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RESUMO 

A malária, causada por protozoários intracelulares do gênero Plasmodium, é uma 

das doenças tropicais mais devastadoras existentes. Mais de 3 bilhões de pessoas 

vivem em regiões endêmicas para a malária. Cinco espécies de Plasmodium 

(falciparum, vivax, ovale, malariae e knowlesi) causam doenças em humanos e a 

infecção com P. falciparum, o mais letal desses parasitas, resulta em mais de 1 

milhão de mortes anualmente. O desenvolvimento de resistência aos fármacos 

antimaláricos tradicionais, leva ao uso de combinações de fármacos como a quinina 

(QN) e a doxiciclina (DOX). Nesse contexto, os objetivos deste trabalho foram 

desenvolver e caracterizar formulação de nanopartículas lipídicas sólidas (NLS) 

contendo a associação de QN/DOX, avaliar sua eficácia em um modelo in vivo de 

malária berghei, determinar a sua farmacocinética e o coeficiente de partição nos 

eritrócitos dos fármacos livres e nanoencapsulados. A formulação de NLS contendo 

QN/DOX (2,0/0,2 mg/mL) foi preparada pela técnica de homogeneização a alta 

pressão, utilizando polissorbato 80 e Lipoid® como emulsionantes e palmitato de 

cetila como matriz lipídica. No estudo preliminar de estabilidade, a formulação de 

NLS contendo QN/DOX apresentou tamanho de partícula adequado (152,8 ± 5,26 

nm), índice de polidispersão (0,173 ± 0,006), potencial zeta (-38,6 ± 1,82 mV), alto 

conteúdo dos fármacos (95,9% ± 0,70/ 94,1% ± 2,41) e adequada eficiência de 

encapsulação (94,2% ± 1,14/83,0% ± 2,52), após 21 dias de armazenamento em 

temperatura ambiente. Para a análise do teor um método rápido e específico de 

cromatografia líquida-acoplada a espectrometria de massa (LC-MS/MS) foi 

desenvolvido e validado para a determinação simultânea de QN e DOX nas 

formulações. O método por LC-MS/MS utilizou coluna Waters Sun Fire C18 (50 mm 

x 3,0 mm de diâmetro) e a fase móvel foi composta de acetonitrila:ácido fórmico 

0,1% (75:25, v/v), no fluxo de 0,45 mL/min (split 1:3). O volume de injeção foi de 10 

µL. Ratos Wistar infectados por P. berghei foram utilizados para avaliar a eficácia da 

formulação de NLS contendo QN/DOX utilizando diferentes regimes de dose. As 

doses efetivas da formulação, i.v. (75/7,5 mg/kg/dia) e oral (105/10,5 mg/kg/dia), 

representam uma redução de quase 30% em comparação com os fármacos livres 

utilizados em associação. A farmacocinética foi avaliada após a administração dos 

fármacos livres ou nanoencapsulados pela vias i.v. (10/1 mg/ kg) e oral (25/2,5 

mg/kg) em ratos Wistar infectados. Para a quantificação das amostras de plasma 



 

  

dos ratos, método por LC-MS/MS foi desenvolvido e validado. A QN, a DOX e a 

cimetidina (padrão interno, PI) foram extraídos do plasma através de precipitação de 

proteínas e a fase móvel consistiu de metanol/ácido fórmico 0,1% (70:30, v/v), no 

fluxo de 0,5 mL / min (split 1:3). A detecção foi realizada através da ionização por 

electrospray positivo, no modo de monitoramento de reações múltiplas, onde foram 

monitoradas as transições 325,0>307,0, 445,0>428,1 e 252,8>159,0, para QN, DOX 

e PI, respectivamente. A análise foi realizada em 2,0 min e o método foi linear na 

faixa de concentração plasmática entre 5-5000 ng/mL. Nenhuma alteração 

significativa dos parâmetros farmacocinéticos foi observada para ambos os fármacos 

e vias de administração, após a nanoencapsulação. O coeficiente de partição da QN 

nos eritrócitos infectados por P. berghei aumentou (5,53 ± 0,28) quando a 

formulação de NLS contendo QN/DOX foi usada em comparação com os fármacos 

livres em associação (3,81± 0,23). Nenhuma alteração significativa na penetração 

intraeritrocitária da DOX foi observada com a nanoencapsulação. Os resultados 

demonstram que a nanoencapsulação da QN/DOX em NLS diminui a dose efetiva 

para o tratamento da malária, sendo uma alternativa interessante a ser investigada 

para o tratamento da malária falciparum resistente.  

 

Palavras-chave: quinina, doxiciclina, nanopartículas lipídicas sólidas, Plasmodium 

berghei, malária, farmacocinética, coeficiente de partição nos eritrócitos, LC-MS/MS. 

 

 

 

 

 

 

 

 



 

  

ABSTRACT 

Development and Evaluation of the Activity and Pharmacokinetics of Solid 

Lipid Nanoparticles Loaded with the Association of  

Quinine and Doxycycline 

 

Malaria is one of the most devastating tropical diseases caused by intracellular 

protozoan parasites of the genus Plasmodium. More than 3 billion people live in 

malarial endemic regions. Five species of Plasmodium (falciparum, vivax, ovale, 

malariae and knowlesi) cause disease in humans and infection with P. falciparum, 

the most deadly of these parasites, results in more than 1 million deaths annually. 

The development of resistance to traditional antimalarial drugs leads to the use of 

drug combinations such as quinine (QN)/doxycycline (DOX). In this context, the aims 

of this work were to develop and characterize solid lipid nanoparticles (SLN) loaded 

with QN/ DOX, to evaluate their efficacy in an in vivo model of berghei malaria, and to 

determine their pharmacokinetics and erythrocyte partition coefficient compared to 

the non-encapsulated (free) drug association. The SLN were prepared by high 

pressure homogenization technique using polysorbate 80 and Lipoid® as emulsifiers 

and cetyl palmitate as lipid matrix. In the preliminary stability study, QN/DOX-loaded 

SLN (2.0/0.2 mg/mL) presented adequate particle size (152.8 ± 5.26 nm), 

polydispersion index (0.173 ± 0.006), zeta potential (-38.6 ± 1.82 mV), high drug 

content (95.9% ± 0.70/94.1% ± 2.41) and appropriate encapsulation efficiency 

(94.2% ± 1.14/83.0% ± 2.52) after 21 days of storage at room temperature. For the 

assay analysis, a fast and specific liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) method was developed and validated for the simultaneous 

determination of QN and DOX. The LC-MS/MS method was carried out on a Sun Fire 

Waters C18 column (50 mm x 3.0 mm I.D.) and the mobile phase consisted of 

acetonitrile:0.1% formic acid (75:25, v/v), run at a flow rate of 0.45 mL/min (split 1:3). 

The injection volume was 10 µL. Plasmodium berghei infected Wistar rats were used 

to evaluate the efficacy of QN/DOX-loaded SLN using different dosing regimens. The 

effective QN/DOX-loaded SLN i.v. (75/7.5 mg/kg/day) and oral (105/10.5 mg/kg/day) 

doses represent an almost 30% reduction compared to the free drugs in association. 

Plasma pharmacokinetics was evaluated after administration of free or 

nanoencapsulated QN/DOX by i.v. (10/1 mg/kg) and oral (25/2.5 mg/kg) routes to 



 

  

infected Wistar rats. For the quantification of the rat plasma samples, a fast, sensitive 

and specific LC-MS-MS method was developed and validated for the determination 

of QN and DOX. QN, DOX and cimetidine (internal standard, IS) were extracted from 

the plasma by protein precipitation and the mobile phase consisted of 

methanol/formic acid 0.1% (70:30, v/v), run at a flow rate of 0.5 mL/min (split 1:3). 

Detection was carried out by positive Electrospray Ionization in multiple reaction 

monitoring mode, monitoring the transitions 325.0>307.0, 445.0>428.1 and 

252.8>159.0, for QN, DOX and IS, respectively. The analysis was carried out in 2.0 

min and the method was linear in the plasma concentration range of 5-5000 ng/mL. 

No significant alteration of pharmacokinetic parameters was observed for both drugs 

and routes of dosing after nanoencapsulation. QN partition coefficient into P. berghei 

infected erythrocyte was increased (5.53 ± 0.28) when the QN/DOX-loaded SLN was 

used in comparison with the free drugs in association (3.81 ± 0.23). No significant 

alteration on DOX erythrocyte partition coefficient was observed. In summary, the 

results showed that QN/DOX nanoencapsulation into SLN allows the reduction of the 

effective antimalarial dose being an interesting alternative to be investigated for the 

treatment of falciparum resistant malaria. 

 

 

Keywords: quinine, doxycycline, solid lipid nanoparticles, Plasmodium berghei, 

malaria, pharmacokinetics, erythrocyte partition coefficient, LC-MS/MS. 
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A malária é uma doença infecciosa febril aguda cujo agente etiológico é o 

protozoário do gênero Plasmodium. Afeta aproximadamente 500 milhões de 

pessoas e mata mais de um milhão de pessoas por ano em todo o mundo 

(GREENWOOD et al., 2008; GARCIA, 2010). No Brasil, são registrados cerca de 

350.000 a 500.000 novos casos ao ano e as espécies que causam a doença são 

Plasmodium vivax, Plasmodium falciparum e, eventualmente, Plasmodium malariae. 

O mosquito fêmea do gênero Anopheles é o vetor do Plasmodium e hospedeiro 

definitivo, enquanto que o homem é o hospedeiro intermediário. A Amazônia Legal, 

composta pelos Estados do Acre, Amapá, Amazonas, Mato Grosso, Pará, Rondônia, 

Roraima, Tocantins e parte do Maranhão, concentra, atualmente, 99,9% dos casos 

de malária do país, pois as condições socioeconômicas e ambientais favorecem a 

proliferação do mosquito Anopheles e, conseqüentemente, a exposição a essa 

doença de grandes contingentes populacionais (BRASIL, 2010).   

A utilização de fármacos antimaláricos em tratamentos seguros e eficazes é 

essencial para a redução da mortalidade por malária, principalmente considerando 

que a estratégia atual de controle está baseada no diagnóstico precoce e no 

tratamento adequado dos casos. No entanto, o aparecimento e propagação de 

parasitas resistentes à grande maioria dos antimaláricos disponíveis, no decorrer 

das últimas décadas, têm-se revelado como o principal obstáculo a uma eficiente 

diminuição dos casos da malária. Muitos dos fármacos empregados são 

relativamente de baixo custo, fáceis de distribuir e eficazes. No entanto, o problema 

da resistência do P. falciparum tem tornado a profilaxia e quimioterapia mais 

complexas e menos satisfatórias, portanto alternativas terapêuticas devem ser 

desenvolvidas a fim de contornar este problema mundial (OLLIARO, 2001; 

SANTOS-MAGALHÃES & MOSQUEIRA, 2010). 

Nesse contexto, a associação de fármacos tem sido muito utilizada. Um 

exemplo é utilização de tratamento com quinina (QN) e doxiciclina (DOX), tendo em 

vista a elevada eficácia terapêutica, ausência de resistência e possibilidade de 

administração parenteral (LEAL et al., 2003). 

Uma área que tem sido muito estudada nos últimos anos é a nanotecnologia, 

que tem gerado inúmeras pesquisas científicas, nas mais variadas áreas de 

pesquisa (eletrônica, medicina, química, física, ciência da computação, biologia e 

engenharia dos materiais) e produção. Na área farmacêutica, os sistemas 

nanoparticulados têm sido estudados principalmente no desenvolvimento de 
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sistemas de liberação de fármacos. Considerando as suas vantagens em relação às 

formas farmacêuticas convencionais, pode-se destacar a possibilidade de 

vetorização de fármacos, redução da toxicidade, aumento da biodisponibilidade, 

proteção do fármaco frente à inativação no meio gastrintestinal e desenvolvimento 

de sistemas de ação prolongada (VAUTHIER & COUVREUR, 2007; SAKAMOTO et 

al., 2010). Justifica-se, nesse contexto, o emprego da nanotecnologia visando 

melhorar a eficácia e segurança de fármacos antimaláricos bem como na busca de 

alternativas de tratamentos para essa infecção. 

Com base no exposto, esse trabalho propõe-se a preparar, caracterizar e 

avaliar a farmacocinética e atividade in vivo de nanopartículas contendo fármacos 

antimaláricos em associação, a QN e a DOX visando melhorar a eficácia terapêutica 

dos tratamentos para a malária e dar prosseguimento a estudos já desenvolvidos 

pelo grupo de pesquisa que investigou a nanoencapsulação da QN. Paralelamente 

serão desenvolvidos métodos analíticos e bioanalíticos para a determinação 

quantitativa dos fármacos nas formulações desenvolvidas e em matriz biológica 

empregando a cromatografia líquida acoplada à espectrometria de massas (CL-

EM/EM). 

Com a concretização dos objetivos propostos esperamos obter alternativas 

terapêuticas mais eficazes e potencialmente mais seguras para o tratamento da 

malária, que poderão contribuir para o equacionamento desse importante problema 

de saúde pública no País. 
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2.1 Objetivos gerais 
 

Desenvolver, caracterizar e avaliar a atividade e o perfil farmacocinético de 

formulações de nanopartículas lipídicas sólidas contendo a associação QN/DOX, 

visando alternativas terapêuticas para tratamento da malária. 

 

2.2 Objetivos específicos 

 

 Desenvolver e caracterizar físico-quimicamente nanopartículas lipídicas 

sólidas contendo a associação QN/DOX. 

 

 Desenvolver e validar método por CL-EM/EM para determinação quantitativa 

dos fármacos nas formulações desenvolvidas. 

 

 Desenvolver e validar método por CL-EM/EM para determinação quantitativa 

dos fármacos em matriz biológica. 

 

 Avaliar in vivo a atividade das formulações utilizando modelo de infecção para 

P. berghei.  

 

 Avaliar comparativamente o perfil farmacocinético plasmático dos fármacos 

livres e nanoencapsulados em ratos infectados por P. berghei. 

 

 Determinar o coeficiente de partição nos eritrócitos dos fármacos livres e 

nanoencapsulados. 
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3.1 Malária 

 

3.1.1 A malária no mundo 

 

A malária é uma doença infecciosa que, apesar de poder ser tratada e evitada 

ainda ocasiona um alto índice de mortalidade no mundo. É causada pelo protozoário 

intracelular do gênero Plasmodium e infecta humanos de todas as faixas etárias. No 

entanto indivíduos que possuem baixa imunidade, como crianças, mulheres grávidas 

e portadores de HIV são mais vulneráveis. Cerca de 50% da população mundial (3,3 

bilhões) tem risco de contrair a doença. A malária é encontrada em regiões tropicais 

e subtropicais do mundo e é responsável por aproximadamente 500 milhões de 

novos casos e pelo menos um milhão de mortes anualmente (GREENWOOD et al., 

2008; GARCIA, 2010). Noventa por cento das mortes ocorrem na África, atingindo 

principalmente crianças menores de cinco anos. O efeito da doença se estende além 

da quantificação da mortalidade e da morbidade. A doença pode reduzir o 

desempenho escolar e a produtividade no trabalho e prejudicar o desenvolvimento 

intelectual (OMS, 2009). 

Fatores como resistência do vetor aos inseticidas utilizados, a resistência do 

Plasmodium aos antimaláricos, às condições sócio-econômicas das populações 

atingidas, bem como esquemas de tratamento complexos dificultam o tratamento e 

erradicação da malária em todo mundo (WINSTANLEY, 2001; PIMENTEL et al., 

2007). 

Na última década, esforços para erradicar a malária têm sido realizados em 

diversas partes do mundo. O programa Roll Back Malaria (RBM) é um programa 

mundial estabelecido pela OMS, UNICEF (Fundo das Nações Unidas para a 

Infância) e o Banco Mundial, e conta com a participação de governos, entidades 

não-governamentais, empresas privadas e pesquisadores. Os principais objetivos 

deste programa são melhorar o acesso da população a um tratamento efetivo, 

prevenir a malária durante a gravidez, reduzir o contato com o mosquito (pela 

utilização de inseticidas) e garantir ações de saúde adequadas durante uma 

epidemia de malária (SUH et al., 2004; OMS, 2010b).  

Para atingir os objetivos, as estratégias do programa são: aprimorar o nível de 

informação sobre a doença nas regiões endêmicas, disponibilizar um acesso efetivo 
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e de qualidade aos medicamentos e promover a qualificação dos profissionais da 

saúde na prevenção e tratamento da doença (OMS, 2010b). 

 Investimentos significativos para a pesquisa e desenvolvimento de 

alternativas para a erradicação da malária também tem sido realizados através da 

liderança e financiamento da Fundação Bill & Melinda Gates. Fundada em 1994, a 

fundação investiu mais de US$ 8,95 bilhões de dólares entre 1998 e 2007 em 

programas de combate a doença, no desenvolvimento de medicamentos e também 

de uma vacina contra a malária (MACCOY et al., 2009). 

 

3.1.2 A malária no Brasil 

 

A malária é um grave problema de saúde pública devido a sua alta incidência 

e às conseqüências que trazem às pessoas acometidas pela doença, influenciando 

significativamente o potencial de desenvolvimento de países, regiões e estados, 

pelos múltiplos custos que acarreta. No Brasil, a doença incide predominantemente 

na chamada Amazônia Legal, prevalecendo às infecções pelo Plasmodium vivax e 

pelo Plasmodium falciparum, principalmente em populações vivendo em condições 

insatisfatórias de habitação e trabalho. Nessas populações, a ocorrência da malária 

está relacionada à ocupação desordenada de terras, à exploração manual de 

minérios, a projetos de assentamento e colonização agrária e à migração de 

pessoas da zona rural para a periferia de cidades amazônicas (REINERS et al., 

2010). 

O quadro epidemiológico da malária no Brasil ainda é preocupante nos dias 

atuais. Embora em declínio, o número absoluto de casos no ano de 2008 foi superior 

a 300.000 pacientes em todo o país, sendo o P. vivax a espécie causadora da 

maioria dos casos. No entanto, a transmissão do P. falciparum, responsável pela 

forma grave e letal da doença, tem apresentado redução importante nos últimos 

anos. Além disso, a frequência de internações por malária no Brasil também vem 

mostrando declínio, ficando em 1,3% no ano de 2008, enquanto em 2003 era de 

2,6% (BRASIL, 2010). Apesar dessa redução a malária ainda se constitui em grave 

problema de saúde pública no País. O risco de contrair a malária é medido pela 

incidência parasitária anual (IPA), que classifica as áreas de transmissão em alto (50 

ou mais casos de malária por mil habitantes), médio (maior que 10 e menor que 50 
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casos por mil habitantes) e baixo risco (menor que 10 casos por mil habitantes) 

(BRASIL, 2010). 

