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O céncer é uma doenca altamente complexa, sendo que os tratamentos mais comuns estao
limitados & quimioterapia, radioterapia e cirurgia. No entanto, a ocorréncia de efeitos adversos
é frequente, devido a limitada capacidade do farmaco de atuar especificamente na célula
cancerosa. O antibi6tico antraciclinico doxorrubicina (DOX) é amplamente utilizado na
terapia do cancer, pois é efetivo contra uma série de tumores como cancer de mama, sarcomas
e linfomas. Apesar disto, seu principal efeito indesejado é a cardiotoxicidade. Com o
propdsito de solucionar este problema, a nanotecnologia aparece como uma alternativa para
melhorar o tratamento antitumoral e prevenir a toxicidade em células normais. Além disso,
adjuvantes bioativos com propriedades pH-dependentes sdo promissores no campo do
desenvolvimento tecnoldgico de nanoestruturas como mediadores de uma maior eficiéncia de
liberacdo de farmacos a nivel intracelular e/ou do espaco extracelular do tecido tumoral (pHe
~ 6,6). Estudos prévios demonstram o comportamento pH-sensivel do tensoativo N* N°-
dioctanoil lisina com contra-ion sédio (77KS) em romper membranas celulares bem como a
sua baixa toxicidade. Assim, nanoparticulas (NPs) de quitosana pH-sensiveis incorporando o
tensoativo 77KS foram desenvolvidas, pelo método de gelificacdo ibnica, como sistema
carreador da DOX, visando alcancar uma liberacdo especifica do farmaco antitumoral em
alvos como o microambiente do tumor e os compartimentos intracelulares. Por outro lado,
também foram realizadas modificacbes nas NPs, como a inclusdo de polietilenoglicol e
poloxamer. A caracterizagdo fisico-quimica das NPs mostrou tamanho hidrodindmico inferior
a 227 nm, bem como valores positivos de potencial zeta e eficiéncia de encapsulacdo préxima
de 65%. Os métodos analiticos validados mostraram-se adequados para a analise quantitativa
do farmaco encapsulado. Os estudos de liberacdo in vitro demonstraram que a DOX foi
liberada de forma acelerada em meio &cido, independente das modificacbes nas NPs. Ensaios
de hemolise, utilizando o eritrécito como modelo de membrana endossomal, comprovaram o
comportamento pH-sensivel das NPs contendo 77KS. Aléem disso, as NPs desenvolvidas
apresentaram maior citotoxicidade em células tumorais comparadas ao farmaco livre,
especialmente quando os experimentos foram realizados em pH 6,6. Por outro lado,
resultados que comprovam a baixa toxicidade das NPs foram obtidos em ensaios utilizando



linhagem celular ndo-tumoral. Portanto, pode-se considerar que as NPs poliméricas pH-
sensiveis desenvolvidas neste trabalho sdo carreadores promissores para desencadear a
liberacdo da DOX no microambiente do tumor e/ou no interior da célula cancerosa.

Palavras-chave: Atividade antitumoral in vitro. Doxorrubicina. Métodos analiticos.
Nanoparticulas de quitosana pH-sensiveis. Polietilenoglicol. Poloxamer. Tensoativo derivado
de lisina.
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Cancer is a highly complex disease and the most common treatments are limited to
chemotherapy, radiation and surgery. However, the occurrence of side effects is frequent,
especially due to limited drug capability to act specifically on cancer cells. The anthracycline
antibiotic doxorubicin (DOX) is widely used in cancer therapy because it is effective against
several tumors, such as breast cancer, sarcomas and lymphomas. Nevertheless, its main side
effect is cardiotoxicity. In order to overcome this problem, nanotechnology is an alternative to
improve the antitumor treatment and to prevent the toxicity in normal cells. Furthermore, pH-
responsive bioactive adjuvants are promising for the technological development of
nanostructures, as they can mediate greater drug release to tumor microenvironment (pHe ~
6.6) and/or intracellular compartments. Previous studies have showed the pH-sensitive
membrane-lytic behavior of the surfactant N* N°-dioctanoyl lysine with an inorganic sodium
counterion (77KS), as well as low toxicity. Thus, pH-sensitive chitosan-based nanoparticles
(CS-NPs) incorporating the surfactant 77KS were developed by ionotropic gelation as DOX
delivery system in an attempt to achieve a specific drug release on tumor tissue and
intracellular compartments. Furthermore, modifications on NPs were performed, as inclusion
of polyethylene glycol (PEG) and poloxamer. The physicochemical characterization of NPs
showed mean hydrodynamic size lower than 227 nm, as well as positive zeta potential values
and encapsulation efficiency around 65%. The validated analytical methods were suitable for
the quantitative analysis of the entrapped drug. In vitro release studies displayed accelerated
DOX release under acidic conditions, regardless the modifiers included. The hemolysis assay,
with the erythrocyte as a model for the endosomal membrane, proved the pH-dependent
membrane-lytic behavior of NPs with 77KS. Moreover, the designed NPs showed higher
cytotoxicity in tumor cells than free drug, especially when the in vitro experiments were
performed at pH 6.6. On the other hand, low cytotoxic effects were obtained in tests using a
control non-tumor cell line. Therefore, it can be considered that the pH-responsive polymeric
NPs developed in this work are promising carriers to trigger DOX release in the tumor
microenvironment and/or inside the cancer cell.



