Under the acid conditions exposed, HCI 0.1 M for 4 days, the samples remained
stable. In a study published by Kankkunen et al. [37], at pH 10.0 the oxidation of
levodopa was fast. At pH 7.4 the oxidation was a slower process than at pH 10.0. As
presumed, even after 50 h in the more acidic solutions (pH 2.0 or 4.0), levodopa
remained almost completely in an unoxidized form. When levodopa is oxidized, the
hydrogen atoms come off and, therefore, in an acidic environment the oxidation of
levodopa is hindered.

The drug was found to be stable in 3% H,0O, for 48 h and in 10% H,0O, for 60 h at
room temperature. After 48 hours in oxidation media, H,0, 30%, it remained 93.44% of
levodopa in the levodopa microparticles and 98.45% in the standard solution. This
higher degradation in sample solution can be due to the action of one or more excipient
ingredients that facilitate the degradation reaction.

The structure of levodopa is similar to hydroquinone structure (double-OH-

substituted aromatic ring). Hydroquinones can be oxidized to quinones which involve a
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two-one electron transfer step [38]. The oxidation process proceeds with very mild
oxidizing agents, such as Ag* or Fe*™ present, e.g. in moisture or water. The oxidation of
levodopa can be observed also visually, because the hydroquinones are colorless and
the quinones are colored [37].

For most degradation conditions no degradation peaks were detected. Such a
situation can either arise due to the formation of non-chromophoric products or due to
decomposition of drug to low molecular weight fractions [31]. The chromatographic peak
purity tool was applied to all levodopa peaks, and demonstrated that they were pure in
all cases, confirming the absence of other substance coeluting in the same retention
time. Since the main peak of levodopa was not found attributable to any other

substance, the method proves to be a stability indication.

3.1.2 Linearity, LOD and LOQ

The method demonstrated to be linear in the concentration range of 10 — 60
pMg/mL, with a correlation coefficient of 0.9999. The slope and the intercept obtained
from the three standard curves analyzed together were 16.0643 and 0.3634,
respectively. The analysis of variance revealed that the obtained results correspond to a
linear regression and showed no-significative linearity deviation (a=5%). Regarding the
intercept, it was not significantly different from the theoretical zero value, therefore, there
is no interference on the validation [32]. LOQ and LOD were 208.0 and 46.8 ng/mL,

respectively.
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3.1.3 Precision

Repeatability and intermediate precision results are expressed as relative
standard deviations (RSD %). The results are presented in Table 1 for both the
repeatability and the intermediate precision. The variability of the results was low with
RSD % values less than 2% to intra-day and 0.28% to inter-day, indicating the precision

of the developed method.

Table 1
Precision studies.
Intra-day precision (%) RSD (%)
Day 1 101.19 0.27
Day 2 100.80 1.01
Day 3 101.50 0.61
Inter-day precision (%) RSD (%)
101.16 0.28

3.1.4 Accuracy

The data for accuracy was expressed in terms of levodopa percentage recoveries
from the known quantities added to the placebo solution. For each level of levodopa
concentration three determinations were performed. These results are summarized in
Table 2. The mean recovery data were within the range of 100.01 to 100.93% and the

mean RSD % was 0.23, satisfying the acceptance criteria for the study.

Table 2
Recovery studies of levodopa (n=9).
Added concentration (ug/mL) Mean recovery (%) + RSD (%)
30 100.22 £ 0.11
40 100.41 + 0.47
50 100.32 £ 0.11
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3.1.5 Robustness
The calculated response factors of the peaks of interest and the performance of
the chromatographic system were not influenced by the modified operational

parameters.

3.2 Levodopa photodegradation kinetics

In this study, the levodopa kinetics photodegradation was carried out through the
employment of stress conditions. The exposure to light was found to be an important
adverse stability factor. The LC method was used to the determination of the drug in the
degraded samples. The levodopa photodegradation profile was evaluated at different
time intervals. The effect of light on the residual concentration of levodopa in degraded
samples is shown in Table 3. It was observed that around 30% of the drug degraded in
the microparticles solution after 12 hours of light exposure; however, there was no
corresponding formation of degradation products. The solutions developed a yellow
color, which increased along the exposure time. The temperature inside the chamber
was always below 32 °C. The chromatograms of the placebo solutions did not present
any peak. Therefore, there is no influence of the excipients in the determination of the

kinetics of photodegradation of this drug.