A distribuição espacial do risco de transmissão da doença no Brasil é 

apresentada na Figura 1. 

 

 

 Figura 1. Mapa do Brasil destacando as áreas de risco para malária pelos 
diferentes níveis de incidência parasitária anual (BRASIL, 2010). 

 

Até a década de 80, houve relativa equivalência entre as espécies 

parasitárias (P. vivax e P. falciparum) inclusive com um período de inversão 

parasitária de 1983 a 1998 com predominância do P. falciparum. A partir de então, 

nota-se um distanciamento do número de registros das duas espécies, com a 

predominância do P. vivax, responsável por quase 90% dos casos notificados em 

2009, conforme podemos observar na Figura 2. Essa inversão na proporção de 

casos de P. vivax e P. falciparum nas duas últimas décadas foi uma das principais 

realizações do Programa Nacional de Controle da Malária (PNCM), levando a uma 

diminuição substancial do número de mortes (OLIVEIRA-FERREIRA et al., 2010). 
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Figura 2. Registros de casos de malária e espécies parasitárias no Brasil (P. vivax e 
P.falciparum) (OLIVEIRA-FERREIRA et al., 2010). 

 

 Segundo o Ministério da Saúde (BRASIL, 2010), que recomenda os 

tratamentos e disponibiliza de forma gratuita os medicamentos antimaláricos 

utilizados no País, o tratamento da malária visa atingir o parasita em pontos-chave 

de seu ciclo evolutivo, os quais podem ser resumidos em: 

a) interrupção da esquizogonia sanguínea, responsável pela patogenia e 

manifestações clínicas da infecção; 

b) destruição de formas latentes do parasita no ciclo tecidual (hipnozoítos), evitando 

assim as recaídas tardias; 

c) interrupção da transmissão do parasita, através da utilização de fármacos que 

impedem o desenvolvimento de formas sexuadas dos parasitas (gametócitos). 

 O espectro de fármacos atualmente disponíveis para o uso na profilaxia e 

tratamento da malária é limitado. Vários fármacos são utilizados há décadas e ainda 

permanecem como primeira escolha na terapia da malária. Existem poucos estudos 

de desenvolvimento de novos agentes antimaláricos devido às dificuldades 

intrínsecas do desenvolvimento, como o alto custo e o fato da malária ser uma 

doença negligenciada que está presente em países subdesenvolvidos. Nesse 

sentido, há pouco interesse da indústria farmacêutica em investir, em virtude da 

incerteza sobre os retornos financeiros. Desse modo, tem-se buscado aprimorar a 

utilização dos fármacos existentes, através da associação de fármacos; 

desenvolvimento de análogos; utilização de nanotecnologia e o desenvolvimento de 

vacinas (ROSENTHAL, 2003; GREENWOOD et al., 2005). 
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 No Brasil as associações mais comumente utilizadas para o tratamento da 

malária são as seguintes: artemeter+lumefantrina, artesunato+mefloquina e 

quinina+doxiciclina. Para a malária severa ocasionada por P. falciparum pode-se 

destacar a utilização de artesunato, quinina ou quinina+clindamicina por via 

intravenosa (CARMARGO et al., 2009). 

 

3.1.3 Ciclo da malária 

 

A malária é uma doença infecciosa cujo agente etiológico é um parasita do 

gênero Plasmodium. As espécies associadas à malária humana são: Plasmodium 

falciparum, P. vivax, P. malariae, P. ovale e P. knowlesi. No Brasil, nunca foi 

registrada transmissão autóctone de P. ovale e P. knowlesi, que são restritas a 

determinadas regiões da África e Ásia, respectivamente. Cada espécie de 

Plasmodium produz um padrão de doença bastante característico, relacionado, em 

parte, com o momento de seu ciclo intra-eritrocitário assexuado. As infecções por P. 

vivax e P. ovale raramente são fatais e caracterizam-se por picos febris com 

intervalos de cerca de 48 horas (malária terçã benigna). Com o P. malariae, os picos 

febris ocorrem em intervalos de 72 horas (malária quartã benigna) (KUMAR et al., 

2005). Por outro lado, a infecção causada pelo P. falciparum, caracterizada por picos 

febris entre 36 e 48 horas, é responsável pelas mais altas parasitemias e pela maior 

parte da mortalidade. O ataque agudo de malária caracteriza-se por um conjunto de 

paroxismos febris, que apresentam quatro períodos sucessivos: o de frio, calor, suor 

e apirexia (TRACY & WEBSTER, 2003). 

A transmissão natural da malária ocorre por meio da picada de fêmeas 

infectadas de mosquitos do gênero Anopheles, sendo mais importante a espécie 

Anopheles darlingi, cujos criadouros preferenciais são água limpa, quente, 

sombreada e de baixo fluxo, muito frequentes na Amazônia brasileira (BRASIL, 

2010). 

No hospedeiro vertebrado, o ciclo inicia-se com a picada do mosquito 

infectado com as formas esporozoítas do Plasmodium, que então se dirigem para o 

fígado, onde se transformam em trofozoítas e, logo a seguir, em esquizontes (Figura 

3).  
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Figura 3. Ciclo da malária (Garcia, 2010). 

 

O estágio tissular assintomático (pré-eritrocítico, exoeritrocítico ou tissular) da 

infecção dura de 5 a 15 dias, dependendo da espécie de Plasmodium (TRACY & 

WEBSTER, 2003). Dentro dos hepatócitos, os parasitas da malária se multiplicam 

rapidamente, de modo que até 30.000 merozoítos são liberados quando o hepatócito 

se rompe (SAMUELSON, 2000). Uma vez liberados, os merozoítos de P. falciparum 

ligam-se por uma molécula parasitária semelhante à lectina a resíduos de ácido 

siálico nas moléculas de glicoforina na superfície dos eritrócitos. Estes se ligam por 

uma lectina homóloga aos antígenos duffy nas hemácias. Os merozoítos liberam 

múltiplas proteases de uma organela especial chamada de roptria, permitindo assim 

a invasão dos eritrócitos e iniciando o ciclo eritrocitário da infecção (REY, 2001). 

Dentro dos eritrócitos, os parasitas se multiplicam em um vacúolo digestivo 

delimitado por membrana, chamado de vacúolo parasitóforo. A hemoglobina é 

degradada por várias proteases, dentro do vacúolo alimentar. Os resultados da 

degradação são aminoácidos, os quais são utilizados para sobrevivência do 

parasita, e o heme, ou ferroprotorfirina IX, a qual é potencialmente letal para o 

parasita, sendo necessária a sua neutralização. A ferroprotorfirina IX é polimerizada, 

pela heme polimerase, em grânulos insolúveis e não-tóxicos de hemozoína ou 

pigmento malárico (BRAGA & FONTES, 2000; REY, 2001). Alguns merozoítos se 

diferenciam em formas sexuais conhecidas como gametócitos, sendo estas formas 
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ingeridas pelo mosquito, dando continuidade ao ciclo da malária, no hospedeiro 

invertebrado. 

Apenas o ciclo eritrocítico assexuado é responsável pelas manifestações 

clínicas e patologia da malária. A destruição dos eritrócitos e conseqüente liberação 

dos parasitas e de seus metabólitos na circulação provocam uma resposta do 

hospedeiro, determinando as alterações morfológicas e funcionais observadas no 

indivíduo com malária. A maioria dos pacientes apresenta febre, calafrios, dor de 

cabeça e sudorese, características do acesso malárico, devido ao rompimento das 

hemácias ao final da esquizogonia (BRAGA & FONTES, 2000). Outros sintomas 

comuns são tonturas, mal-estar, mialgia, dor abdominal, náuseas, vômitos, diarréia e 

tosse seca (SAMUELSON, 2000). A malária severa apresenta diferentes 

manifestações em crianças e adultos. Nestes, edema pulmonar, falência renal, 

coma, hiperlactatemia são complicações graves e freqüentes, enquanto anemia 

severa é incomum. Já em crianças, anemia severa, coma e hiperlactatemia são 

comuns, mas edema pulmonar e falência renal são raros (MILLER et al., 2002; 

PLANCHE & KRISHNA, 2005). Ambos, P. falciparum e P. vivax, podem causar 

anemia severa, mas somente o primeiro causa complicações como malária cerebral, 

hipoglicemia, acidose metabólica e síndrome de angústia respiratória do adulto 

(MILLER et al., 2002).  

 

3.1.4 Modelos animais para estudo da malária 

 

Modelos de malária em animais de laboratório são necessários para o estudo 

da doença, porém nenhum dos parasitas que ocasiona a malária humana infecta 

camundongos ou ratos (HALL et al., 2005). Nesse sentido, espécies de Plasmodium 

que infectam roedores murinos da África Central, P. Berghei, P. vinckei, P. chabaudi 

e P. yoelii são utilizados para a realização de modelos experimentais da infecção em 

animais de laboratório (NOGUEIRA & ROSARIO, 2010). Esses modelos tem sido 

amplamente utilizados, pois a infecção por esses parasitas tem demonstrado grande 

analogia com a malária humana na maioria dos aspectos essencias de fisiologia, 

estrutura e ciclo de vida. Além disso, os animais como ratos e camundongos 

apresentam facilidade de manuseio e manutenção em laboratório. 

Embora a extrapolação direta do modelo de roedores para a biologia do P. 

falciparum não seja possível em todas as situações, cada uma das quatro espécies 
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de Plasmodium possui características semelhantes às espécies de malária humana, 

tornando-as adequadas para realização de estudos experimentais. Por exemplo, 

ensaios de variação antigênica são realizados em P. chabaudi, testes in vivo de 

fármacos em P. berghei ou P. chabaudi, malária cerebral em P.berghei, testes de 

vacinas em fase pré-eritrocítica em P. yoelii, cronobiologia em P. vinckei 

(NOGUEIRA & ROSARIO, 2010).  

A espécie P. berghei é muito utilizada em estudos experimentais, sendo 

descritos na literatura vários modelos usando essa espécie em camundongos. Além 

disso, é o modelo que tem sido empregado a fim de simular a infecção humana por 

P. falciparum (SINGH et al., 2009).  

Nesse sentido, PEDRONI et al., 2006 desenvolveram um modelo de infecção 

experimental irreversível utilizando cepa de P. berghei ANKA em ratos Wistar. Entre 

as vantagens desse modelo destaca-se a possibilidade de avaliação de eficácia de 

medicamentos antimaláricos e a realização de experimentos farmacocinéticos em 

animais infectados. 

 

3.1.5 Tratamento da malária e resistência 

 

A eficácia de um agente terapêutico no tratamento da malária depende das 

interações entre os parasitas, os fármacos antimaláricos e o hospedeiro humano 

(KANEKO & NISHIYAMA, 2004). Nas últimas décadas, o aparecimento e a 

disseminação de cepas de P. falciparum resistentes à maioria dos fármacos 

antimaláricos disponíveis tem se tornado um problema para o controle e tratamento 

da doença. Fármacos como a cloroquina e a associação sulfadoxina-pirimetamina, 

que são acessíveis, de baixo custo e eficazes, estão em desuso em muitos países 

endêmicos (OMS, 2010a). Nenhum antimalárico isoladamente controlou com 

sucesso a disseminação crescente de cepas resistentes de P. falciparum (TRACY & 

WEBSTER, 2003). Nesse sentido, a utilização das combinações de fármacos ao 

invés de monoterapia tem sido preconizada pela OMS, a fim de evitar a 

disseminação da resistência ao P. falciparum e melhorar os resultados clínicos 

(ASHLEY & WHITE, 2005; GREENWOOD et al.; 2005; OMS, 2010a). 

A resistência e a sensibilidade do P. falciparum aos antimaláricos não são 

absolutas, podendo ser classificadas como sensíveis (S), caracterizada pela 

negativação da parasitemia assexuada dentro de sete dias após o 1º dia de 
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tratamento, sem recrudescência, ou resistentes (R). As cepas resistentes são 

classificadas em três níveis, RI, RII ou RIII. Uma resposta RI corresponde a uma 

negativação da parasitemia como na sensível, porém seguida de recrudescência a 

partir do oitavo dia após o início do tratamento. A RII corresponde a uma redução 

acentuada da parasitemia, porém sem negativação, com recrudescência e uma RIII 

não apresenta redução acentuada da parasitemia (BRASIL, 2001). 

Antes do início do tratamento, a fim de escolher o melhor regime de 

tratamento a ser utilizado, devem-se levar em conta alguns fatores como espécie de 

Plasmodium infectante, idade do paciente, histórico de exposição à infecção e 

condições associadas como gravidez e problemas de saúde (BRASIL, 2010).  

A maioria dos antimaláricos utilizados no tratamento da malária apresenta 

relatos de toxicidade e ocasionam efeitos gastrintestinais adversos, como náuseas e 

vômitos, dificultando a adesão dos pacientes e comprometendo a efetividade do 

tratamento (WINSTANLEY, 2001; PIMENTEL et al., 2007). 

Uma das principais estratégias de tratamento para a malária envolve a 

utilização de um ou mais fármacos em conjunto com a artemisinina (ou seus 

derivados), tentando conseguir o máximo de efeito e o mínimo de resistência. A 

OMS sugere a utilização de artemeter e lumefantrina, artesunato e amodiaquina, 

artesunato e mefloquina e artesunato e sulfadoxina-pirimetamina (FRASSON et al., 

2009; OMS, 2010a). Recentemente tem sido observado que a eficácia do tratamento 

com artemisina e combinações tem diminuído, provavelmente devido a problemas 

de resistência (DONDORP et al., 2009).  

Entre os fármacos utilizados na terapia antimalárica destacamos a QN, que 

há vários anos é utilizada para o tratamento da malária e continua a ser o fármaco 

de escolha para malária severa. Para o tratamento da malária não complicada é o 

tratamento de segunda escolha (em combinação com antibióticos) após a terapia 

com  artemisinina e combinações (OKOMBO et al., 2011). Para o tratamento da 

malária complicada a QN injetável é recomendada e deve ser utilizada combinada 

com antibióticos (OMS, 2010a). A utilização da QN é limitada devido a sua janela 

terapêutica estreita, efeitos colaterais como cinchonismo, hipoglicemia e 

hipertensão, e principalmente cardiotoxicidade (prolongamento do intervalo QT do 

eletrocardiograma), sendo sua toxicidade dose dependente (WHITE, 2007). 

A QN atua como um esquizonticida sangüíneo contra todas as formas de 

Plasmodium e também é um gametocida para P. vivax e P. malarie. Trata-se de um 
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fármaco supressor, curando os surtos agudos, sem impedir recaída (REY, 2001). O 

seu mecanismo de ação não está completamente elucidado, mas uma hipótese é 

que ela atua inibindo a detoxificação do heme no vacúolo digestivo do parasita 

(SANCHEZ et al., 2008). A resistência à QN foi relatada há aproximadamente 100 

anos, mas há poucos casos documentados de alta resistência ao fármaco 

(WONGSRICHANALAI et al., 2002; NEWTON et al., 2006). O mecanismo de 

resistência a QN é complexo, multigênico, e não está bem elucidado, mas tem sido 

associado a mutações nos genes MDR1 (Pfmdr1) e pfcrt do P. falciparum 

(BRIOLANT et al., 2011).  

Há mais de 30 anos, resultados de estudos in vitro e de estudos clínicos 

demonstram a atividade antimalárica da tetraciclina e de seus derivados (BRIOLANT 

et al., 2008). A DOX, um fármaco do grupo das tetraciclinas, é utilizada na profilaxia 

da malária em viajantes que vão para regiões endêmicas, utilização aprovada pelo 

FDA, e também em associação com um esquizonticida de ação rápida no tratamento 

da malária. Cabe destacar que a DOX vem substituindo a tetraciclina, devido à maior 

comodidade terapêutica e a menor freqüência de efeitos colaterais gastrintestinais 

(WATT et al., 1992; TAN et al., 2011). O mecanismo de ação das tetraciclinas no 

tratamento da malária não está completamente elucidado, mas trabalhos evidenciam 

que a ação acontece em nível de uma organela presente no citoplasma do parasita, 

o apicoplasto, que é responsável por alguns processos de síntese metabólica 

essenciais. Abaixo são apresentados dois trabalhos que tentaram elucidar o 

mecanismo de ação da doxiciclina. 

DAHAL et al., 2006, realizaram estudo visando caracterizar o mecanismo de 

ação antimalárico das tetraciclinas, avaliando a atividade da DOX ao longo de dois 

ciclos de vida de 48h do P.falciparum. Os resultados obtidos indicaram que a DOX 

inibiu a produção de proteínas codificadas pelo apicoplasto do parasita, levando a 

uma subsequente perda de função, impedindo a reprodução do parasita a partir do 

segundo ciclo da infecção. 

BRIOLANT et al., 2010 pesquisaram os mecanismos metabólicos que são 

afetados no P. falciparum após o tratamento com DOX. Os autores concluíram que 

uma resposta específica para o tratamento com a DOX parece envolver mitocôndria 

e apicoplasto do parasita. 

Conforme abordado anteriormente, a utilização de combinação de fármacos 

tem sido uma estratégia muito utilizada no tratamento da malária. Nesse sentido, a 
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associação da QN com antibiótico do grupo das tetraciclinas tem mostrado bons 

resultados no tratamento da malária, visto que possibilita a utilização de dois 

fármacos que atuam com diferentes modos de ação sobre o parasita, possibilitando 

uma melhor efetividade no combate a doença. Abaixo estão citados alguns artigos 

que descrevem a associação da QN com a DOX: 

LEAL et al., 2003 avaliaram a resposta de 21 pacientes com malária severa 

não complicada que receberam tratamento com QN associada à DOX. O esquema 

posológico foi realizado da seguinte maneira: sulfato de QN oral (comprimidos de 

500 mg), durante os três primeiros dias, sendo a dose diária administrada a cada 12 

horas e conforme a idade (até 11 anos: 1.000 mg; de 12 a 14 anos: 1.500 mg; e 

acima de 15 anos: 2.000 mg); DOX oral (comprimidos de 100 mg), durante os 5 dias 

de internação hospitalares, sendo a dose diária administrada a cada 12 horas (até 

11 anos: 100 mg; de 12 a 14 anos: 150 mg; e acima de 15 anos: 200 mg); e 

primaquina oral (comprimido de 15 mg), dose única no primeiro dia de internação, 

sendo a dose de acordo com a faixa etária (até 11 anos: 15 mg; de 12 a 14 anos: 30 

mg; e acima de 15 anos: 45 mg). O alto percentual de sensibilidade observado, de 

76,2%, sem nenhum caso de resistência tipo II ou III, reforçou a eficácia do 

tratamento com a QN associada a DOX em casos de malária falciparum não 

complicada no Brasil. 