Keywords: Analytical methods. Doxorubicin. In vitro antitumor activity. Lysine-based
surfactant. pH-sensitive chitosan-based nanoparticles. Poloxamer. Polyethylene glycol.
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1. INTRODUCAO

O céancer € uma enfermidade altamente complexa e, segundo a Organizacdo Mundial
de Saude (World Health Organization, WHQO), o nimero de novos casos da doenca, que, em
2012 eram 14 milhdes, deve chegar a 22 milhdes nas préximas duas décadas, sendo que 0
cancer de pulméo, figado, estbmago, colo retal e de mama s&o os responsaveis pela maioria
das mortes a cada ano. Além disso, pode-se dizer que esta patologia estd relacionada ao
elevado indice de massa corporal, baixa ingestdo de frutas e legumes, falta de atividade fisica,
tabagismo e uso de alcool (WHO, 2014).

Antibidticos antraciclinicos estdo entre os farmacos mais utilizados na terapia do
cancer desde 1960, quando foram isolados pela primeira vez a partir bactéria Streptomyces
peucetius. Dentre estes antibidticos destaca-se a doxorrubicina (DOX), que é efetiva contra
uma série de tumores, principalmente cancer de mama, tumores solidos infantis, sarcomas de
tecidos moles e linfomas agressivos. Apesar disso, a DOX é capaz de provocar
cardiotoxicidade, além de desenvolver resisténcia nas células tumorais, as quais
superexpressam bombas de efluxo como a glicoproteina-P (KABANOV et al., 2002;
MINOTTI et al., 2004).

Neste contexto, ha uma grande necessidade de desenvolver tecnologias inovadoras que
possam ajudar na obtencdo de um tratamento mais eficiente e especifico contra as células
cancerosas. Atualmente considera-se a nanotecnologia como uma area do conhecimento
farmacéutico com diversas aplica¢6es na biologia do cancer, desde o diagnostico precoce até
o0 tratamento mais adequado. (SINGH; NEHRU, 2008; CAl et al., 2008; ALIOSMANOGLU,;
BARASAN, 2012). Nanoparticulas (NPs) poliméricas que atuam como carreadores
terapéuticos de farmacos antitumorais sdo preparadas, especialmente, a partir de polimeros
biodegradaveis e biocompativeis e tém sido amplamente investigadas para aplicacdo na
medicina oncolégica (WANG et al., 2012). Por apresentar estas caracteristicas, a quitosana
(CS, da sigla em inglés) é um polimero promissor para a preparacdo de sistemas de liberacdo
de farmacos, com propriedades Uteis no diagnostico e na terapia do cancer (DASH et al.,
2011; PRABAHARAN, 2015).

As NPs tendem a acumular-se na regido tumoral via permeabilidade e retencdo
aumentadas (do inglés Enhanced Permeability and Retention, EPR) (WANG et al., 2012).
Além disso, a inclusdo de compostos bioativos, capazes de responder a estimulos fisicos,

quimicos ou bioldgicos, vem sendo estudada como uma alternativa promissora para melhorar
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a efetividade do sistema nanoestruturado (LIU et al., 2014). Considerando-se a terapia do
cancer, destacam-se os sistemas de liberacdo de farmacos pH-sensiveis, uma vez que o
microambiente do tumor apresenta pH levemente acidificado (pH entre 6,5 — 7,2) em relacéo
ao pH dos tecidos normais (~ 7,4) (TIAN; BAE, 2012). Além disso, estes sistemas podem
constituir-se como adjuvantes tecnoldgicos capazes de melhorar a eficiéncia de liberacéo de
farmacos a partir das NPs a nivel intracelular (AKAGI et al., 2010; NOGUEIRA et al., 2014).
Neste contexto, destaca-se 0 tensoativo biocompativel derivado do aminoé&cido lisina, 77KS
(N* N°*-dioctanoil lisina, com contra-ion sédio) (VIVES et al., 1999), que em estudos prévios
demonstrou atividade litica de membrana dependente do pH, bem como baixa citotoxicidade
em ensaios in vitro utilizando linhagens celulares tumorais e ndo-tumorais (NOGUEIRA et
al., 2011a; NOGUEIRA et al., 2011b). Frente a estas caracteristicas, o tensoativo mencionado
apresenta-se como um adjuvante bioativo promissor para aplicacdes na area farmacéutica,
especialmente no que se refere ao desenvolvimento de formulaces de base nanotecnoldgica
para a liberacdo intracelular de farmacos.