95



Table 3
The effect of light on the residual concentration of levodopa in degraded samples: (A)
levodopa reference standard solution and (B) levodopa microparticles.

Time Concentration Drug content Concentration Drug content
(h) (Mg/mL) (A) (%) (A) (Mg/mL) (B) (%) (B)

0 40.00 100.00 40.00 100.00

6 33.25 88.12 33.13 82.82

12 29.98 74.94 29.78 74.45

24 27.06 67.65 25.27 63.18

48 21.40 53.51 15.08 37.53

72 16.89 42.22 12.02 29.92

The photodegradation kinetics was calculated through the decrease in drug
concentration by the time. The drug remaining concentration was calculated at each
time interval for the three replicates in comparison with the mean concentration of the
standard solution.

Through the evaluation of the determination coefficients obtained by plotting the
drug concentration (zero-order process), the log (first-order process) and the reciprocal
(second-order process) concentration versus time, the degradation of levodopa in
mobile phase solutions could be better described as second order kinetic for both the
reference standard solution and the formulation, under the applied experimental
conditions. Therefore, the degradation speed is proportional to either the concentration
of a reactant squared, or the product of concentrations of two reactants [39]. The

obtained degradation rate constants (k), half-life (to.5) and tyo are described in Table 4.

Table 4
Degradation rate constant (k), half-life (tos) and tgy of levodopa and levodopa
microparticles solutions.

k(h'l.mg1.L) t o5 (h) t 90 (N)
Levodopa reference standard solution 0.000453 55.16 6.13
Levodopa microparticles solution 0.000838 29.84 3.32
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4. Conclusion

A stability-indicating LC method was developed and validated to evaluate the
performance of the microparticles containing levodopa. The validation parameters
revealed that accuracy, intermediate precision and repeatability are within the general
ranges for acceptance. The LC method proposed was also simple, fast, linear, robust
and specific and it is a powerful tool to investigate chemical stability of levodopa and
levodopa microparticles. The validated method can be successfully applied for the
analyses of raw material and for the novel formulation developed, as well as for
protocols of levodopa stability study.

The method applicability to stability studies was proved through the evaluation of
the main factors that affect the drug content in solution and through the levodopa
degradation kinetics in mobile phase solution exposed to UV-C light. Both solutions of
levodopa, reference standard and formulation, were stable to acid condition. Mild
degradation of the drug occurred in oxidative stress. Levodopa was found to degrade
significantly in alkaline condition, thermal exposure and in the presence of light. The
drug kinetics photodegradation was also determined and follows second order reaction

kinetics, establishing that its speed is dependent on two factors.
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6. DISCUSSAO GERAL







A  literatura  apresenta  estudos empregando  &cido  hialurénico,
hidroxipropilmetilcelulose e quitosana no desenvolvimento de formulagbes para a via
pulmonar (GRENHA et al., 2005; COLOMBO et al., 2008; LEAROYD et al., 2008;
SIVADAS et al.,, 2008). Diversos trabalhos mostram as vantagens do uso destes
polimeros como carreadores de farmacos, especialmente pelo aumento da absorcéo
pulmonar, devido a atividade mucoadesiva que proporciona um atraso na depuracao
mucociliar (SAKAGAMI et al., 2001). Além disso, sdo biodegradaveis, biocompativeis,
nao-imunogénicos e ndo-téxicos, podendo ser considerados promissores excipientes
para esta via (OH et al., 2010). No entanto, ndo foram encontrados trabalhos utilizando
estes trés polimeros em conjunto. Outros adjuvantes como leucina,
hidroxipropilcelulose (HPC), gelatina, alginato, albumina, poli (DL-lactideo-co-glicolideo)
(PLGA) também tém sido foco de estudos para esta via (HUANG et al., 2002; COOK et
al., 2005; SIVADAS et al., 2008).