EJAZ et al., 2007 avaliaram a eficácia e tolerabilidade da combinação de QN 

e DOX no tratamento de malária falciparum não complicada. Foram estudados 100 

pacientes do sexo masculino e a contagem de parasitas no sangue foi realizada no 

momento da admissão e depois a cada 12 horas até o desaparecimento ou até 28 

dias. O tratamento inicial foi de 10 mg de sulfato QN/kg de peso corporal a cada 8 

horas por via oral, no período de 3 a 7 dias em combinação com 100 mg de DOX a 

cada 12 horas durante 7 dias. Os resultados demonstraram que o tratamento foi 

eficaz no tratamento da malária. 

RASHEED & SAEED, 2008 avaliaram a segurança e a eficácia do tratamento 

de QN (dose de 30 mg/kg/dia) associada à DOX (200 mg/dia) em malária 

ocasionada por P. falciparum através de estudo prospectivo observacional em 337 

pacientes. Observaram uma menor incidência de efeitos colaterais e menor taxa de 

mortalidade (0,6%) em comparação com estudos anteriores utilizando QN e 

artemisina que descrevem taxas de mortalidade entre 5 a 23,9%. Os autores 

concluíram que, devido às vantagens acima mencionadas e também ao baixo custo 
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do tratamento, a associação QN/DOX pode ser utilizada com segurança e eficácia 

terapêutica no tratamento de malária ocasionada por P. falciparum. 

 

3.1.6 Nanotecnologia no tratamento da malária 

 

Vários fármacos antimaláricos incorporados em sistemas nanoparticulados 

têm sido estudados devido às potencialidades terapêuticas desses sistemas. Os 

nanossistemas oferecem várias vantagens para o desenvolvimento de novas 

formulações farmacêuticas, entre elas pode-se citar a redução da toxicidade, 

aumento da biodisponibilidade, possibilidade de tratar alvos específicos, 

possibilidade de incorporação de fármacos hidrofílicos e lipofílicos, diminuição da 

dose administrada, liberação controlada do fármaco, proteção do fármaco frente à 

inativação no meio gastrintestinal (VAUTHIER & COUVREUR, 2007; SAKAMOTO et 

al., 2010).  

Diversos sistemas nanoparticulados são utilizados na área farmacêutica, 

entre os principais podemos citar os lipossomas, as nanoesferas, as nanocápsulas e 

as nanocápsulas poliméricas. Os lipossomas são vesículas aquosas circundadas por 

bicamada lipídica podendo servir como veículo de fármacos encapsulados na 

cavidade aquosa da vesícula ou na bicamada lipídica (MUFAMADI et al., 2011). As 

nanopartículas poliméricas são sistemas carreadores de fármacos que apresentam 

diâmetro inferior a 1 µm. As nanocápsulas são constituídas por um invólucro 

polimérico disposto ao redor de um núcleo oleoso, podendo o fármaco estar 

dissolvido neste núcleo e/ou adsorvido à parede polimérica. Por outro lado, as 

nanoesferas, que não apresentam óleo em sua composição, são formadas por uma 

matriz polimérica, onde o fármaco pode ficar retido ou adsorvido (SCHAFFAZICK et 

al., 2003).  

As limitações existentes quanto à aplicação de nanopartículas poliméricas 

derivam da possibilidade de resíduos de solventes orgânicos utilizados no processo 

produtivo, citotoxicidade de alguns polímeros e maior dificuldade de produção em 

grande escala. Lipossomas, por sua vez, apesar das vantagens relacionadas à 

ausência de toxicidade dos materiais constituintes, apresentam limitações de 

estabilidade química e física, levando à agregação das vesículas lipossomais e à 

degradação do fármaco incorporado durante a estocagem (MEHNERT & MÄDER, 
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2001). Uma grande vantagem  das nanopartículas lipídicas sólidas é o fácil 

escalonamento para aplicação industrial (HUYNH et al., 2009).  

 A literatura científica apresenta inúmeros artigos que descrevem a utilização 

de fármacos antimaláricos incorporados em diferentes sistemas nanoparticulados. 

Nesse contexto, são citados abaixo alguns desses artigos.  

OWAIS et al., 1995 desenvolveram lipossomas de cloroquina com a superfície 

ligada covalentemente a anticorpos de membranas de eritrócitos infectados com P. 

berghei, chamados de MAB F10, o qual são capazes de reconhecer antígenos 

específicos da membrana de eritrócitos infectados pelo parasita P. berghei. Os 

lipossomas MAB F10 com cloroquina mostraram-se capazes de controlar a infecção 

não apenas nos camundongos tratados com o parasita sensível à cloroquina, mas 

também nos infectados com cepa resistente ao fármaco, demonstrando que a 

eficácia terapêutica da cloroquina pode ser aumentada significativamente pela sua 

liberação no local de ação específico.  

Lipossomas multilamelares contendo artemeter foram testados em 

camundongos infectados com P. chabaudi (CHIMANUKA et al., 2002). A parasitemia 

do grupo tratado com artemeter solubilizado em Mygliol® diminuiu rapidamente em 

relação aos demais grupos, entretanto esses animais morreram devido à recorrência 

da infecção. No grupo tratado com lipossomas contendo o fármaco, o tratamento se 

mostrou mais efetivo, pois evitou as recaídas comuns da doença e levou a cura 

100% dos camundongos tratados.  

GABRIELS & PLAIZIER-VERCANMEN, 2003 desenvolveram formulação de 

lipossomas contendo artesunato. A dispersão foi avaliada em termos de estabilidade 

física e química, incluindo degradação química e cristalização do artesunato, bem 

como liberação, através da utilização da técnica de diálise. Os resultados 

demonstraram a estabilidade do sistema por 10 dias a 25 °C, contendo 1 mg de 

artesunato e 300 mg de lipídios por mL de tampão com pH 5,0 e taxa de 

encapsulamento de 100%.  

LONGMUIR et al., 2006 desenvolveram com sucesso formulação de 

lipossomas contendo um 19-amino peptídeo extraído de uma proteína do 

esporozoíto de P. berghei. Quando administrado por via intravenosa em 

camundongos, a formulação foi rapidamente eliminada do sangue e direcionada 

especificamente para o fígado. Esses resultados indicam que é possível direcionar 
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fármacos incorporados nesse tipo de lipossomas para tratar as formas do parasita 

no interior dos hepatócitos. 

Triclosan, um antimicrobiano não-iônico de amplo espectro, que apresenta 

eficácia in vitro na inibição do crescimento de P. falciparum, foi encapsulado em 

nanocápsulas revestidas com quitosana. A formulação foi adequada para obtenção 

de uma liberação sistêmica do triclosan, devido as propriedades mucoadesivas da 

quitosana (MAESTRELLI & ALONSO, 2004).  

MOSQUEIRA et al., 2004 avaliaram a eficácia e farmacocinética de 

formulação de nanocápsulas contendo halofantrina em camundongos infectados por 

P. berghei. Os resultados obtidos demonstraram que a nanoencapsulação da 

halofantrina promoveu  a modificação do seu perfil farmacocinético, mantendo as 

concentrações plasmáticas por mais de 70h e reduziu a cardiotoxicidade, sugerindo 

o uso de halofantrina nanoencapsulada, por via parenteral, para o tratamento da 

malária grave com menores efeitos adversos. 

BHADRA et al., 2006 desenvolveram nanopartículas contendo cloroquina 

baseadas em dendrímeros de PEG-poli-Lisina recobertas por sulfato de condroitina. 

Concluíram que o revestimento com sulfato de condroitina prolongou a liberação da 

cloroquina no sangue de camundongos após administração intravenosa. 

Transferrina conjugada com nanopartículas lipídicas sólidas foram estudadas 

devido a sua capacidade de direcionar o dicloridrato de QN para o cérebro no 

tratamento de malária cerebral (GUPTA et al., 2007). A formulação de transferrina 

conjugada com nanopartículas mostrou uma maior penetração pelo tecido cerebral, 

após administração da dose de 10 mg/kg pela via i.v., em comparação com 

nanopartículas sem modificações e solução de fármaco.  

LEITE et al., 2007, estudaram a redução da toxicidade da halofantrina em 

função da sua nanoencapsulação em nanocápsulas de poli-ε-caprolactona. Os 

parâmetros cardiovasculares, ECG e pressão arterial, foram avaliados em ratos 

Wistar anestesiados após a administração i.v. de dose única (100 ou 150 mg/kg) de 

halofantrina nanoencapsulada e em solução. Os resultados indicaram que a 

nanoencapsulação reduziu os efeitos cardiotóxicos da halofantrina quando 

comparado ao fármaco livre, possivelmente devido a alteração da distribuição do 

fármaco. 

Nano-suspensões de diidroartemisinina (DHA) foram formadas após a 

dispersão de misturas ternárias de polivinilpirrolidona, desoxicolato de sódio e DHA 
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em água utilizando moinho coloidal. A nano-suspensão de DHA apresentou maior 

atividade antimalárica in vitro contra P. falciparum quando comparada com 

microsuspensões (CHINGUNPITAK et al., 2008).  

JOSHI et al., 2008, prepararam o fármaco antimalárico artemeter utilizando 

carreadores lipídicos nanoestruturados para administração intravenosa. A atividade 

antimalárica da formulação foi avaliada em P. berghei em comparação com a 

formulação convencional. Estudos citotóxicos mostraram que a formulação 

nanoestruturada foi menos hemolítica e apresentou maior atividade antimalárica que 

a formulação convencional. 

SINGH & VINGKAR, 2008 desenvolveram formulação de nanoemulsão 

lipídica de primaquina. Para avaliação da atividade foram administradas quatro 

diferentes doses (5.0, 2.0, 1.5 e 1.0 mg/kg/dia) pela via oral durante 4 dias. A 

formulação, que apresentou tamanho de partícula de 10 a 200 nm, mostrou 

atividade antimalárica contra infecção de camundongos infectados com P. berghei, 

sendo que a dose efetiva foi 25% inferior a dose do fármaco livre. Os autores 

enfatizaram ainda que a formulação aumentou de forma significativa a 

biodisponibilidade e a concentração de primaquina no fígado. 

Vacinas estão sendo desenvolvidas para prevenir a infecção por malária. 

Conhecidas por RTS, S/AS01B e RTS, S/AS02B, essas formulações encontram-se 

em estudos clínicos de fase 1 e 2 e contêm lipossomas e emulsões óleo em água 

como adjuvantes (KESTER et al., 2009). 

HAAS et al., 2009 desenvolveram e caracterizaram nanocápsulas poliméricas 

contendo QN para administração pela via i.v. que foram estáveis por 7 dias, 

permitindo a redução da dose efetiva para curar 100% dos ratos Wistar infectados 

com P. berghei, em cerca de 30%. A nanoencapsulação dobrou o coeficiente de 

ligação da QN aos eritrócitos infectados por P. berghei quando comparado com o 

coeficiente do fármaco livre. A farmacocinética plasmática da QN, no entanto, não foi 

alterada pela nanoencapsulação. Os resultados obtidos permitiram demonstrar que 

a nanoencapsulação pode ser uma alternativa para melhorar a eficácia da QN no 

tratamento da malária. 

ADITYA et al., 2010 desenvolveram formulação parenteral de nanopartículas 

lipídicas com artemeter, de tamanho médio entre 100 e 130 nm e polidispersão 

abaixo de 0,25 utilizando uma modificação no método do filme de hidratação. Com 

as nanopartículas lipídicas produzidas a atividade antimalárica in vivo do artemeter 
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foi aumentada em comparação a formulação convencional. Além disso, os autores 

destacam que a nanoencapsulação do artemeter previniu o metabolismo rápido e 

produção do metabólito tóxico diidroartemisina, devido à liberação sustentada de 

artemeter a partir das partículas lipídicas, permitindo dessa maneira a administração 

parenteral do fármaco com o objetivo de tratar a malária cerebral. 

NAYAK et al., 2010 desenvolveram formulação de nanopartículas lipídicas 

com curcuminóides, apresentando tamanho entre 100 e 250 nm. Entre as vantagens 

da formulação, os autores destacam a facilidade de preparação, utilização de lipídios 

biocompatíveis e a não utilização de solventes orgânicos. Além disso, destacaram a 

possibilidade de preparação de formulação parenteral, permitindo o aumento da 

biodisponibilidade e a utilização para tratamento da malária cerebral. 

KAKRAN et al., 2010 utilizaram método de precipitação por evaporação de 

nano-suspensões para fabricar nanopartículas de artemisinina, com o objetivo de 

aumentar a sua taxa de dissolução. O tamanho de partícula da formulação 

desenvolvida foi entre 100 e 360 nm. Concluiram que a dissolução da formulação de 

nanopartículas de artemisina aumentou de forma significativa quando comparada 

com a formulação convencional.  

SLABBERT et al., 2011 estudaram a estabilidade física, caracterizada pelo 

pH, tamanho de partícula e eficiência de encapsulação da mefloquina em 

lipossomas e vesículas Pheroid® (sistema coloidal patenteado que consiste de uma 

fase dispersa de plantas e de ácidos graxos essenciais em 

óxido nitroso saturado em fase aquosa contínua). Os autores concluem que a 

mefloquina foi encapsulada com sucesso nas vesículas de Pheroid®, apresentando 

maior estabilidade quando comparada à formulação de lipossomas. 

Conforme podemos observar, a nanotecnologia tem sido utilizada no 

desenvolvimento de formulações para o tratamento e também para fabricação de 

vacina para malária, demonstrando ser uma importante alternativa para 

reestabelecer a utilização de fármacos já existentes (SANTOS-MAGALHÃES & 

MOSQUEIRA, 2010). Não há, até o momento, relato de estudos utilizando a 

nanotecnologia para associação de fármacos antimaláricos, muito utilizados 

atualmente em função do aumento da resistência dos parasitas. 
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3.1.7 Nanopartículas lipídicas sólidas 

 

Entre os sistemas nanoparticulados com grande potencial para o 

desenvolvimento de formulações com fármacos antimaláricos pode-se destacar as 

nanopartículas lipídicas sólidas (NLS), que foram desenvolvidas no início da década 

de 90, derivadas de emulsões O/A por substituição do óleo por um lipídio sólido, o 

qual permanece nesse estado na temperatura corporal. Esses sistemas, com 

diâmetro médio na faixa de aproximadamente 50 a 1000 nm, representam uma 

alternativa a lipossomas e nanopartículas poliméricas (MÜLLER et al., 2000; 

PARDEIKE et al., 2009).  

Entre as vantagens que as NLS oferecem, pode-se destacar a possibilidade 

de liberação controlada em alvos específicos dos fármacos encapsulados, 

possibilidade de preparação de formulações para via tópica, oral e intravenosa, 

aumento da permeabilidade dos fármacos encapsulados, biocompatibilidade de seus 

componentes, a não utilização de solventes orgânicos em sua produção, facilidade 

de produção em escala industrial e possibilidade de esterilização. Entre as 

desvantagens pode-se citar a possibilidade de geleificação e aumento no tamanho 

das partículas ao longo do tempo (PATIDAR et al., 2010). 

  Os métodos mais citados na literatura para preparação das nanopartículas 

são aqueles que utilizam homogeneizadores de alta pressão ou que levam a 

obtenção dos sistemas sólidos, a partir de microemulsões. Existe uma grande 

diversidade de equipamentos com diferentes capacidades para a preparação de 

NLS. O homogeneizador de alta pressão pode ser alimentado com a dispersão de 

lipídios e fármaco a quente ou a frio. No processo a quente, uma pré-emulsão é 

obtida e passada no homogeneizador ainda quente para a obtenção de 

nanoemulsões. A nanoemulsão homogeneizada é posteriomente resfriada a 

temperatura ambiente dando origem a NLS. No processo a frio a dispersão do 

fármaco no lipídio é inicialmente solidificada em nitrogênio líquido, moída, o pó 

disperso diluído com o auxílio de um tensoativo e posteriormente submetido à 

homogeneização (MEHNERT & MÄDER, 2001; PARDEIKE et al., 2009).  

 NLS podem incorporar fármacos hidrofílicos e lipofílicos, sendo esses mais 

facilmente encapsulados nas NLS. Fármacos hidrofílicos são, na maioria das vezes, 

liberados mais rapidamente das NLS, pois tendem a particionar na fase externa 

aquosa do sistema em formação. Quando a dispersão é resfriada, a fase oleosa 
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precipita antes e o fármaco hidrofílico precipita na superfície da partícula, facilitando 

sua liberação mais rápida do sistema (PATIDAR et al., 2010). 

A influência do tipo de homogeneizador, da pressão utilizada, do número de 

ciclos aplicados e da temperatura no tamanho das partículas obtidas tem sido muito 

estudada. Independente da técnica utilizada é possível trabalhar com concentrações 

de lipídios entre 5 e 40%, sendo que concentrações mais elevadas originam 

formulações de consistência semi-sólida. A concentração de lipídios determina a 

concentração de tensoativo necessária para a estabilização física do sistema, que 

varia de 0,5 a 5% (WISSING, 2004; SCHÄFER-KORTING et al., 2007). Observa-se 

também que a utilização de uma mistura de emulsificantes origina dispersões com 

menor tamanho de partícula e maior estabilidade física em comparação com a 

utilização de um único componente estabilizador (MEHNERT & MÄDER, 2001). 

 Não há relatos da investigação de NLS com QN descritos na literatura, nem 

da associação desse fármaco com a DOX. Diante do exposto, considerando a 

possibilidade de transposição industrial, esse trabalho objetivou a preparação e 

avaliação de NLS da associação QN/DOX. 

Os resultados da tese estão apresentados na forma de capítulos. No primeiro 

capítulo é apresentado o artigo já publicado relativo à validação do método analítico 

para quantificação dos fármacos em formulação farmacêutica e no segundo capítulo 

é apresentado o artigo já publicado que descreve a validação do método bioanalítico 

para quantificação dos fármacos em matriz biológica. No terceiro capítulo está 

apresentado o artigo principal da tese, que ainda será submetido para publicação.  



  

51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CAPÍTULO 1 

Liberato Brum Junior, Flávia de Toni Uchôa, Silvia Staniçuaski Guterres, Teresa 

Dalla Costa. Development and Validation of LC-MS/MS Method for the Simultaneous 

Determination of Quinine and Doxycycline in Pharmaceutical Formulations. Journal 

of Liquid Chromatography & Related Technologies, v. 32, n. 18, p. 2699-2711, 2009. 

DOI: 10.1080/10826070903245805 

 

 

 



  

52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

53 

Abstract 

A fast, sensitive and specific liquid chromatography-tandem mass spectrometry (LC-

MS/MS) method was developed and validated for the simultaneous determination of 

quinine and doxycycline in pharmaceutical formulations. The LC-MS/MS method was 

carried out on a Sun Fire Waters C18 column (50 mm x 3.0 mm I.D.) and the mobile 

phase consisted of acetonitrile:0.1% formic acid (75:25, v/v), run at a flow rate of 0.45 

mL/min (split 1:3). The injection volume was 10 µL for both standard and samples. 