Modelos in vitro baseados em cultivos celulares s&o metodologias atrativas para
estudar a atividade e o perfil toxicolégico de novas nanotecnologias, especialmente no que se
refere a aspectos éticos e ao alto custo dos testes in vivo (SOHAEBUDDIN et al., 2010;
TAVANO et al, 2013). Métodos in vitro sdo indispensaveis na fase inicial de
desenvolvimento de novos produtos, uma vez que representam um compromisso sensato entre
esforco e ganho de informacdo, permitindo a comparacdo direta entre varios nanomateriais
em um curto espaco de tempo. Além disso, permitem identificar os mecanismos envolvidos
em sua atividade tdxica e/ou terapéutica.

Considerando a necessidade de direcionar farmacos antitumorais especificamente ao
espaco extracelular do tecido neoplasico e/ou ao interior da célula cancerosa, este trabalho
teve como principal objetivo o desenvolvimento de um sistema carreador para a DOX
baseado no polimero quitosana e contendo o tensoativo pH-sensivel 77KS como adjuvante
bioativo. Somado a isso, objetivou-se avaliar a atividade litica de membrana pH-dependente
das NPs, bem como sua atividade antitumoral in vitro, utilizando métodos baseados em
modelos celulares. Todos 0s objetivos estabelecidos estdo associados a busca de resultados
significativos que possam contribuir diretamente para o desenvolvimento de formulagdes

mais especificas e com menor incidéncia de efeitos adversos.
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2. OBJETIVOS

2.1 Objetivo Geral

Preparar e caracterizar nanoparticulas de quitosana pH-sensiveis contendo DOX como
potenciais carreadores para o tratamento do cancer, bem como estudar sua potencial atividade

antitumoral utilizando métodos in vitro baseados em modelos celulares.

2.2 Objetivos Especificos

e Desenvolver NPs contendo DOX a partir do polimero natural CS incorporando o
tensoativo 77KS como adjuvante bioativo pH-sensivel;

e Realizar modificagdes estruturais has NPs como a inclusdo de PEG e poloxamer 188;

e Caracterizar as NPs quanto a sua eficiéncia de encapsulacédo, pH, didmetro médio de
particulas, indice de polidispersao, potencial zeta e teor do farmaco;

e Desenvolver e validar método analitico por cromatografia a liquido de alta eficiéncia;

e Desenvolver e validar método simples e rapido por espectrofotometria no UV-Vis;

e Auvaliar o perfil de liberacdo in vitro do farmaco a partir das NPs em meios com
diferentes valores de pH;

e Avaliar a estabilidade e a fotoestabilidade das NPs;

e Determinar a atividade pH-dependente das NPs, utilizando o eritrocito como modelo
de membrana endossomal;

e Avaliar a hemocompatibilidade das NPs empregando o ensaio de hemolise;

e Estudar a atividade antitumoral das NPs contendo DOX de forma comparativa ao
farmaco néo-encapsulado, utilizando modelos in vitro baseados em linhagens celulares

tumorais e ndo-tumorais e diferentes ensaios de viabilidade celular.
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3. REVISAO DA LITERATURA

3.1 Cancer

O cancer é caracterizado como centenas de doencas distintas (ANDERSON, 2001),
que passam por um processo de progressdo celular de normal para uma condicdo pré-
neoplésica e, finalmente, para a forma maligna, invasiva e com caracteristicas celulares
alteradas (KRIZMAN et al., 1999).

O tratamento classico do cancer envolve terapias como a cirurgia, radioterapia,
quimioterapia e, mais recentemente, a imunoterapia e a terapia fotodindmica
(RAMAKRISHNAN; GABRILOVICH, 2013). A quimioterapia ¢ o tratamento a base de
farmacos citotoxicos e sua eficacia ¢ limitada pela alta toxicidade em tecidos normais e baixa
seletividade por células cancerosas (JAIN; JAIN, 2008). Sendo assim, as terapias tradicionais
resultam em efeitos colaterais graves causados pela perda da funcdo das células normais,
afetando diretamente a qualidade de vida do paciente durante o tratamento (PEPPAS;
BLANCHETTE, 2012). Neste contexto, a pesquisa com énfase no desenvolvimento de
tratamentos mais seletivos para esta doenca tem sido considerada muito relevante.