Inicialmente, testou-se a possibilidade de preparacdo da formulacdo em uma
Unica etapa de secagem, contudo, devido a incompatibilidade do acido hialurdnico
(anidnico) e da quitosana (catidnica) em solucao, realizou-se 0 processo de secagem
por aspersdo em duas etapas. Muzzarelli e colaboradores (2004) produziram
microesferas de quitosana e acido hialurénico em uma Unica etapa por spray-drying, em
solugéo alcalina. Entretanto, nesta condi¢cdo ocorreria degradacéo da levodopa, a qual
€ instavel em meio alcalino. Além disso, foram utilizados reagentes para a preparacao
de um sal de quitosana que seriam inviaveis para a via pulmonar.

Apés esta etapa de incorporacdo dos excipientes em solucdo, diversos testes
pilotos foram efetuados para o ajuste da formulacdo, incluindo a reducdo da
temperatura de secagem de 150 °C para 120 °C, alteracbes na pressdo do
equipamento, fluxo de alimentacdo, concentracdo de farmaco e polimeros.

Primeiramente, foram selecionadas as formulagbes que apresentaram teor
adequado (entre 90 e 110%). O segundo aspecto considerado foi o diametro
aerodinamico, formulacbes com resultados superiores a 5 um foram excluidas, devido
ao fato de ser um critério fundamental para deposicao na via pulmonar. Apdés os ajustes

realizados na formulacdo, a amostra que apresentou resultados satisfatorios foi
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caracterizada quanto ao teor de umidade, morfologia por microscopia eletrbnica de
varredura, tamanho de particula e distribuicdo granulométrica por difratometria a laser.

Na avaliacdo morfologica observou-se algumas particulas de superficie lisa e
sem poros. A presenca de concavidades pode ser devido a acdo de capilaridade da
superficie seca das particulas no momento da extracdo do liquido para o exterior que
acontece uniformemente ao redor da goticula, criando uma pressao interna sub-
atmosférica, resultando em particulas colabadas. Além disso, pode-se atribuir o fato ao
impacto das particulas imidas na parede da camara de secagem (WALTON, 2000).

A determinacao das interacdes entre os constituintes da formulacéo foi analisada
por calorimetria exploratéria diferencial. Os resultados obtidos por esta andlise
sugeriram que o farmaco encontrava-se encapsulado.

Com a finalidade de complementar esta primeira fase do trabalho, foi realizado
um estudo de toxicidade pulmonar da formulacdo em ratos pela técnica de lavagem
bronco-alveolar. Ap0s a analise estatistica (Student-Newman-Keuls, a=5%), a
formulagdo apresentou-se igual ao controle negativo e significativamente diferente do
controle positivo. Para fins de comparacdo, realizou-se, também, o estudo com
levodopa pd, o qual apresentou resultados semelhantes ao controle positivo.
Demonstrando assim, que a formulacdo exerceu um efeito protetor aos danos causados
pelo farmaco e ndo provocou efeito prejudicial ao trato respiratério inferior.

Portanto, os resultados obtidos nesta fase demonstraram a aplicabilidade destas
microparticulas para a via pulmonar, embora estudos complementares ainda sejam
necessarios para garantir a eficacia e seguranca da formulacao.

Na etapa seguinte (Capitulo 1), foi realizada a validacdo do método analitico,
estudos de degradacdo forcada e a determinacdo da cinética de degradacdo em
condicdes fotoliticas.

Na literatura, constam diversos métodos analiticos por CLAE para deteccéo da
levodopa em plasma e outros fluidos biolégicos (WIKBERG, 1991; WU, 2000; MUZZI et
al., 2008), entretanto apenas dois estudos foram encontrados para matéria prima. Um
método indicativo de estabilidade para determinacéo de levodopa e levodopa-carbidopa
publicado por Kafil e Dhingra (1994) avalia somente a degradacdo da solucdo do
farmaco em temperatura ambiente por 24 h. O segundo trabalho publicado por Shihong
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e colaboradores (2008), avalia o farmaco em condi¢cdes de degradacédo forcada por
acido, base, oxidacao, calor e luz, esta redigido em lingua chinesa.

Na Farmacopéia Americana encontra-se descrita a monografia da levodopa para
matéria-prima e comprimidos, utilizando pH e fase modvel diferentes do método
desenvolvido. A partir de 2008, a Farmacopéia Britanica também descreve um meétodo
para levodopa matéria-prima.