The triple quadrupole mass spectrometer equipped with an electrospray source in 

positive mode (ES+) was set up in multiple reaction monitoring mode (MRM), 

monitoring the transitions of 325.0>307.0 and 445.0>428.1, for quinine and 

doxycycline, respectively.  The total analysis time was 2 min and the method was 

linear in the concentration range of 10-1500 ng/mL for both compounds. Method 

validation investigated parameters such as the specificity, linearity, precision, 

accuracy and robustness, giving results within the acceptable range. Moreover, the 

proposed method was successfully applied for determination of quinine and 

doxycycline in nanocapsule formulations to support the quality control. 

 

 

Keywords: Quinine, Doxycycline, Validation, LC-MS/MS. 
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1. Introduction 

Malaria is one of the most devastating tropical diseases caused by 

intracellular, protozoan parasites of the genus Plasmodium and more than 3 billion 

people live in malarial endemic regions. Five species of Plasmodium (falciparum, 

vivax, ovale, malariae and knowlesi) cause disease in humans and infection with P. 

falciparum, the most deadly of these parasites, results in more than 1 million deaths 

annually (1,2). The World Health Organization (WHO) has declared malaria control a 

global development priority but this is not an easy task for many reasons. The 

antimalarial gap required to bring new and affordable drugs is large (3). 

P. falciparum, the most virulent of the plasmodial species, is increasingly 

difficult to treat because of the spread of parasite strains resistant to the former first 

line of antimalarials, chloroquine and sulfadoxine-pyrimethamine. Reduced 

susceptibility to quinine has also been observed, notably in Southeast Asia and 

South America as well as the Pacific region and sub-Saharan Africa. In areas where 

reduced susceptibility occurs, standard treatment regimens may no longer be 

adequate, and high concentrations of quinine, often combined with tetracycline or 

doxycycline, are implemented to achieve clinical cure (4). 

Several HPLC methods are available for determination of quinine and 

doxycycline (Figure 1) separately in pharmaceutical formulations (5-9), but there is 

no reported method for the simultaneous determination of both drugs. 

 

          

 

 

It is essential to use well characterized and fully validated analytical methods 

to yield reliable results which can be interpreted satisfactorily. Analytical method 

validation includes all the experimental procedures and documentation which 

demonstrate that a particular method used for quantitative measurement of analytes 

is reliable and suitable for the intended analytical applications. To prove this, a 
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validation according to generally accepted guidelines from institutional bodies such 

as the International Conference on Harmonization (ICH) or the Federal Drug 

Administration (FDA) is carried out. Fundamental parameters that require 

determination are specificity, linearity, accuracy and precision (10, 11). 

Liquid chromatography with UV detection (LC-UV) has been used for quality 

control of most of the pharmaceutical due to its simplicity, high resolution and 

satisfactory precision and accuracy. Otherwise, LC coupled with mass spectrometry 

(LC-MS) is a well-established analytical method for the rapid identification and 

characterization of components in sample mixtures and has been widely used in 

clinical studies. Now adays this method has been  increasingly applied for the 

analysis of pharmaceuticals, as it provides better efficiency of drug quantitation with 

high degree of specificity and sensitivity. Moreover, as a consequence of the mass 

selectivity, it was expected that the time for the method development and sample 

turnover could be significantly reduce (12-16). 

 This paper reports the development and validation of an LC-MS/MS 

method for the quantitation of quinine and doxycycline by specificity, linearity, 

accuracy, precision, limit of detection, limit of quantitation and robustness. Moreover, 

it shows the applicability of the proposed method for the potency evaluation of both 

drugs in nanocapsule formulations. 

 

2. Experimental 

 

2.1. Chemical and reagents 

Quinine and doxycycline reference substance were purchased from Sigma 

(Sigma, St Louis, USA) and Zhejiang Chem-tech (Zhejiang, China), respectively. All 

of the excipients from the nanocapsules formulations were obtained from different 

distributors: Epikuron 170 (Lucas Meyer, Hambourg, Alemanha) Miglyol 810 

(Brasquim, Brazil), Poli(ε-caprolactona) (PCL) Mw=65000 (Aldrich, Strasburg, 

França) and  Polissorbato 80 (Delaware, Brazil). HPLC-grade acetonitrile, acetone, 

methanol, formic, phosphoric and acetic acid were purchased from Tedia (Fairfield, 

USA). All chemicals used were special analytical grade. For all the analyses, 

ultrapure water (Millipore, Bedford, MA, USA) filtered through a 0.22 µm membrane 

was used. 
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2.2. Apparatus and analytical conditions 

 

2.2.1. LC-MS/MS 

The LC-MS/MS method was performed on a Shimadzu HPLC system 

(Shimadzu, Kyoto, Japan) equipped with a SCL-10AVP system controller, LC-10 ADVP 

pump, DGU-14A degasser, CTO-10 ADVP column oven. The peak areas were 

integrated automatically by computer using a Masslynx (v. 3.6) software program. 

The experiments were carried out on a reversed phase sun fire (Waters, Milford, 

USA) C18 column (50 mm x 4.6 mm ID, with a particle size of 4 µm and pore size of 

100 Å). A security guard holder (4.0 mm x 3.0 mm ID) was used to protect the 

analytical column. The LC system was operated isocratically at controlled 

temperature (35 ºC) using a mobile phase of acetonitrile/formic acid 0.1% (75:25, 

v/v). This was filtered through a 0.45 µm membrane (Millipore, Bedford, USA) and 

run at a flow rate of 0.45 mL/min (split 1:3). The injection volume was 10 µL for both 

standard and samples. The triple quadrupole mass spectrometer (Micromass, 

Manchester, UK), model Quattro LC, equipped with an ESI source using a crossflow 

counter electrode run in positive mode (ESI+), was set up in multiple reaction 

monitoring (MRM) mode, monitoring the transitions of 325.0 > 307.0 (quinine) and 

445.0 > 428.1 (doxycycline). 

For the optimization of mass spectrometer conditions, a mixed standard 

solution (1000 ng/mL) containing quinine and doxycycline was directly introduced 

and the following parameters were selected: cone gas and desolvation gas set at 40 

and 400 L/h, respectively. Capillary voltage, extractor voltage, RF lens voltage, 

source temperature and desolvation temperature were 3.00 kV, 5 V, 0.2 V, 120 ºC 

and 400 ºC, respectively. The dwell time was set at 0.5 seconds; the collision gas 

pressure (argon) was 2.3x10-3 mbar. The cone voltage was 40 V (quinine) and 35 V 

(doxycycline) and the collision energy was 45 (quinine) and 20 V (doxycycline). Data 

acquisition and analysis were performed using the software Masslynx (v. 3.6) running 

under Windows XP on a workstation IBM PC. 
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2.3. Procedure 

 

2.3.1. Preparation of stock solutions 

The stock solutions of quinine and doxycycline were prepared by weighing 10 

mg of the reference standards and the equivalent amount of the pharmaceutical 

sample, transferring each one to individual 10 mL volumetric flask and diluting to 

volume with acetonitrile:water (50:50, v/v), obtaining a concentration of 1 mg/mL. The 

prepared stock solutions were stored at 2-8 °C protected from light. Working 

standard solutions and samples of pharmaceutical formulation of quinine and 

doxycycline were prepared daily by diluting the stock solution to an appropriate 

concentration in acetonitrile:water (50:50, v/v). 

 

2.3.2. Sample preparation 

The nanocapsule formulations were prepared by nanoprecipitation of pre-

formed polymer (17). Briefly, an acetone solution containing triglycerides, quinine, 

doxycycline, and poly (ε-caprolactone) was added into an aqueous solution 

containing polysorbate 80. Acetone was removed and the suspension concentrated 

by evaporation (bath at 40 ºC) under reduced pressure (4 bar). The final formulation 

was adjusted to obtain a drug suspension of 2 mg/mL. 

 

2.4. Validation of the method 

 The method was validated in samples of pharmaceutical formulations with the 

label claim of 2 mg/mL by the determination of the following parameters: specificity, 

linearity, precision, accuracy, limit of detection (LOD), limit of quantitation (LOQ) and 

robustness, following ICH guidelines (18). 

 

2.4.1. Specificity 

The evaluation of specificity was performed by analyzing solutions of a 

placebo containing the same excipients of the nanocapsules formulation. The 

samples were chromatographed to determine the extent to which mobile phase 

components and excipients could contribute to the interference with the analytes. 

The results were compared with LOQ (10 ng/mL). 
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2.4.2. Linearity and range 

 Linearity was determined by constructing three calibration curves. For the 

construction of each calibration curve seven standard concentrations of quinine and 

doxycycline in the range of 10-1500 ng/mL (10, 100, 250, 500, 750, 1000 and 1500 

ng/mL) were prepared in acetonitrile:water (50:50, v/v). Before injection of the 

solutions, the column was equilibrated for at least 20 min with the mobile phase 

flowing through the system. The peak area ratio of the drug against the respective 

standard concentrations was used for plotting the graph and the linearity evaluated 

by a weighted (1/x) least squares regression analysis.  

 

2.4.3. Precision  

The precision of the method was determined by repeatability and intermediate 

precision. Repeatability was examined by six evaluations of the same concentration 

sample of quinine and doxycycline (1000 ng/mL), on the same day, under the same 

experimental conditions. The intermediate precision of the method was assessed by 

carrying out the analysis on three different days (inter-days) and also by another 

analyst performing the analysis in the same laboratory (between-analysts).  

 

2.4.4. Accuracy 

The accuracy was evaluated applying the proposed method to the analysis of 

the in-house mixture of the formulation excipients with known amounts of the quinine 

and doxycycline, corresponding to the concentrations of 80, 100 and 120%.  The 

accuracy was calculated as the percentage of the drug recovered from the 

formulation matrix.  

 

2.4.5. Limit of quantitation and limit of detection 

The limit of quantitation (LOQ) was taken as the lowest concentration of 

analyte in a sample that could be determined with acceptable precision and 

accuracy, and the limit of detection (LOD), was taken as the lowest absolute 

concentration of analyte in a sample that could be detected but not necessarily 

quantified. 
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2.4.6. Robustness 

The robustness of an analytical procedure refers to its ability to remain 

unaffected by small and deliberate variations in method parameters and provides an 

indication of its reliability for the routine analysis. The robustness was determined by 

analyzing the same samples (1000 ng/mL) under a variety of conditions of the 

method parameters, such as flow rate and mobile phase composition, column 

temperature and injection volume. 

 

2.5. Analysis of pharmaceutical formulation 

Samples of pharmaceutical formulation of quinine and doxycycline were 

prepared daily by diluting the stock solution to an appropriate concentration (1000 

ng/mL) in acetonitrile:water (1:1, v/v). An aliquot of 10 µL was injected for the 

analysis and the amount of quinine and doxycycline per formulation calculated 

against the reference standard. 

  

3. Results and discussion 

To obtain the best chromatographic conditions different columns and mobile 

phases consisting of acetonitrile-water or methanol-water were tested to provide 

sufficient selectivity and sensitivity in a short separation time. Modifiers such as 

ammonium acetate, formic and acetic acid were tested. Formic acid was selected 

because it was easily miscible with organic solvent and led to improved peak 

symmetry and ionization efficiency of quinine and doxycycline. The best signal was 

achieved using acetonitrile:formic acid (75:25, v/v) with a flow rate of 0.45 mL/min 

(split 1:3).  

In the present study, electrospray (ESI) was used as the LC-MS/MS interface 

because the efficiency of ionization of quinine and doxycycline were higher than 

atmospheric pressure chemical ionization (APCI). The mass spectrometric response 

of the analytes were measured by using selected reaction monitoring in which the 

mass spectrometer is tuned to several sets of ions (multiple reaction monitoring, 

MRM). In this method a set of precursor ion/product pairs was monitored. The 

protonated molecular ions [M + H] + of quinine and doxycycline on the full scan mass 

spectra were m/z 325.0 and 445.0, respectively. Moreover, the collision energy in Q2 

produced significant fragments for quinine (183.7, 160.0, 252.7 and 307.0) and 

doxycycline (154.0, 338.7, 410.1 and 428.1). The MS/MS transition 325.0>307.0 and 
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445.0>428.1 were selected since the ion scan product with m/z 307.0 and 428.1 

presented a higher abundance and stability for the quinine and doxycycline, 

respectively.  

The coupling of LC with MS/MS detection in the MRM mode showed high 

specificity because only the ions derived from the analytes of interest were 

monitored. Therefore, the comparison of the chromatograms of the blank and LOQ 

(10 ng/mL) indicated that no interferences were detected from mobile phase and 

excipients of the formulation. 

A typical chromatogram obtained by the proposed LC-MS/MS method, with 

the resolution of the symmetrical peak corresponding to quinine and doxycycline are 

shown in Figure 2. The low retention times of 2.0 minutes allows a rapid 

determination of the drugs, which is an important advantage for the routine analysis. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Representative LC-MS/MS chromatogram of quinine (10 ng/mL) and 
doxycycline (10 ng/mL) 
 

The linearity determined by three determinations of the concentrations in the 

range of 10-1500 ng/mL. The values of the determination coefficient for quinine 

(r2=0.9957) and doxycycline (r2=0.9989) indicate significant linearity of the calibration 

curves for the method.  

The precision evaluated as the repeatability of the method was studied by 

calculating the relative standard deviation (RSD) for six determinations of the 

concentration of 1000 ng/mL performed on the same day and under the same 
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experimental conditions (intra-day, Table 1). The RSD values obtained were 1.23% 

and 1.05% for quinine and doxycycline, respectively. 

 

Table 1.  Intra-day precision for the determination of quinine and doxycycline in 

samples of pharmaceutical formulations. 

 Quinine Doxycycline 

Sample 
Amount 

(ng/mL) 

Found 

(ng/mL) 
(%) 

Amount 

(ng/mL) 

Found 

(ng/mL) 
(%) 

1 1000 1014.6 101.46 1000 1022.7 102.27 

2 1000 994.1 99.41 1000 1015.5 101.55 

3 1000 998.8 99.88 1000 996.1 99.61 

4 1000 1025.7 102.57 1000 1001.4 100.14 

5 1000 1011.3 101.13 1000 998.9 99.89 

6 1000 1021.4 102.14 1000 1001.4 100.14 

Mean - 1010.98 101.10 - 1006.00 100.60 

RSD (%) - 1.23 1.23 - 1.05 1.05 

 

The intermediate precision was assessed by analyzing two samples of the 

pharmaceutical formulation on three different days (inter-day, Table 2). The RSD 

values obtained for each sample were 1.92 and 1.78% for quinine and 0.29 and 

1.37% for doxycycline. Between-analysts precision was determined by calculating 

the RSD for the analysis of two samples of the pharmaceutical formulation by two 

analysts; the values were found to be 0.75 and 1.62% for quinine and 1.12 and 

1.07% for doxycycline (Table 3). 
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Table 2.  Between-day precision for the determination of quinine and doxycycline in 

samples of pharmaceutical formulation. 

  Quinine Doxycycline 

Sample Day 
Found 

(ng/mL)a 
(%) 

Mean 

(%) 

RSD 

(%) 

Found 

(ng/mL)a 
(%) 

Mean 

(%) 

RSD 

(%) 

A 
1 1003.4 100.34 

99.54 1.92 
1009.0 100.90 

100.59 0.29 2 1009.3 100.93 1003.1 100.31 
3 973.6 97.36 1005.5 100.55 

          

B 
1 997.7 99.77 

99.36 1.78 
1004.4 100.44 

99.41 1.37 2 1008.9 100.89 999.2 99.92 
3 974.3 97.43 978.7 97.87 

a 
Mean of three replicates 

 

Table 3.  Between-analysts precision for the determination of quinine and 

doxycycline in samples of pharmaceutical formulation. 

  Quinine Doxycycline 

Sample Analyst 
Found 

(ng/mL)a 
(%) 

Mean 

(%) 

RSD 

(%) 

Found 

(ng/mL)a 
(%) 

Mean 

(%) 

RSD 

(%) 

A 1 1002.9 100.2

9 

99.76 0.75 995.5 99.55 100.35 1.12 
2 992.3 99.23 1011.4 101.14 

          
B 1 1010.8 101.0

8 

99.94 1.62 993.5 99.35 100.11 1.07 
2 987.9 98.79 1008.7 100.87 

a 
Mean of three replicates 

 

The accuracy was assessed from three replicates determinations of three 

different solutions containing 800, 1000 and 1200 ng/mL. The mean value of 

101.40% and RSD of 1.50% for quinine and 98.77% and RSD of 2.86% for 

doxycycline were obtained (Table 4), showing that the method is accurate within the 

desired range. 
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Table 4. Accuracy for the determination of quinine and doxycycline in samples of 

pharmaceutical formulations. 

Analyte 

Theoretical 

amount 

(ng/mL) 

Experimental  

amount 

(ng/mL)a 

Accuracy 

(%) 

RSD 

(%) 

Quinine 
800 800.66   

1000 1030.70 101.40 1.50 
1200 1212.82   

Doxycycline 
800 770.74   

1000 1018.75 98.77 2.86 
1200 1177.10   

a 
Mean of three replicates 

 

The LLOQ evaluated in an experimental assay, with the precision of 2.64% 

and accuracy of 101.42% for quinine and precision of 2.93% and accuracy of 99.23% 

for doxycycline, was found to be 10 ng/mL and LOD was found to be 0.1 ng/mL for 

both products.  

In order to assess the robustness, different parameters were evaluated: flow 

rate, column temperature, injection volume and changing the mobile phase 

composition. The results and the experimental range of the selected variables are 

given in Table 5, together with the optimized values.  
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Table 5. Chromatographic conditions and range investigated during robustness 

testing. 

Variable 
Range 

investigated 

Quinine 

(%)a 

Doxycycline 

(%)a 

Optimized 

value 

     

Column 

temperature (ºC) 

30 97.19 97.71  

35 100.28 99.42 35 

 
40 101.25 98.41  

Injection volume 

(µL) 

5 104.14 105.22 
10 10 101.30 100.14 

20 103.58 99.38 

     
Flow rate 

(mL/min) 

0.40 103.07 104.36  

0.45 101.11 100.92 0.45 

0.50 102.40 103.24  

Acetonitrile (%) 

70 103.99 102.07  

75 100.73 99.78 75 

80 98.18 101.65  
a 
Mean of three replicates 

 

3.1. Analysis of nanocapsule formulations 

The LC-MS/MS method validated in this paper was also used for the potency 

evaluation of quinine and doxycycline in nanocapsule formulations as shown in Table 

6. The results demonstrated that the proposed LC-MS/MS method can be used for 

the determination of quinine and doxycycline without prior separation of the 

excipients of the formulation, with the advantage of very short time of analysis (2 

minutes), representing also an improvement for the quality control of pharmaceuticals 

as the technique is highly selective and sensitive. The method could be used for 

routine and in-process quality control analysis according to the intended analytical 

application and laboratory structure. 
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Table 6. Determination of quinine and doxycycline in nanocapsules formulations by 

the LC-MS/MS method. 

Analyte Sample mg/mL (%)a RSD (%) 

Quinine 
1 2 100.51 0.88 

2 2 101.67 1.23 

Doxycycline 
1 2 102.70 1.77 
2 2 101.75 1.19 

a 
Mean of three determinations 

 

4. Conclusion 

The results of the validation studies show that the LC-MS/MS method are 

specific, accurate and possesses significant linearity and precision characteristics 

without any interference from the excipients. LC-MS/MS has the advantages of very 

short time of analysis and the relatively low flow rate allowing the analysis of a large 

number of samples with less mobile phase. Moreover, the LC-MS/MS demonstrated 

high sensitivity and selectivity, representing an alternative for the simultaneous 

quality control analysis of quinine and doxycycline. 
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Abstract 

A fast, sensitive and specific LC-MS-MS method was developed and validated for the 

determination of quinine (QN) and doxycycline (DOX) in rat plasma. QN, DOX and 

cimetidine (internal standard, IS) were extracted from the plasma by protein 

precipitation and the mobile phase consisted of methanol/formic acid 0.1% (70:30, 

v/v), run at a flow rate of 0.5 mL min-1 (split 1:3). Detection was carried out by positive 

Electrospray Ionization (ESI+) in multiple reaction monitoring (MRM) mode, 

monitoring the transitions 325.0 → 307.0, 445.0 → 428.1 and 252.8 → 159.0, for QN, 

DOX and IS, respectively. The analysis was carried out in 2.0 min and the method 

was linear in the plasma concentration range of 5-5000 ng mL-1. The mean extraction 

recoveries for QN, DOX and IS from plasma were 89.4, 90.5 and 86.3%, 

respectively. Method validation investigated parameters such as the linearity, 

precision, accuracy, specificity and stability, giving results within the acceptable 

range. The proposed method was successfully applied for the determination of QN 

and DOX in rat plasma samples to support pharmacokinetic studies. 

 

 

 

 

Keywords: LC-MS-MS, Protein precipitation, Validation, Rat plasma, 
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Introduction 

 

Malaria is the world’s most important parasitic infection and one of the major 

causes of morbidity and mortality. Despite years of continual efforts, it is still a threat 

to over two billion people and one to three million people die worldwide every year. 

The World Health Organization (WHO) has declared malaria control a global 

development priority but this is not an easy task for many reasons such as: chronic 

regional economic difficulty, insecticide resistance, drug resistance and insufficient 

investment in the discovery of new drugs. The development of new drugs to treat 

malaria at affordable costs is large [1-3]. The investigation of the benefits of 

nanotechnology processing of traditional drugs such as halofantrine and quinine is 

also under investigation with promising results [4,5]. 

Malaria parasites are transmitted by female Anopheles mosquitoes. The 

sporozoites are inoculated into the human host bloodstream, infect the liver cells and 

mature into merozoites (exoerythrocytic schizogony), which, after rupture of the liver 

cell, continue their cycle in red blood cells (erythrocytic phase). The erythrocytic 

phase is responsible for the clinical manifestations of the disease. Among the five 

species of Plasmodium that infect humans (falciparum, vivax, ovale, malariae and 

knowlesi), falciparum is the most dangerous because it causes severe malaria that 

presents unacceptable levels of morbidity and mortality and is increasingly difficult to 

treat because of the spread of parasite strains resistant to the former first line of 

antimalarials, chloroquine and sulfadoxine-pyrimethamine. Reduced susceptibility to 

quinine has also been observed, notably in Southeast Asia and South America as 

well as the Pacific region and sub-Saharan Africa. In areas where reduced 

susceptibility occurs, standard treatment regimens may no longer be adequate, and 

high concentrations of quinine, often combined with tetracycline or doxycycline, are 

implemented to achieve clinical cure [6,7]. 

Several HPLC methods are available for determination of quinine (QN) and 

doxycycline (DOX) (Figure 1) separately in plasma, but there is no reported method 

for the simultaneous determination of both drugs [8-15]. 
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Figure 1. Chemical structures of quinine (A) and doxycycline (B). 

 

Bioanalytical methods employed for the quantitative determination of drugs 

and their metabolites in biological samples are the key determinants in generating 

reproducible and reliable data which in turn are used in the evaluation and 

interpretation of bioavailability, bioequivalence, and pharmacokinetic findings. It is 

essential to employ well-characterized and fully validated analytical methods to yield 

reliable results which can be satisfactorily interpreted. Bioanalytical method validation 

includes all the experimental procedures and documentation which demonstrates 

that a particular method used for quantitative measurement of analytes is reliable and 

suitable for the intended analytical applications. Fundamental parameters that require 

determination are specificity, recovery, linearity, accuracy, precision, and stability 

[16,17].   

The LC coupled with MS detection has been used for both identification and 

quantification of drugs at low concentrations in raw materials, various pharmaceutical 

formulations and biological matrices, due to the improved sensitivity and specificity of 

this technique. Moreover, as a consequence of the mass selectivity, it was expected 

that the time for the method development and sample turnover could be significantly 

reduce. However, the matrix ion suppression requires that the majority of the 

biological matrix constituents being removed prior to LC-MS-MS analysis making 

sample preparation a time consuming step in the development of LC-MS-MS 

procedure [18-22].  

Despite of the advances in the development of highly efficient analytic 

instrumentation for the endpoint determination of analytes in biological matrices, the 

sample pre-treatment is still necessary to extract the analyte of interest. This can be 

performed using Solid Phase Extraction (SPE), Liquid-Liquid Extraction (LLE) or 
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protein precipitation methods. SPE is used to increase the reproducibility and to 

decrease the volume of organic solvents in comparison to LLE. However, traditional 

off-line SPE needs either relatively large volumes of plasma or organic solvents for 

the elution of the analyte from the solid phase, so that concentration of the extract 

before injection in the LC-MS-MS system is usually necessary. Otherwise, the protein 

precipitation method requires smaller amounts of plasma, does not need 

concentration of extracts before injection, and requires a shorter sample preparation 

time [23].  

The aim of the present work was to develop and validate a sensitive and fast 

LC-MS-MS method for the simultaneous determination of QN and DOX in rat plasma, 

in order to support pharmacokinetic studies. 

 

Experimental 

Chemical and reagent 

 Quinine and doxycycline reference substance were purchased from Sigma 

(Sigma, St Louis, USA) and Zhejiang Chem-tech (Zhejiang, China), respectively. 

HPLC-grade acetonitrile, methanol, formic and acetic acid were purchased from 

Tedia (Fairfield, USA). Ammonium acetate and trichloroacetic acid were purchased 

from Merck (Darmstadt, Germany). All chemicals used were of pharmaceutical or 

special analytical grade. For all the analyses, ultrapure water (Millipore, Bedford, MA, 

USA) filtered through a 0.22 µm membrane was used. 

 

LC-MS-MS conditions 

The LC-MS-MS method was performed on a Shimadzu HPLC system 

(Shimadzu, Kyoto, Japan) equipped with a SCL-10AVP system controller, LC-10 ADVP 

pump, DGU-14A degasser, CTO-10 ADVP column oven. The peak areas were 

integrated automatically by computer using a Masslynx (v. 3.6) software program. 

The experiments were carried out on a reversed phase sun fire (Waters, Milford, 

USA) C18 column (50 mm x 4.6 mm ID, with a particle size of 4 µm and pore size of 

100 Å). A security guard holder (4.0 mm x 3.0 mm ID) packed with C18 material was 

used to protect the analytical column. The LC system was operated isocratically at 

controlled temperature (35 ºC) using a mobile phase of methanol/formic acid 0.1% 

(70:30, v/v). This was filtered through a 0.45 µm membrane (Millipore, Bedford, USA) 

and run at a flow rate of 0.50 mL min-1 (split 1:3). The injection volume was 30 µL for 
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both standard and samples. The triple quadrupole mass spectrometer (Micromass, 

Manchester, UK), model Quattro LC, equipped with an ESI source using a crossflow 

counter electrode run in positive mode (ESI+), was set up in multiple reaction 

monitoring (MRM) mode, monitoring the transitions of 325.0 → 307.0 (QN), 445.0 → 

428.1 (DOX) and 252.8 → 159.0 (cimetidine, internal standard - IS). 

For the optimization of mass spectrometer conditions, a mixed standard 

solution (1000 ng mL-1) containing QN, DOX and IS was directly introduced and the 

following parameters were selected: cone gas and desolvation gas set at 40 and 400 

L/h, respectively. Capillary voltage, extractor voltage, RF lens voltage, source 

temperature and desolvation temperature were 3.00 kV, 5 V, 0.2 V, 120 ºC and 400 

ºC, respectively. The dwell time was set at 0.5 seconds; the collision gas pressure 

(argon) was 2.3x10-3 mbar. The cone voltage was 40 V (QN), 35 V (DOX) and 30 V 

(IS). The collision energy was 45 (QN), 20 V (DOX) and 20 V (IS). Data acquisition 

and analysis were performed using the software Masslynx (v. 3.6) running under 

Windows XP on a workstation IBM PC. 

 

Preparation of stock solutions  

The stock solutions of QN and DOX were prepared by weighing 10 mg of the 

reference standards, transferring each one to individual 10 mL volumetric flask and 

diluting to volume with acetonitrile:water (50:50, v/v), obtaining a concentration of 1 

mg mL-1. The prepared stock solutions were stored at 2-8 °C protected from light. 

Working standard solutions of QN and DOX were prepared daily by diluting the stock 

solution to an appropriate concentration in acetonitrile:water (50:50, v/v). 

 

Preparation of calibration standards and quality control samples  

The stock solution of QN and DOX was diluted with acetonitrile:water (50:50, 

v/v) to obtain calibration standards solutions with the concentrations of 50, 100, 500, 

1000, 5000, 10000, 25000 and 50000 ng mL-1. The corresponding volume (10 µL) 

taken of the standard solutions were diluted in pooled blank plasma (90 µL) to 

prepare the calibration standards containing from 5 to 5000 ng mL-1 (5, 10, 50, 100, 

500, 1000, 2500 and 5000 ng mL-1). The quality control (QC) samples were prepared 

in pooled blank plasma, with the concentrations of 15 (low), 2000 (medium) and 4000 

ng mL-1 (high), and then divided in aliquots that were stored at -20 °C until analysis. 

Blank rat blood was collected from healthy and drug-free animals. Plasma was 
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obtained by centrifugation of blood treated with the anticoagulant sodium heparin. 

Pooled plasma was prepared and stored at approximately at approximately -20 °C 

until needed. 

 

Plasma extraction procedure 

 A total of 90 µL of the plasma (standard, QC samples or unknown samples) 

was transferred to a 2 mL eppendorf tube, followed by addition of 10 µL of internal 

standard solution (5000 ng mL-1 of cimetidine in acetonitrile:water (50:50, v/v)). All 

samples were mixed by vortex agitation for 10 seconds. Then, a 100 µL aliquot of 

trichloroacetic acid 1M was added. The tubes were vortex-mixed for 10 min, and then 

centrifuged for 10 min at 14000 rpm. The supernatant were transferred to 

autosampler vials and 30 µL was injected into the LC-MS-MS system. 

 

Validation of the bioanalytical method 

 The method was validated in the plasma samples (using the plasma extraction 

procedure) by the determination of the following parameters: specificity, lower limit of 

quantitation (LLOQ), linearity, range, recovery, accuracy, precision and stability 

studies, according to the FDA guidelines [24]. Additionally the carry-over, matrix 

effects and dilution integrity were also evaluated. 

 

Specificity 

Specificity was assessed using six blank rat plasma samples, randomly 

selected, from different sources (including haemolysed plasma), that were subjected 

to the extraction procedure and chromatographed to determine the extent to which 

endogenous plasma components could interfere in the analysis of QN, DOX or the 

IS. The results were compared to a solution containing 5 ng mL-1 of QN and DOX. 

 

LLOQ  

 The lowest standard concentration on the calibration curve should be 

accepted as the limit of quantification if the following conditions are met: the analyte 

response at the LLOQ should be at least five times the response compared to blank 

response and analyte peak (response) should be identifiable, discrete and 

reproducible with a precision of 20% and accuracy of 80-120%.  
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Linearity 

 The calibration curves were constructed from a blank sample (a plasma 

sample processed without IS), a zero sample (a plasma processed with IS) and eight 

concentrations of QN and DOX in plasma including the LLOQ, ranging from 5 to 

5000 ng mL-1. The peak area ratio of the drug to the IS against the respective 

standard drug concentrations was used for plotting the graph and the linearity 

evaluated by a weighted (1/x) least squares regression analysis. The acceptance 

criteria for each calculated standard concentration was not more than 15% deviation 

from the nominal value, except for the LLOQ which was set at 20%. Unknown 

sample peak-area ratios were then interpolated from the calibration curve to provide 

concentrations of QN and DOX. 

 

Recovery 

The recovery was evaluated by calculating the mean of the response of each 

concentration (15, 2000 and 4000 ng mL-1) for the QN and DOX and 5000 ng mL-1 for 

the IS and dividing the extracted sample mean by the unextracted (spiked blank 

plasma extract) sample mean of the corresponding concentration. Comparison with 

the unextracted samples, spiked on plasma residues, was done in order to eliminate 

matrix effects, giving a true recovery. 

 

Accuracy and Precision 

To evaluate the inter-day precision and accuracy, the quality control plasma 

samples with the concentrations of 15 (low), 2000 (medium) and 4000 ng mL-1 (high) 

were analyzed (using the plasma extraction procedure described in the section 2.5) 

together with one calibration curve for 3 days, while intra-day precision and accuracy 

were evaluated the analysis of validation control samples at three different 

concentrations in six replicates in the same day. Inter- and intra-day precision was 

expressed as relative standard deviation (RSD). The accuracy was expressed as the 

percent ratio between the experimental concentration and the nominal concentration 

for each sample. The evaluation of precision was based on the criteria that the 

deviation of each concentration level should be within ± 15%, except for the LLOQ, 

for which it should be within ± 20%. Similarly for accuracy, the mean value should not 

deviate by ± 15% of the nominal concentration except the LLOQ where it should not 

deviate by ± 20% of the nominal concentration.  
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Carry-over 

To determine the carry-over, three blank samples were injected after a sample 

at the high CQ level.  

 

Matrix Effects 

To evaluate the matrix effects three replicates of low and high quality control 

samples were spiked, each one, with six samples of blank rat plasma from different 

sources. The mean peak areas of each quality control were compared to the mean 

peak areas of the neat standard (QN, DOX and IS) at the same concentrations. 

 

Dilution Integrity 

Dilution integrity experiments were carried out by two times dilution of plasma 

samples containing 8000 ng mL-1 of QN and DOX with blank plasma to obtain 

samples containing 4000 ng mL-1 (QC high) of QN and DOX. 

All samples that presented concentrations above the calibration curve upper 

limit were diluted as described above and re-analyzed.  

 

Stability 

 The concentration of QN and DOX after each stability experiment storage 

period was related to the initial concentration as zero cycle (samples that were 

freshly prepared and processed immediately). The samples were considered stable if 

the deviation (expressed as percentage bias) from the zero cycle was within ± 15%. 

 

Freeze-thaw stability 

 The freeze-thaw stability of QN and DOX was determined at low and high QC 

samples (n = 3) over three freeze-thaw cycles within 3 days. In each cycle, the frozen 

plasma samples were thawed at room temperature for 2 h and refrozen for 24 h. 

After completion of each cycle the samples were analyzed and the results compared 

with that of zero cycle. 

 

Short-term stability 

 Three aliquots of the low and high unprocessed QC samples were kept at 

room temperature (25 ± 5 °C) for 4 h. After this period of time the samples were 

analyzed and the results compared with that of zero cycle. 
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Long-term stability 

 Three aliquots each of the low and high QC samples were frozen at -20 °C for 

30 days. The samples were analyzed and the results were compared with that of 

zero cycle. 

 

Processed sample stability 

 Three aliquots each one of the low and high QC samples were processed and 

placed into the autosampler at room temperature and were analyzed after 48 h. The 

results were compared with that of zero cycle. 

 

Pharmacokinetic study 

The applicability of the LC–MS-MS method for pharmacokinetic studies was 

tested using plasma samples obtained after intravenous simultaneous administration 

of QN (25 mg kg-1) and DOX (2.5 mg kg-1) to male Wistar rats (n = 5). Blood samples 

were collected by lateral tail vein puncture into heparinized tubes at pre-determined 

times (5, 15, 30, 60, 240, 360, 720 and 1440 min) after iv dosing. Plasma was 

separated by centrifugation at 14000 rpm for 10 min and was stored at -20 °C until 

QN and DOX quantification. Pharmacokinetic characterization of QN and DOX in 

plasma was performed using non-compartmental analysis with the aid of Excel® v. 

2000 software (Microsoft, Chicago, IL). The experiments were approved by 

University Ethics in Research Committee (Protocol #2008131). 

 

Results and Discussion 

During the extraction method development different solvents and solvent 

mixtures were tested for liquid-liquid extraction and protein precipitation, such as 

TBME, ethyl acetate, diethyl ether, dichloromethane, methanol, trichloroacetic acid, 

acetonitrile, perchloric acid and mixtures. The best results, when considering a better 

recovery and lower interference on QN, DOX and IS quantification, were obtained 

using the trichloroacetic acid 1 M as precipitation solvent. Comparing to the 

traditional off-line solid-phase and liquid-liquid extractions coupled with LC-MS-MS, 

the proposed method requires smaller amounts of plasma, does not need 

supernatant concentration before injection, and requires a shorter sample 

preparation time. When all the steps of the analytical procedure are taken into 

account (extraction and LC-MS-MS), the total analysis time was short, an important 
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advantage when a large amount of samples has to be quantified, as is typical in 

clinical and pharmacokinetic studies. 

To obtain the best chromatographic conditions different columns and mobile 

phases consisting of acetonitrile-water or methanol-water were tested to provide 

sufficient selectivity and sensitivity in a short separation time. Modifiers such as 

ammonium acetate, formic and acetic acid were tested. Formic acid was selected 

because it was easily miscible with organic solvent and led to improve peak 

symmetry and ionization efficiency of QN, DOX and IS. The best signals were 

achieved using methanol/formic acid (70:30, v/v) with a flow rate of 0.5 mL min-1 (split 

1:3). The comparatively short run time (2.0 min) resulted in lower consume of the 

mobile phase solvents with a better cost-effective relation.  