Estudos preliminares foram realizados utilizando o método descrito na
Farmacopéia Americana (USP, 2009) por cromatografia liquida de alta eficiéncia
(CLAE) para levodopa matéria prima e comprimidos. Entretanto, o resultado de
adequabilidade do sistema para a simetria do pico demonstrou-se inadequado,
provavelmente devido a alta concentracdo de levodopa proposta pelo
método farmacopéico (0,4 mg/mL). Assim sendo, desenvolveu-se e validou-se novo
meétodo analitico alterando pH, fase mdével e concentracdo de trabalho para quantificar o
farmaco nas formulacdes de microparticulas. O método demonstrou-se especifico,
linear, preciso, exato e robusto. A validacdo do método por CLAE permitiu a
determinacdo qualitativa e quantitativa da substancia ativa de uma maneira rapida e
eficiente.

Os estudos de degradacdo forcada, com a solucdo de amostra e padrdo de
levodopa, foram realizados a fim de determinar a especificidade do método,
proporcionando a validacdo de um método indicativo de estabilidade. Os resultados
obtidos nos ensaios de degradacdo demonstraram a instabilidade da levodopa em
condicdes fotoliticas e alcalinas.

Contudo, para definir a ordem e a velocidade de reagcédo sdo necessarios estudos
de cinética quimica, os quais podem ser classificados em reacbes de ordem zero,
primeira ordem ou segunda ordem (LACHMAN et al., 2001). A determinagé&o da cinética
de degradacdo, em condi¢bes fotoliticas, definida como segunda ordem possibilitou
prever o grau de transformagé&o ocorrido durante o periodo do estudo. A velocidade de
degradacédo do farmaco em solucédo permitiu detectar a labilidade da formulacdo em
condicdes fotoliticas, informacdo importante para a producgéo, controle de qualidade e

armazenamento da formulacao.
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7. CONCLUSOES GERAIS







e O desenvolvimento de pos de levodopa para liberagdo pulmonar, preparados por
secagem por aspersdo, usando acido hialurénico, HPMC (Methocel E3®) e
guitosana como adjuvantes, permitiu a obtencdo de formulacbes com boas
propriedades aerodinamicas devido ao reduzido diametro aerodinamico e a baixa

densidade de compactacéo das formulagoes;

e A eficiéncia de encapsulacdo foi de aproximadamente 98%. Os diametros
médios das microparticulas apresentaram valores entre 15,2 e 16,2 ym com SPAN
em torno de 2. A analise da morfologia das particulas, através de microscopia
eletrbnica de varredura, mostrou que a formulacdo apresentou formato arredondado,
estrutura oca, superficie lisa, com varias concavidades na mesma particula e

algumas particulas colapsadas;

O emprego em conjunto do &cido hialurénico, HPMC e quitosana apresentou
resultados positivos e mostrou a aplicacao inédita destes polimeros em formulacdes;

A densidade de compactacéo apresentou valores entre 0,06 e 0,08 g/cm? e diametro
aerodinamico inferior a 5 ym, ideal para a deposicdo das particulas nas regides mais

profundas do trato respiratério;

A avaliacao da toxicidade pulmonar das microparticulas contendo levodopa mostrou
gue a administracao intratraqueal da formulagcdo ndo causou toxicidade aguda em
ratos. Os indicadores de toxicidade desidrogenase lactica, albumina, fosfatase
alcalina e proteinas totais para estes grupos foram significativamente menores que o
controle-positivo e apresentaram niveis similares ao controle-negativo. Desta forma,
0s resultados sugerem que a administragcdo pulmonar poderia ser uma nova e

promissora via de administracdo para este farmaco;
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O método por CLAE indicativo de estabilidade demonstrou ser especifico, linear,
preciso, exato e robusto, ou seja, adequado para o controle de qualidade da

formulacdo e quantificacdo de levodopa nas microparticulas;

A degradacdo da amostra de microparticulas contendo levodopa, em condi¢des
fotoliticas, obedeceu a uma cinética de segunda ordem, ou seja, a velocidade de
reacdo € dependente de dois fatores. A velocidade de reacdo € proporcional a

concentracao de dois reagentes ou a segunda poténcia de um deles.
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