In the present study, electrospray (ESI) was used as LC-MS-MS interface 

because the efficiency of ionization was higher than the atmospheric pressure 

chemical ionization (APCI) for QN and DOX. The mass spectrometric response of the 

analyte and the internal standard were measured by using selected reaction 

monitoring in which the mass spectrometer is tuned to several sets of ions (multiple 

reaction monitoring, MRM). In this method a set of precursor ion/product pairs was 

monitored. The protonated molecular ions [M + H] + of QN, DOX and IS observed on 

the full scan mass spectra were m/z 325.0, 445.0 and 252.8, respectively. The MS-

MS transition 444.8 → 410.0, 444.8 → 410.0 and 461.0 → 426.0 were selected since 

the ion scan product with m/z 307.0, 428.1 and 159.0, presented a higher abundance 

and stability for the QN, DOX and IS, respectively.  

The coupling of LC with MS/MS detection in the MRM mode showed high 

specificity because only the ions derived from the analytes of interest were monitored 

and the comparison of the chromatograms of the blank and spiked rat plasma (5 ng 

mL-1) indicated that no interferences were detected from endogenous substances. A 

typical chromatogram obtained by the proposed LC-MS-MS method, with the 

resolution of the symmetrical peak corresponding to QN, DOX and cimetidine, is 

shown in Figure 2. The low retention times of 0.83, 0.81 and 0.81 min for QN, DOX 

and IS, respectively, allow a rapid determination of the drugs, which is an important 

advantage for the routine analysis. 
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Figure 2. Representative LC-MS-MS chromatogram of low QC plasma sample 
containing DOX, QN and Cimetidine (IS). 

 

The LLOQ evaluated in an experimental assay, with the precision of 4.2% and 

accuracy of 103.1% for QN and precision of 3.1% and accuracy of 105.2% for DOX, 

was found to be 5 ng mL-1 for both drugs.  

The linearity determined by six determinations of the concentrations in the 

range of 5-5000 ng/mL gave the determination coefficient (r2 = 0.9967, y = 

0.000673839x + 0.0286817 for QN and r2 = 0.9946, y = 0.000223127x + 0.00405609 

for DOX, where, x is concentration and y is the peak area ratio of the drug to the IS) 

indicating significant linearity of the calibration curve for the method. The analysis of 

variance of the data indicated no significant difference in slopes of the calibration 

curves (p < 0.05). 

The results of the proposed protein precipitation extraction method developed 

and optimized, using a trichloroacetic acid 1M, allowed high mean recoveries of QN 

(89.4%), DOX (90.5%) and IS (86.3%) at the specified concentration levels, 

confirming the suitability of the method for the plasma samples (Table 1).  
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Table 1. Recovery of QN, DOX and cimetidine after the extraction procedure. 

QN/DOX 

concentration (ng mL-1) 

% Recovery 

(Mean ± RSDb%) 

 QNa DOXa Cimetidinea 

15 89.2 ± 10.7 90.6 ± 8.3 88.1 ± 8.7 

2000 91.3 ± 4.3 83.5 ± 5.7 86.5 ± 4.4 

4000 87.6 ± 3.1 97.4 ± 5.3 84.3 ± 6.2 

a 
Mean of six replicates 

b 
RSD = Relative standard deviation 

 

The intra-day accuracy of the method was between 102.9 and 105.7% with a 

precision of 5.5-6.1% for QN and 101.5 and 106.2% with a precision of 4.4-6.0% for 

DOX (Table 2). The inter-day accuracy was between 104.3 and 106.5% with a RSD 

of 5.3-8.6% for QN and 101.6 and 106.3% with a RSD of 5.8-9.0% for DOX (Table 

3). The data show that the method possesses adequate repeatability and 

reproducibility.  

 

Table 2. Intra-day precision and accuracy for the determination of QN and DOX in rat 

plasma. 

Nominal 

plasma 

concentration  

(ng mL-1) 

Mean QN/DOX 

concentration 

determined 

(ng mL-1)a 

RSDb                  

QN/DOX  

(%) 

Accuracy        

QN/DOX  

(%) 

15 15.9/15.9 6.1/4.6 105.7/106.2 

2000 2092.8/2029.8 5.5/6.0 104.6/101.5 

4000 4117.6/4093.2  5.7/4.4 102.9/102.3 

 a 
Mean of six replicates 

         b 
RSD = Relative standard deviation 
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Table 3. Inter-day precision and accuracy for the determination of QN and DOX in rat 

plasma. 

Nominal 

plasma 

concentration 

(ng mL-1) 

Day Mean QN/DOX 

concentration 

determined 

(ng mL-1)a 

Meanb 

QN/DOX 

RSDc                  

QN/DOX  

(%) 

Accuracy        

QN/DOX  

(%) 

15 

1 16.1/16.4 

16.0/16.0 5.3/9.0 106.5/106.3 2 16.8/14.3 

3 15.1/17.1 

2000 

1 1918.0/1964.0 

2085.9/2102.9 7.1/5.8 104.30/105.1 2 2139.6/2189.0 

3 2200.2/2155.6 

4000 

1 3845.2/4075.6 

4242.0/4065.1 8.6/6.8 106.1/101.6 2 4324.4/4337.2 

3 4556.4/3782.4 

a 
Mean of six replicates 

b
 Mean of three days 

c 
RSD = Relative standard deviation 

 

 As shown in Table 4, the plasma samples were stable for at least 30 days at –

20 °C (long-term) and also after three freeze-thaw cycles, demonstrating that rat 

plasma samples could be thawed and refrozen without compromising the integrity of 

the samples. QN and DOX were stable in neat plasma for up to 4 h at room 

temperature (short-term). The results demonstrated that extracted samples could be 

analyzed after keeping in the autosampler for at least 12 h with an acceptable 

precision and accuracy.  
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Table 4. Summary of stability of QN and DOX experiments in rat plasma. 

Stability      

Studies 

Time Zero 

concentrations 

QN/DOX                 

(ng mL-1)a 

Concentrations 

determined after 

storage QN/DOX     

(ng mL-1)a 

RSDb                

QN/DOX 

(%) 

Biasc   

QN/DOX   

(%) 

Long term 16.6/15.9 15.8/15.3 7.4/6.9 -4.6/-3.8 

 4025.4/3867.8 3865.9/3604.9 6.9/5.7 -4.0/-6.8 

Short term 16.6/15.9 14.8/15.1 3.8/6.9 -10.8/-5.0 

 4025.4/3867.8 3756.9/3506.1 2.5/4.0 -6.7/-9.4 

Autosampler 12 h 16.6/15.9 17.1/16.3 5.6/5.9 3.4/2.1 

 4025.4/3867.8 4148.7/4044.6 2.0/4.5 3.1/4.6 

Three Freeze-thaw 

cycles 

16.6/15.9 

4025.4/3867.8 

15.2/16.8 

4900.2/3558.9 

6.2/4.3 

4.0/2.7 

-8.2/5.5 

4.6/-8.0 
a 
Mean of three replicates 

b 
RSD = Relative standard deviation 

c 
Bias = (measured concentration - nominal concentration / nominal concentration) x 100 

 

No significant carry-over from the analytes and IS were observed and matrix 

effects and the possible ionization suppression or enhancement of QN, DOX and IS 

were examined. The relative standard deviation of the mean peak areas of QN, DOX 

and IS were < 7.5%, indicating low difference in ionization efficiency using different 

plasma samples. The results for QN, DOX and IS were higher than 93.6%, 

suggesting that the ion suppression by endogenous components was not interfering 

in the repeatability of the method. 

Dilution experiments carried out at six replicates by two times dilution with 

blank plasma and assay precision and accuracy were determined. The accuracy for 

diluted QC’s was 102.8% with a precision of 3.3% for QN and 101.2% with a 

precision of 4.1% for DOX. The obtained results suggested that samples whose 

concentrations were greater than the upper limit of calibration curve could be re-

analyzed by appropriate dilution. 

To investigate the suitability of this analytical method for pre-clinical 

pharmacokinetic studies, it was applied for determining QN and DOX plasma 

concentration after iv administration of a single dose (QN: 25 mg kg-1 and DOX: 2.5 

mg kg-1) to Wistar rats (n = 5). The mean plasma concentration–time profiles of QN 

and DOX are shown in Figure 3. Pharmacokinetic parameters estimated by non-
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compartmental analysis of individual profiles allowed the estimation of a half-life of 

4.61 ± 1.29 h for QN and 2.97 ± 0.14 h for DOX. The AUC0−∞ was 10.65 ± 4.46 

µg∙mL h-1 for QN and 10.57 ± 1.91 µg∙mL h-1 for DOX. The extrapolated AUC were 

1.23% of total AUC for QN and 0.35% for DOX, respectively. The results indicated 

that the analytical method is suitable to measure plasma concentrations of the 

compounds in rat plasma viewing to pharmacokinetic parameters determination.  

 

 

 

 

 

 

 

Figure 3. Mean plasma concentration-time profiles of QN () and DOX (■) after 25 
and 2.5 mg kg-1 single iv bolus dose to male Wistar rats (Mean ± S.D., n = 5).  
 

Conclusion 

An analytical method using a protein precipitation extraction followed by LC-

MS-MS detection was developed and validated for the simultaneous determination of 

QN and DOX in rat plasma. This method includes a fast extraction procedure, using 

cimetidine, a commercially available substance, as internal standard. The short 

sample preparation time allows a higher sample throughput compared to LLE and 

SPE methods. The results of the validation studies show that the optimized LC-MS-

MS method possesses specificity, sensitivity, linearity, precision and accuracy. 

Moreover, the proposed method was successfully applied to a pharmacokinetic study 

in rats. 
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Abstract 

 

The aim of this work was to develop and characterize quinine (QN)/doxycycline 

(DOX) solid lipid nanoparticles (SLN), to evaluate their efficacy in an in vivo model of 

malaria, and determine their pharmacokinetics and erythrocyte partition coefficient 

compared to the not encapsulated (free) drug association. The SLN were prepared 

by high pressure homogenization technique using polysorbate 80 and lipoid as 

emulsifiers and cetyl palmitate as lipid matrix. In the preliminary stability study, 

QN/DOX-loaded SLN presented adequate particle size (153.0 ± 5.2), polydispersity 

index (0.173 ± 0.006), zeta potential (-38.6 ± 1.82 mV), and high drug content (95.9% 

± 0.70/94.1% ± 2.41) and appropriate encapsulation efficiency (94.2% ± 1.14/83.0% 

± 2.52) after 21 days of storage at room temperature. Plasmodium berghei infected 

Wistar rats were used to evaluate the efficacy of QN/DOX-loaded SLN using different 

dosing regimens. The effective QN/DOX-loaded SLN i.v. (75/7.5 mg/kg/day) and oral 

(105/10.5 mg/kg/day) doses represent an almost 30% reduction compared to the free 

drugs in association. Plasma pharmacokinetics was evaluated after administration of 

free or nanoencapsulated QN/DOX by i.v. (10/1 mg/kg) and oral (25/2.5 mg/kg) 

routes to infected Wistar rats. No significant alteration of pharmacokinetic parameters 

was observed for both drugs and routes of dosing after nanoencapsulation. QN 

partition coefficient into P. berghei infected erythrocyte was increased (5.53 ± 0.28) 

when the QN/DOX-loaded SLN was used in comparison with the free drugs in 

association (3.81 ± 0.23). In summary, this work suggests that nanoencapsulation of 

QN/DOX into SLN improved the efficacy of free QN/DOX association and may be 

used as an alternative for future treatment of malaria. 

 

Keywords: quinine, doxycycline, solid lipid nanoparticles, Plasmodium berghei, 

antimalarial efficacy, pharmacokinetics, erythrocyte partition coefficient. 

 

 

 

 

 

 

 



  

91 

1. Introduction 

Malaria remains one of the most important diseases of the developing world, 

killing 1–3 million people and causing disease in approximately 500 million people 

annually (FIDOCK, 2008, GARCIA, 2010). Malaria is caused by the intracellular 

protozoan parasites of the genus Plasmodium, with five species infecting humans: 

falciparum, vivax, ovale, malariae and knowlesi. Infection via P. falciparum causes 

the most severe illness, but increasing geographic spread of resistance of this 

organism to chloroquine and other antimalarial drugs is causing major problems in 

the management and control of the disease. Preventive measures include mosquito 

control, personal care to avoid mosquito bites and, often prophylactic therapy for 

people entering or living malarious areas, although it has been pointed out that global 

control of malaria may only be achieved if a reliable vaccine becomes available 

(MARFURT et al., 2010). 

Resistance to antimalarial drugs has been documented in all classes of 

antimalarials, including the new artemisinin derivatives, and it is a major threat to 

malaria control. Widespread and indiscriminate use of antimalarials exerts a strong 

selective pressure on malaria parasites to develop high levels of resistance. 

Resistance can be prevented, or its onset slowed considerably, by combining 

antimalarials with different mechanisms of action and ensuring very high cure rates 

through full adherence to correct dose regimens (WHO, 2010). The combination of 

the antimalarial quinine (QN) and the antibiotic doxycycline (DOX) have been used in 

the therapy with good results (RASHEED & SAEED, 2008).  

Nanoparticles-based drug delivery systems may provide many advantages as 

improve the solubility of the drugs, modify the half-life, reduce drug toxicity, and 

deliver two or more drugs simultaneously for combination therapy 

(RAVICHANDRAN, 2009). Several articles in the literature describe the use of 

antimalarial drug-loaded nanoparticles for the treatment of malaria showing the 

nanocarriers effectiveness in animal models as pointed out on a recent review about 

the topic (SANTOS-MAGALHÃES & MOSQUEIRA, 2010). HAAS et al. 2009 

developed polymeric nanocapsules containing QN which allowed the reduction of the 

effective dose to cure 100% of infected rats with P. berghei in about 30%. Moreover, 

the nanoencapsulation doubled the binding coefficient of QN to infected erythrocytes 

with P. berghei compared with the coefficient of the free drug. 
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Solid lipid nanoparticles (SLN) prepared either with physiological lipids or lipid 

molecules with a history of safe use in human medicine, have been attracting 

increased attention as colloidal drug carriers. Under optimized conditions they can be 

produced to incorporate lipophilic or hydrophilic drugs and seem to fulfill the 

requirements for an optimum particulate carrier system (PATIDAR et al., 2010). The 

use of SLN to incorporate antimalarial drugs association to treat and/or prevent 

malaria has not been attempted previously viewing to increase efficacy.  

The objectives of this work were to develop and characterize SLN loaded with 

QN/DOX, to evaluate their efficacy in vivo using a Plasmodium berghei infected 

Wistar rat model as well as to evaluate their pharmacokinetics (PK) in comparison to 

association of free drugs. Additionally, the ability of nanoencapsulation to interfere 

with QN/DOX partition coefficient into erythrocytes was also investigated. 

 

2. Materials and Methods 

2.1. Chemicals and reagents  

Quinine and quinine hydrochloride reference substances were purchased from 

Sigma (St Louis, USA) and doxycycline hydrochloride was purchased from Zhejiang 

Chem-tech (Zhejiang, China). Cetyl palmitate was purchased from Embacaps (Porto 

Alegre, Brazil). BHT and polysorbate 80 were purchased from Sigma (Sigma, St 

Louis, USA). Lipoid 40 was purchased from Lipoid GmbH (Ludwigshafen, Germany). 

HPLC-grade acetonitrile, methanol, formic and acetic acid were purchased from 

Tedia (Fairfield, USA). All chemicals used were of pharmaceutical or special 

analytical grade. For all the analyses, ultrapure MilliQ® water (Millipore, Bedford, 

USA) filtered through a 0.22 µm membrane was used. 

 

2.2 Preparation and characterization of QN/DOX-loaded SLN 

The SLN formulation containing 2 mg/mL of QN and 0.2 mg/mL of DOX was 

prepared as follows: the oil phase was composed of cetyl palmitate (10.0 g), QN (200 

mg), Lipoid S40 (composition: 40% phosphatidylcholine, 12-15% 

phosphatidylethanolamine, 3% phosphatidylinositol, 4% lysophosphatidylcholine, 3% 

triglycerides) (6.0 g) and BHT (0.05 g) and the aqueous phase was composed of 

DOX hydrochloride (20 mg of DOX), polysorbate 80 (18 g) and water (q.s.p 100 mL). 

When the oil phase reached 75 °C and the water phase 80 °C they were mixed and 

kept under agitation in ultraturrax for 10 min, followed by three times recirculated with 

http://www.google.com.br/search?hl=pt-BR&biw=1280&bih=687&sa=X&ei=hFDCTozOKcrz0gH-zPDsDg&ved=0CBkQvwUoAQ&q=hydrochloride&spell=1
http://www.google.com.br/search?hl=pt-BR&biw=1280&bih=687&sa=X&ei=hFDCTozOKcrz0gH-zPDsDg&ved=0CBkQvwUoAQ&q=hydrochloride&spell=1
http://www.google.com.br/search?hl=pt-BR&biw=1280&bih=687&sa=X&ei=hFDCTozOKcrz0gH-zPDsDg&ved=0CBkQvwUoAQ&q=hydrochloride&spell=1
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high-pressure homogenizer at 500 bar. Unloaded nanoparticles were prepared in the 

same manner, omitting the drugs.  

Nanoparticles size and polydispersity were measured by photon correlation 

spectroscopy. For these measurements, 20 μL of each suspension was diluted with 

10 mL of water (MilliQ®). Measurements were carried out at room temperature using 

a Zetasizer® nano ZS3600 (Malvern, USA). The zeta potentials were determined in 

samples diluted in 10 mM NaCl aqueous solution. The pH values were determined 

using a potentiometer (Digimed, Brazil). QN and DOX nanoparticles concentration 

were determined by LC-MS/MS using a previously validated method (BRUM JUNIOR 

et al., 2009). QN and DOX encapsulation efficiency in the nanoparticles was 

determined after ultrafiltration–centrifugation (Ultrafree-MC 10 000MW; Millipore 

Bedford, USA) and total QN and DOX content were determined after dissolution of 

nanoparticles with acetonitrile. The drug´s encapsulation efficiency were calculated 

from the difference between the total and free drug concentrations. 

For the preliminary stability study, three batches of the formulation were stored 

at room temperature and, at pre-fixed days (1, 7, 14 and 21) post-preparation; the 

physicochemical characterization was carried out according to the techniques 

described above. The physical stability of SLN formulation was evaluated by an 

optical analyser TurbiscanLab® (Formulaction, France). The analysis was performed 

to verify possible phenomenon of instability of SLN, as creaming, flocculation, 

sedimentation and coalescence. The readings were performed for 1 hour at 25 ºC 

with analysis every five minutes. Additionally, the morphological analysis was 

conducted by transmission electron microscopy (TEM; Jeol, JEM 1200 Exll; 

250.000x) operating at 120 kV. 

All the measurements were made in triplicate and the values are expressed as 

mean ± standard deviation. The value of each parameter evaluated during the 

formulation stability study was compared with the values determined on the first day 

of analysis using Student’s t-test (α = 0.05). 

 

2.3 Antimalarial efficacy of QN/DOX-loaded SLN in P. berghei infected rats 

The protocols for the animal experiments were approved by the UFRGS Ethics 

in the Research Committee (Protocol 2008131). The animals were treated according 

to Canadian Council on Animal Care recommendations (OLFERT et al., 1993). 
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Five weeks old (90-110 g) male Wistar rats (n = 5/group) were used in a 

protocol previously described (PEDRONI et al., 2006). On day zero the rats were 

infected by intravenous route with 108 P. berghei infected erythrocytes from mice in 

0.4 mL of saline. The animals were treated from the 7th to the 9th day post-infection by 

oral or i.v. injection with doses of QN/DOX q8h. For the intravenous treatment QN 

hydrochloride/DOX hydrochloride free (35/3.5 mg/kg and 25/2.5 mg/kg) and QN/DOX 

loaded SLN (25/2.5 mg/kg and 20/2.0 mg/kg) were used while the oral treatment 

consisted of QN hydrochloride/DOX hydrochloride free base (50/5 mg/kg and 35/3.5 

mg/kg) and QN/DOX loaded SLN (35/3.5 mg/kg and 25/2.5 mg/kg). Control groups 

received either 0.6 mL of unloaded-nanoparticles or saline solution. 

Thin blood smears were made from tail blood of all animals every 2 days after 

infection to determine parasitemia. The percentage of infected erythrocytes was 

determined in blood smears fixed with methanol and stained with Giemsa after at 

least 1,000 red cells were counted in five microscopic fields (oil immersion, 1000x 

magnification). Parasitemia levels and mortality were monitored up to four weeks 

following inoculation. If the blood smears were free of Plasmodium after at least 200 

red cells were checked, they were considered cured but were kept under observation 

to monitor eventual relapses. 

 

2.4 Pharmacokinetic experiments 

 The pharmacokinetic evaluation of QN and DOX (free or SLN formulation) was 

conducted in five weeks old (90-110 g) male infected Wistar rats. Each group 

received a single i.v. bolus dose of 10.0/1.0 mg/kg QN hydrochloride/DOX 

hydrochloride solution in saline or QN/DOX-loaded SLN into the lateral tail vein. 

Blood samples (~ 200 µL) were collected by lateral tail vein puncture into heparinized 

tubes at pre-determined times (5, 15, 30, 60, 240, 360, 720 and 1440 min) after i.v. 

administration. For the evaluation of oral administration, both groups received a 

single 25/2.5 mg/kg dose as saline solution or QN/DOX-loaded SLN by gavage. After 

oral dosing, besides the sampling time specified for i.v. dosing, samples were also 

withdrawn at 120 and 180 min post-dosing. Plasma was separated by centrifugation 

at 3500 rpm for 10 min and drugs quantified by previously LC-MS/MS validated 

method (BRUM JUNIOR et al., 2011). 

QN and DOX pharmacokinetic parameters were determined from individual 

plasma profiles after free QN/DOX and QN/DOX-loaded SLN dosing to infected 

http://www.google.com.br/search?hl=pt-BR&biw=1280&bih=687&sa=X&ei=hFDCTozOKcrz0gH-zPDsDg&ved=0CBkQvwUoAQ&q=hydrochloride&spell=1
http://www.google.com.br/search?hl=pt-BR&biw=1280&bih=687&sa=X&ei=hFDCTozOKcrz0gH-zPDsDg&ved=0CBkQvwUoAQ&q=hydrochloride&spell=1
http://www.google.com.br/search?hl=pt-BR&biw=1280&bih=687&sa=X&ei=hFDCTozOKcrz0gH-zPDsDg&ved=0CBkQvwUoAQ&q=hydrochloride&spell=1
http://www.google.com.br/search?hl=pt-BR&biw=1280&bih=687&sa=X&ei=hFDCTozOKcrz0gH-zPDsDg&ved=0CBkQvwUoAQ&q=hydrochloride&spell=1
http://www.google.com.br/search?hl=pt-BR&biw=1280&bih=687&sa=X&ei=hFDCTozOKcrz0gH-zPDsDg&ved=0CBkQvwUoAQ&q=hydrochloride&spell=1
http://www.google.com.br/search?hl=pt-BR&biw=1280&bih=687&sa=X&ei=hFDCTozOKcrz0gH-zPDsDg&ved=0CBkQvwUoAQ&q=hydrochloride&spell=1
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Wistar rats by compartmental analyses using the non-linear regression software 

SCIENTIST® v.2.0.1 (MicroMath®, USA). One- and two-compartment models with or 

without weighting schemes were evaluated for both administration routes. The model 

that best fitted the data was chosen based on the random distribution of residuals, 

the correlation coefficient and the model selection criterion (MSC) given by the 

software. 

Statistical comparison of the pharmacokinetic parameters determined was 

performed by ANOVA assuming unequal variance (α = 0.05). 

 

2.5 QN and DOX partition coefficient into erythrocyte 

Blood from P. berghei infected rats (n=3) with mean parasitemia of 7.6 ± 1.9% 

was used. The blood was centrifuged at 3500 rpm for 10 min and the plasma and 

buffy coat were discarded. The remaining red cells were washed three times with 5% 

glucose solution pH 7.4 (IYER et al., 1999). Red blood cells were ressuspended in 

the same medium and the haematocrit was adjusted to 0.48. QN/DOX free or 

nanoencapsulated were added to the red blood cells suspension to obtain the final 

concentration of 5 µg/mL for both drugs. After 30 min incubation at 37 ± 1 °C the 

samples were centrifuged and the supernatant was quantified by LC-MS/MS method. 

The sediment was hemolysed with distillated water (1:1, v/v) and also quantified. The 

partition coefficient (D) of QN and DOX were determined by the equation 

(DERENDORF & GARRET, 1987): 

 

    

 

where As is the drug concentration added to the medium (5 µg/mL), Csup is the drug 

concentration in the supernatant, Vs is the final suspension volume and H is the 

haematocrit. 

 

3. Results and Discussion 

 

3.1 Physicochemical characterization and preliminary stability of QN/DOX-

loaded SLN 

The stability of QN/DOX loaded SLN was evaluated for 21 days and the 

results are shown in Table 1. 
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The particle size varied from 166.0 ± 15.8 nm to 153.0 ± 5.2 nm and the 

polydispersity, from 0.196 ± 0.008 to 0.173 ± 0.006. The particle size was not 

affected by QN/DOX encapsulation, because the unloaded-nanoparticles exhibited a 

similar mean diameter of 171.0 ± 1.2 nm with a polydispersity index of 0.172.  Since 

QN/DOX loaded SLN size was in the range of 200 nm and could be considered 

suitable for in vivo administration through the intravenous route (FLOYID et al., 1998) 

and the low value of polydispersity index indicates the homogeneity of the particles. 

Zeta potential values above 30 mV (positive or negative) indicate the suitable stability 

of nanoparticles because the repulsion between the particles prevents the 

aggregation (COUVREUR et al., 2002). In the present work, the zeta potential values 

varied between -41.5 ± 4.82 mV and -38.6 ± 1.82 mV, suggesting that the negative 

charge of the phospholipids presents in the Lipoid®, were effective in preventing 

coagulation of the particles.  

 

Table 1. Physicochemical characteristics of QN/DOX loaded nanoparticles (2/0.2 

mg/mL) after storage at room temperature for up to 21 days. 

Parameters 

Day of analysis 

0 7 14 21 

pH 6.20 ± 0.12 6.10 ± 0.13 5.98 ± 0.17 5.82 ± 0.16 

QN content (%) 96.7 ± 1.55 97.0 ± 1.22 95.5 ± 2.25 95.9 ± 0.70 

QN encapsulation 
efficiency (%) 

95.1 ± 1.71 94.5 ± 1.72 92.6 ± 1.40 94.2 ± 1.14 

DOX content (%) 95.6 ± 1.35 95.1 ± 2.46 93.3 ± 1.70 94.1 ± 2.41 

DOX encapsulation 
efficiency (%) 

89.6 ± 3.04 87.6 ± 4.12 85.6 ± 4.74 83.0 ± 2.52 

Zeta potential (mV) -41.5 ± 4.82 -40.7 ± 2.23 -40.9 ± 1.74 -38.6 ± 1.82 

Polydispersity index 0.196 ± 0.008 0.168 ± 0.016 0.188 ± 0.019 0.173 ± 0.006 

Particle size (nm) 166.0 ± 15.8 164.0 ± 16.1 165.0 ± 12.5 153.0 ± 5.2 

Results expressed as mean of three batches ± SD 
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The results indicated a slight decrease in pH during the evaluation period, 

which may be associated with the onset of a possible degradation of some 

component of the formulation over the time.  

In the Turbiscan® analysis (Figure 1), changes were detected in the particles 

migration rate, verified by an increase in the backscattered light at the upper part of 

the cell, due to creaming of the particles over the time, and the correspondent 

decrease in the scattered light at the lowest of the cell. This creaming of the samples 

disappears under stirring. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Backsttering profile of QN/DOX-loaded SLN by Turbiscanlab®. The 
readings were performed for 1 hour at 25 ºC with analysis every 5 min. 

 

The TEM micrographs of QN/DOX SLN present spherical shape as well as 

homogeneous size distribution (data not shown). 

QN/DOX content, particle size, zeta potential, polydispersity index and pH 

were not significantly altered during the investigated period demonstrating that SLN 

were stable for at least 21 days, with adequate physicochemical properties for i.v. 

and oral administration. The encapsulation efficiency of QN (94.2 ± 1.14) is higher 

than that of DOX (83.0 ± 2.52). This result can be explained by QN lipophilicity which 

is higher than DOX´s. For the in vivo experiments, SLN suspension was prepared 

and characterized two days before its utilization. 
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3.2. Antimalarial activity in P. berghei infected rats 

Plasmodium berghei is one of the many species of malaria parasites that 

infect mammals other than humans and it is frequently used as a model for the 

experimental study of mammalian malaria because it has been proven to be 

analogous to the malarias of man and other primates in most essential aspects of 

structure, physiology and parasite life cycle. In this way, P. berghei infected rodents 

are an adequate model for studying malaria (CARTER & DIGGS, 1977).  

The antimalarial activity of QN/DOX loaded nanoparticles was evaluated in 

Wistar rats infected with P. berghei and treated with three daily doses of the drugs, 

on the 7-9th days after inoculation. In parallel, a non-treated group was evaluated to 

ensure that the infection took place after animal’s inoculation. Table 2 shows the 

results of cure, mortality and peak parasitemia for all groups investigated. 

 

Table 2. Efficacy of QN/DOX free and QN/DOX loaded SLN (2/0.2 mg/mL) dosing to 

P. berghei infected Wistar rats*  

Group 
Total daily dose 

(mg/kg) 
Parasitemia Peak 

(%) 
Mortality  
(days) 

Cure 
(%) 

QN/DOX free i.v. 105/10.5 16.12 ± 3.25 - 100 

QN/DOX free i.v. 75/7.5 41.23 ± 9.15 15-17 60 

QN/DOX SLN i.v 75/7.5 23.64 ± 6.33 - 100 

QN/DOX SLN i.v 60/6.0 42.87 ± 15.22 15 80 

QN/DOX free oral 150/15 28.95 ± 8.12 - 100 

QN/DOX free oral 105/10.5 45.76 ± 11.68 15-19 40 

QN/DOX SLN oral 105/10.5 20.98 ± 11.14 - 100 

QN/DOX SLN oral 75/7.5 38.90 ± 16.44 18-21 60 

i.v. control groups 
Saline  42.18 ± 9.22 9-19 0 

Unloaded-SLN 39.18 ± 11.18 11-19 0 

Oral control groups 
Saline 47.71 ± 10.21 11-19 0 

Unloaded-SLN 41.34 ± 14.53 13-17 0 

*For infection and treatment protocols see material and methods. SLN = solid lipid nanoparticles; n = 

5/group 
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Figure 2 shows the survivor rate profile for all groups after i.v. and oral dosing 

following the treatment of Plasmodium berghei-infected Wistar rats. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Survivor rate profiles of Plasmodium berghei-infected Wistar rats following 
the i.v. (top panel) and oral (bottom panel) treatments indicated in Table 2. (n = 
5/group). 
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There was no significant difference in death profile and parasitemia levels of 

the animals treated with the unloaded-nanocapsules and saline solution, indicating 

that the unloaded-nanoparticles did not contribute to the antimalarial effect. 

When the malaria infected animals were treated with free QN/DOX 105/10.5 

mg/kg/day i.v. dose, 100% cure (parasite disappearance from blood smear) was 

observed on the 11th day post-infection. A 75/7.5 mg/kg/day i.v. dose of QN/DOX 

loaded SLN lead to 100% cure 13th day post-infection. In other words, eradication of 

infection was obtained for both treatments in a similar period of time, however, drug 

loaded into SLN were more effective. It should be noted that the administration of 

free drugs by the i.v. route caused lesions at the administration site that spread 

throughout the tail. For the QN/DOX loaded SLN this injury was not observed. 

When the animals were orally treated with free QN 150/15 mg/kg/day dose, 

the cure of all animals was verified on the 13th day post-infection. QN/DOX loaded 

SLN 105/10.5 mg/kg/day lead to 100% cure levels 15 days post-infection. Similar to 

the results observed after i.v. drug dosing, it took a little longer to observe cure when 

the drugs were encapsulated compared to the free drugs. However, the effective total 

daily dose was reduced.  

QN/DOX nanoencapsulation reduced the effective dose in almost 30%, from 

105/10.5 to 75/7.5 mg/kg/day i.v. dosing and from 150/15 to 105/10.5, leading to a 

smaller QN/DOX tissue exposition and, probably, to a smaller neurological and 

cardiovascular toxicity, specially, considering that these are dose-dependent effects 

(GOLDENBERG & WEXLER, 1988).  

The results obtained for the QN/DOX SLN after i.v. dosing were similar to the 

results obtained by our group on a previous investigation using QN alone loaded into 

polymeric nanocapsules (HAAS et al., 2009), indicating that the nanoencapsulation 

allowed a decrease of 30% on the effective dose independent of the nanoparticulated 

system employed. An important advance of the present study, however, is that it was 

possible to demonstrate that the use of SLN allows for the reduction of the effective 

dose to treat malaria even after oral administration of QN/DOX which was not 

evaluated previously for the polymeric nanoparticles loaded only with QN. 

The effective i.v. QN dose to cure 100% of the P. berguei infected rats, either 

free or nanoencapsulated, in the present study, although in association with DOX, is 

exactly the same determined in our previous investigation with polymeric 

nanoparticles (HAAS et al., 2009), indicating that presence of DOX in the formulation 
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was not capable of reducing the effective dose of QN. The extrapolation of this 

results showed be evaluated considering that the QN/DOX association is 

recommended for treating P. falciparum resistant malaria and the etiologic agent of 

the in vivo model used in this study was P. berghei. Also, the protocol for the 

treatment with QN/DOX association recommends the continuation of DOX use after 

the cessation of QN administration (CARMARGO et al., 2009), which was not 

investigated with the protocol used here.  

Two hypotheses can be rise to explain the SLN ability to decrease the 

QN/DOX antimalarial effective dose: the nanoencapsulation could alter these drugs 

absorption and/or disposition parameters, leading to higher body exposition or the 

encapsulation allowed an increased penetration of the drugs into the infection site. 

Also, a combination of these alterations on both drugs pharmacokinetics could be 

take place after administration of the SLN system. 

 

3.3 Pharmacokinetic evaluation 

The individual plasma profiles of QN/DOX and QN/DOX loaded SLN obtained 

after intravenous and oral administrations were best described by two-compartmental 

open model using 1/concentration weighting scheme and one-compartment open 

model with first order absorption without weight, respectively. 

The mean plasma concentration-time profiles of free QN/DOX and 

nanoencapsulated QN/DOX after a single i.v. administration to Wistar rats are shown 

in Figure 3.  
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Figure 3. Mean plasma profiles of QN (left panel) and DOX (right panel) after a single 
intravenous dose of free drugs in association (solid line) or loaded into SLN (dashed 
line). Drugs were used in the proportion of QN/DOX 10/1 mg/kg. (Mean + SD) (n = 
5/group). 
 

The mean pharmacokinetic parameters estimated by compartmental approach 

for both formulations after i.v. dosing are summarized in Table 3. It can be observed 

that, for both drugs, QN and DOX, none of the pharmacokinetic parameters 

determined in plasma were significantly altered by nanoencapsulation (α = 0.05).  
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Table 3. QN/DOX pharmacokinetic parameters after administration of a single 

intravenous dose of free or nanoencapsulated drugs to P. berghei infected Wistar 

rats. 

Pharmacokinetic 
Parameters* 

QN free  

(10 mg/kg) 

(n = 5) 

QN-loaded 
SLN 

(10 mg/kg)  

(n = 5) 

DOX free 

(1.0 mg/kg) 

(n = 5) 

DOX-loaded 
SLN 

(1.0 mg/kg)  

(n = 5) 

A (µg/mL) 5.40 ± 0.31 4.79 ± 0.31 11.97 ± 2.05 8.70 ± 0.99 

B (µg/mL) 0.60 ± 0.07 0.43 ± 0.14 0.96 ± 0.05 0.94 ± 0.31 

α (h-1) 5.98 ± 0.73 4.31 ± 0.67 10.54 ± 0.90 8.19 ± 1.40 

β (h-1) 0.19 ± 0.01 0.19 ± 0.01 0.20 ± 0.02 0.20 ± 0.01 

t½ (h) 3.58 ± 0.16 3.76 ± 0.26 3.53 ± 0.32 3.43 ± 0.13 

AUC0- (µg.h/mL) 4.03 ± 0.33 3.44 ± 0.71 6.05 ± 0.61 5.72 ± 1.25 

CLtotal (L/h/kg) 2.52 ± 0.19 3.04 ± 0.62 0.17 ± 0.02 0.18 ± 0.03 

Vc (L/kg) 1.67 ± 0.11 1.98 ± 0.42  0.08 ± 0.01 0.11 ± 0.01 

Vdss (L/kg) 10.12 ± 0.90 11.14 ± 2.22 0.69 ± 0.03 0.72 ± 0.12 

*A = intercept of the distribution phase, B = intercept of the elimination phase, α = distribution rate 

constant, β = elimination rate constant, AUC0-, area under the curve, t½ = half-life, CLtotal = total 
plasma clearance; Vc = volume of the central compartment, Vdss = volume of distribution at steady 
state. 

 

Haas and co-workers (2009) determined QN pharmacokinetic parameters 

after intravenous administration of free or nanoencapsulated drug (25 mg/kg) to 

infected rats. The authors also showed that the pharmacokinetic parameters of 

polymeric QN nanocapsules were not significantly different from those determined for 

free drug (α = 0.05). The values of ke (1.36 ± 0.12 h-1), t½ (1.0 ± 0.5 h) and CL (7.0 ± 

3.5 L/h/Kg) determined for free QN in that study, however, differ from those reported 

here. It has been reported in the literature that QN shows concentration dependent 

protein binding leading to non-linear pharmacokinetics (JOUAN et al., 2005), which 

could explain the difference in elimination parameters between the present and the 

previous work. Furthermore, in the present study QN was used in association with 

DOX and we could not find other experiments in the literature using QN and DOX in 
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the same administration route and doses to allow any comparison with the results 

obtained in this study. 

The mean plasma concentration versus time profiles of QN/DOX free and 

loaded SLN after a single oral administration to malaria infected Wistar rats are 

shown in Figure 4.  

 

 

 

 

 

 

 

Figure 4. Mean plasma profiles of QN (left panel) and DOX (right panel) after a single 
oral dose of free drugs (solid line) in association or loaded into SLN (dashed line). 
Drugs were used in the proportion of QN/DOX 25/2.5 mg/kg. (Mean + SD) (n = 
5/group).  

 

 

 

The mean pharmacokinetic parameters estimated by compartmental approach 

for free and nanoencapsulated drugs after oral dosing are summarized in Table 4. It 

can be seeing that after oral dosing, none of QN or DOX pharmacokinetic 

parameters determined in plasma were significantly altered by nanoencapsulation 

into SLN (α= 0.05) indicating that the absorption and disposition of both drugs is not 

influenced by the nanoparticulate carrier administered to P. berghei infected animals.  

Pedroni et al., 2006 determined the absolute bioavailability of free QN after an 

oral dose of 250 mg/kg. The results were 0.58 for healthy rats, 0.45 for rats with high 

parasitemia (37.4% ± 8.7) and 0.37 for rats with low parasitemia (9.9% ± 2.1). In the 

present work were found results of 0.65 (free drug) and 0.68 (nanoencapsulated 

drug) for absolute bioavailability of QN after an oral dose of 25 mg/kg in rats with low 

parasitemia. The difference observed between the previous and the present work 

could be due to the use of a drug association in the present investigation, besides 

QN non-linearity behavior that affect its clearance, which is the parameter that 

determines AUC and consequently bioavailability. The absolute bioavailability of 

DOX administered orally at a dose of 100–200 mg in humans is 90-100%. For 
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rodents, no bioavailability data was found in the literature. In the present work, the 

obtained results of absolute bioavailability for the DOX were 0.33 (free drug) and 

0.30 (nanoencapsulated drug). 

Additionally, the parameters determined by non-compartmental analysis (data 

not show) after i.v. and oral dosing did not show statistical difference (α = 0.05) from 

those determined by the compartmental analysis for both drugs and administration 

routes, confirming that the models selected were adequate to describe the 

experimental data. 

 

Table 4. QN/DOX pharmacokinetic parameters after administration of a single oral 

dose of free or nanoencapsulated drug to P. berghei infected Wistar rats. 

Pharmacokinetic 

Parameters* 

QN free 

(25 mg/kg) 

(n = 5) 

QN-loaded 
SLN 

(25 mg/kg)  

(n = 5) 

DOX free 

(2.5 mg/kg) 

(n = 5) 

DOX-loaded 
SLN 

(2.5 mg/kg)  

(n = 5) 

ka (h
-1) 1.53 ± 0.71  1.21 ± 0.51 0.83 ± 0.38 0.91 ± 0.29 

ke (h
-1) 0.22 ± 0.02 0.22 ± 0.01 0.51 ± 0.05 0.54 ± 0.04 

t½ (h) 3.13 ± 0.35 3.22 ± 0.13 1.37 ± 0.14 1.29 ± 0.06 

AUC0- 
(µg.h/mL)** 

5.78 ± 1.96 6.08 ± 0.96 4.84 ± 0.80 4.03 ± 4.29 

CLtotal (L/h/kg) 2.82 ± 1.10 2.42 ± 0.35 0.17 ± 0.03 0.17 ± 0.05 

Vd (L/kg) 12.76 ± 5.36 11.23 ± 1.53 0.33 ± 0.06 0.32 ± 0.09 

Fabs*** 0.65 0.68 0.33 0.30 

*ka = absorption rate constant, ke = elimination rate constant, t½ = half-life, **AUC0-, area under the 
curve (obtained from non-compartmental analysis), CLtotal = total plasma clearance, Vd = volume of 

distribution, Fabs = absolute bioavailability; *** Fabs determined by the ration of AUC0- oral/ AUC0- i.v 

 

The comparison of pharmacokinetic parameters of free and nanoencapsulated 

QN and DOX after i.v. and oral dosing showed an statistical difference for QN t1/2 that 

were 3.58 ± 0.16 h (free) and 3.76 ± 0.26 h (SLN) after i.v. dose and decreased to 

3.13 ± 0.35 h (free) and 3.22 ± 0.13 h (SLN) after oral dosing (α = 0.05). However, 

this difference dose not has a clinical impact on drug elimination. Furthermore, DOX 

t1/2 and Vd also showed statistical difference when comparing free or 

nanoencapsulated drug after i.v. and oral routes of administration (α = 0.05). The Vd 
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decreased from 0.69 ± 0.03 L/kg (free) and 0.72 ± 0.12 L/kg (SLN) after i.v. dosing to 

0.33 ± 0.06 L/kg (free) and 0.32 ± 0.09 L/kg (SLN) after oral dosing leading to a 

decrease in t1/2 from 3.53 ± 0.32 h (free) and 3.43 ± 0.13 h (SLN) after i.v. 

administration to 1.37 ± 0.14 h (free) and 1.29 ± 0.06 h (SLN) after oral 

administration. One possible explanation for this observation is that malaria infection 

alters blood circulation slowing down DOX absorption and consequently the volume 

of distribution. Further investigation, however, would be necessary to prove this 

hypothesis. 

The pharmacokinetic evaluation of the plasma concentration-time profiles 

obtained for both drugs after i.v. and oral of QN/DOX loaded SLN could not explain 

the 30% reduction of the effective dose observed in the pharmacodynamic 

experiment.  

 

3.4 Erythrocyte’s partition coefficient 

The partition coefficient of QN and DOX free and nanoencapsulated was 

determined in vitro using blood from P. berghei animals.  

The partition coefficient of free QN into erythrocytes, 3.81 ± 0.23, was 

significantly increased to 5.53 ± 0.28 when QN/DOX-loaded SLN were used (α = 

0.05). Nanoencapsulation increased QN penetration into red blood cells of infected 

rats, justifying the improvement of QN efficacy when nanoencapsulated. For DOX, 

however, the partition coefficient showed no statistic difference when comparing free 

(4.15 ± 0.25) or nanoencapsulated (4.23 ± 0.43) drug. However, the experiment did 

not allow the direct determination of the mechanism involved on the SLN penetration 

into erythrocytes. As described in the literature previously, SLN bioadhesion on 

erythrocyte membrane is probably the mechanism responsible for facilitating drug 

penetration but increased SLN carrier internalization into the cell or both can not be 

discarded (ROTEN-RUTISHAUSER et al., 2006; CHAMBERS & MITRAGOTRI, 

2007; SOLER et al., 2007).  

The malaria cycle in the definitive host starts with the infection of the liver by 

the Plasmodium and, during a period between 2 and 16 days depending on the 

species, the parasite replicates and undergoes further development given rise to the 

merozoites. Upon release into the blood, merozoites infect the erythrocytes. In this 

context, the hepatic and erythrocytic stages are essential for the parasite's 

amplification (MOTA & RODRIGUEZ, 2008). It has been shown in the literature that 
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DOX presents partial activity against the erythrocytic and pre-erythrocytic stages of 

falciparum malaria in the liver (TAN et al., 2011) while QN presents activity against 

the erythrocytic stage. In this context, the lack of increased penetration of DOX into 

erythrocytes does not influence the overall treatment outcome. 

The increased erythrocyte penetration observed for QN but not for DOX, 

however, raises the question about the disposition of QN and DOX on the SLN 

structure. Due to its lipophilic nature, QN (log P= 3.44) is probably disperse into the 

lipid core of the particle while DOX, used in the form of DOX hydrochloride (log P= -

1.90) for particles preparation, is probably adsorbed on the particles surface, being 

released as soon as the drug reaches the body fluids, not suffering the influence of 

the bioadhesive or carrier properties of the SLN. If the QN/DOX-loaded SLN produce 

an alteration on DOX activity on the hepatic stage of the infection remains to be 

investigated using a specific in vivo model of falciparum malaria.  

Nanotechnology has been used to develop formulations for the treatment and 

also for the manufacture of a vaccine for malaria, showing to be an important 

alternative to restore the use of existing drugs, by reducing the toxicity, the effective 

doses, and by allowing the possibility of drug association. In this paper we 

demonstrated that is possible to manufacture solid lipid nanoparticles containing the 

combination of two antimalarial drugs, with reduction of the effective doses due to 

increased QN penetration into erythrocytes not only after i.v. but also after oral 

dosing, which is a more suitable route for antimalarial drugs administration. Whether 

the QN/DOX-loaded SLN can also improve DOX effectiveness in the pre-erythrocytic 

stage of the disease as well as if the formulation can reduce the carditoxicity of QN 

remains to be investigated  

 

4. Conclusions 

In conclusion, the present work showed that it was possible to produce 

QN/DOX loaded nanoparticles (2/0.2 mg/mL) with adequate physicochemical 

characteristics for intravenous and oral administration and that this formulation 

allowed reduction of QN/DOX effective dose in almost 30%. The observed drugs 

dose reduction is probably due to QN increased erythrocyte penetration. 

The advantages of using SLN in comparison to the polymeric system 

developed previously by our group includes the easiness of the manufacturing 

process with mild preparation conditions, the use of biocompatible lipids, and the 

http://www.google.com.br/search?hl=pt-BR&biw=1280&bih=687&sa=X&ei=hFDCTozOKcrz0gH-zPDsDg&ved=0CBkQvwUoAQ&q=hydrochloride&spell=1
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production of the particles in aqueous media avoiding the use of organic solvents. 

Moreover, the SLN formulation also proved to increase drugs effectiveness after oral 

administration which is more suitable for malaria treatment. 

In summary, this work suggests that nanoencapsulation of QN/DOX into SLN 

improved the efficacy of drugs and may be used as an alternative for the 

development of future treatments for malaria. 
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A malária é uma doença infecciosa que, apesar de poder ser tratada e 

evitada, ainda ocasiona um alto índice de mortalidade mundial, sendo relatados 

aproximadamente 500 milhões de novos casos e sendo responsável por pelo menos 

um milhão de mortes anualmente. 

No Brasil, são registrados cerca de 350.000 a 500.000 novos casos ao ano. A 

Amazônia Legal concentra atualmente 99,9% dos casos de malária do país. A 

malária é um grave problema de saúde pública devido a sua alta incidência e às 

conseqüências que traz às pessoas acometidas pela doença, influenciando 

significativamente o potencial de desenvolvimento de regiões em função dos 

múltiplos custos que acarreta.  

Entre os fatores que contribuem para a não erradicação da malária, a 

resistência do Plasmodium spp. aos fármacos antimaláricos existentes tem levado a 

utilização de associação de fármacos e a busca de alternativas tecnológicas como a 

nanotecnologia, para aumentar a eficácia de antimaláricos tradicionais, devido à 

possibilidade de vetorização dos fármacos, redução da toxicidade, aumento da 

biodisponibilidade e desenvolvimento de sistemas de liberação prolongada. 

O presente trabalho se propôs a dar continuidade a estudos já desenvolvidos 

pelo grupo de pesquisa, que inicialmente adaptou modelo de malária experimental 

com P. berghei para ratos Wistar e, na continuidade do trabalho, demonstrou a 

possibilidade de redução da dose efetiva de QN em aproximadamente 30% quando 

da nanoencapsulação do fármaco em nanocápsulas poliméricas. No presente 

projeto, buscou-se a nanoencapsulação inédita da associação de fármacos 

QN/DOX, utilizada no Brasil para o tratamento de malária resistente a P. falciparum, 

em nanopartículas lipídicas sólidas, escolhidas devido à facilidade de transposição 

industrial desse sistema. 

A QN é um fármaco que há vários anos tem sido utilizado para o tratamento 

da malária. Atua no ciclo eritrocítico da infecção, provavelmente inibindo a 

detoxificação do heme no vacúolo digestivo do parasita. A QN apresenta janela 

terapêutica estreita e muitos relatos de toxicidade ocasionados pelo seu uso, como 

cinchonismo, hipoglicemia, hipertensão e principalmente cardiotoxicidade 

(prolongamento do intervalo QT do eletrocardiograma), sendo sua toxicidade dose 

dependente.  

A DOX vem sendo utilizada na profilaxia da malária em viajantes que vão 

para regiões endêmicas e também em associação com um esquizonticida de ação 
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rápida. A DOX atua de forma parcial nos ciclos pré-eritrocítico e eritrocítico da 

infecção, mas seu mecanismo de ação não está completamente elucidado. 

Trabalhos científicos evidenciam que a ação acontece em nível de uma organela 

presente no citoplasma do parasita, o apicoplasto. A associação da QN com a DOX 

vem sendo amplamente utilizada e tem mostrado bons resultados no tratamento da 

malária, visto que possibilita a utilização de dois fármacos que atuam com diferentes 

modos de ação sobre o parasita, possibilitando uma melhor efetividade no 

tratamento da doença. 

Inicialmente foi desenvolvida e caracterizada a formulação de nanopartículas 

lipídicas sólidas contendo QN e DOX através da técnica de homogeneização a alta 

pressão, que se mostrou estável por 21 dias a temperatura ambiente e adequada 

para administração oral e intravenosa. 

Paralelamente ao estudo da formulação, e visando possibilitar a quantificação 

concomitante dos fármacos nas formulações testadas na fase de desenvolvimento 

utilizando apenas um método analítico, foi desenvolvido método por LC-MS/MS para 

quantificação da QN e DOX. O método foi validado de acordo com as normas do 

ICH tendo sido publicado no Journal of Liquid Chromatography & Related 

Technologies. 

A atividade da NLS contendo QN/DOX (10:1) adequadamente caracterizada 

foi avaliada in vivo utilizando o modelo de malaria berghei em ratos Wistar 

desenvolvido pelo grupo, utilizando as vias de administração oral e intravenosa e 

diferentes doses. As doses efetivas para a formulação de NLS contendo QN/DOX 

foram de 75/7,5 mg/kg/dia pela via i.v. e 105/10,5 mg/kg/dia  pela via oral. Esses 

regimes de dose representam uma redução de 30% da dose necessária para curar 

100% dos animais infectados quando comparado aos fármacos livre em associação 

utilizados como controle. Esse resultado é semelhante ao obtido com as 

nanopartículas poliméricas contendo apenas QN, previamente estudadas pelo grupo 

de pesquisa, com a vantagem de possibilitar a redução da dose mesmo após a 

administração oral, o que não havia sido demonstrado para as nanopartículas 

poliméricas. 

Visando elucidar a causa da redução da dose efetiva da associação QN/DOX 

incorporada na NLS foram programados dois estudos adicionais. O primeiro estudo 

consistiu na comparação da farmacocinética da QN/DOX em associação na forma 

livre e nanoencapsulados após dose i.v. e oral em ratos infectados com P. berghei. 
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O segundo estudo foi realizado buscando determinar o coeficiente de partição nos 

eritrócitos dos fármacos livre e nanoencapsulados utilizando sangue de ratos sadios 

e infectados por P. berghei.  

Previamente a realização dos experimentos farmacocinéticos, foi 

desenvolvido e validado método por LC-MS/MS para quantificação concomitante da 

QN e DOX em plasma de rato utilizado pequeno volume de amostra (90 µL) e 

método de extração por precipitação de proteínas. O método, validado de acordo 

com normas do FDA foi publicado na revista Chromatographia. 

A avaliação farmacocinética foi realizada após a administração dos fármacos 

livre e nanoencapsulados pelas vias i.v. (10/1 mg/kg) e oral (25/2,5 mg/kg) em ratos 

infectados. Não foram verificadas alterações farmacocinéticas significativas para 

ambos os fármacos e vias de administração após a nanoencapsulação. Dessa 

maneira a diminuição da dose efetiva não pode ser atribuída à alteração nos 

processos de absorção e disposição (distribuição tecidual e eliminação) dos 

fármacos após a nanoencapsulação. 

Por outro lado, a determinação do coeficiente de partição nos eritrócitos 

infectados aumentou quando a QN foi nanoencapsulada (5,53 ± 0,28) em 

comparação a QN livre (3,81 ± 0,23). Para a DOX não ocorreu alteração significativa 

no coeficiente de partição nos eritrócitos entre o fármaco livre e nanoencapsulado. 

Dessa maneira a diminuição da dose efetiva pode ser explicada pelo aumento da 

penetração da QN nos eritrócitos infectados quando nanoencapsulada, uma vez que 

a QN age no ciclo eritrocitário da malária.  

No presente estudo, utilizando o protocolo de tratamento validado 

previamente, ou seja, administração do tratamento entre o 7º-9º dias após infecção 

dos ratos Wistar com P. berghei, não foi observada melhora no tratamento em 

função da incorporação da DOX na formulação de NLS, em associação com a QN. 

Para avaliar a contribuição da nanoencapsulação no efeito da DOX dessa 

formulação, outros protocolos de tratamento utilizando o modelo experimental de 

malaria berghei empregado nesse estudo devem ser testados e validados.  

Entre as vantagens da utilização das NLS em comparação com as 

nanocápsulas poliméricas utilizadas em trabalho desenvolvido previamente pelo 

grupo de pesquisa, podemos destacar a facilidade do processo de fabricação e 

transposição para escala industrial, o uso de lipídios biocompatíveis e a não 

utilização de solventes orgânicos. Além disso, a formulação também apresentou 
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efetividade através da via oral, que é a via mais utilizada para o tratamento da 

malária. 

Em resumo, o presente trabalho sugere que a nanoencapsulação da QN/DOX 

em NLS aumentou a eficácia dos fármacos, possibilitando a diminuição da dose 

efetiva, sendo uma alternativa interessante a ser investigada para o tratamento da 

malária falciparum resistente. 
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