A regido tumoral possui caracteristicas particulares que variam de acordo com o
diametro e a localizacdo dentro do tumor. Um tumor sélido divide-se em trés regibes: regido
necrotica avascular, semi-necrotica e regido com alguns vasos e arteriolas. A vascularizacdo
do tumor €, geralmente, diferenciada em relacdo a distribuicdo, comprimento, diametro e
densidade dos vasos, esta Ultima diminuindo da periferia para o centro do tumor. Essa
vasculatura heterogénea contribui para a distribuicdo irregular e insatisfatéria do farmaco
dentro de tumores solidos (L1 et al., 2012). Além disso, a regido tumoral apresenta morfologia
desorganizada, com endotélio descontinuo e poroso, membrana basal interrompida ou
inexistente e falta de drenagem linfatica (GABIZON et al, 2012).

Estudos focados em formas de direcionar o f&rmaco ao tumor vém sendo conduzidos a
fim de melhorar a eficacia do tratamento antitumoral e reduzir sua toxicidade inespecifica.
Esses objetivos podem ser alcancados através da encapsulacdo do farmaco em sistemas
nanoestruturados, modificando a biodistribuicdo destes (vetoriza¢do passiva) ou pelo uso de
ligantes celulares especificos, como anticorpos, proteinas e peptideos (vetorizacéo ativa).

Outra alternativa estudada € o direcionamento destes sistemas nanoestruturados ao pH &cido
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caracteristico do microambiente tumoral e compartimentos intracelulares (LEE et al., 2008;
Ll et al.,2012).

3.2 Doxorrubicina

Antibidticos antraciclinicos sdo altamente efetivos e amplamente utilizados como
agentes citotdxicos no tratamento do cancer (SAWYER et al., 2010). Alcangcam esse resultado
atraves de diferentes mecanismos de acdo, tais como: inibicdo da topoisomerase I, inibicao
da sintese de DNA, formacao de radicais livres, ligacdo cruzada com o DNA, separacdo da
fita de DNA, efeitos sobre a membrana e inducdo a apoptose (GEWIRTZ, 1999).
Antraciclinas tém sido utilizadas como agentes antitumorais desde 1960 (BARENHOLZ,
2012) e, a partir de entdo, muitas outras tém sido descobertas e sintetizadas a fim de superar o
alto efeito toxico e a resisténcia a multiplos farmacos (do inglés Multidrug Resistence, MDR)
que essas substancias apresentam (ZAGOTTO et al., 2001).

A doxorrubicina (DOX) é uma antraciclina e, assim como os demais antibioticos desta
classe, é isolada a partir da bactéria Streptomyces peucetius (var. caesius) (BARENHOLZ,
2012). Também chamada de adriamicina, a DOX possui um amplo espectro de acdo, sendo
efetiva contra sarcomas, linfomas, tumores infantis e cancer de mama. Apresenta-se na forma
de cloridrato de doxorrubicina e cloridrato de doxorrubicina lipossomal peguilado. Sua
aplicacdo é intravenosa exclusivamente e pode ser feita através de infusdo continua ou dose
em bolus, sendo que o regime de tratamento pode variar de 4 até 10 ciclos, de acordo com o
caso e, preferencialmente, com intervalo de 21 dias entre as administragdes (VEJPONGSA;
YEH, 2014).

Os antibioticos antraciclinicos apresentam como base de sua estrutura quimica uma
porcdo aglicona (composto por um anel tetraciclico com grupo quinona-hidroquinona nos
anéis C e B, um substituinte metoxi no anel D e uma curta cadeia lateral ligada ao anel A) e
uma porc¢ao agucar chamada daunosamina, a qual esta unida por ligacéo glicosidica no anel A.
A estrutura quimica da DOX (figura 1) diferencia-se das demais antraciclinas pelo final da
curta cadeia lateral, que termina em um &lcool primario (ARCAMONE et al., 1969;
MINOTTI et al., 2004). DOX é um pé cristalino vermelho alaranjado, higroscopico, soltvel
em agua e levemente solivel em metanol. Apresenta pKa igual a 8,2 (TAVANO et al., 2014).

Apesar do amplo espectro de acdo e extenso uso como agente quimioterapico, a DOX

apresenta efeitos adversos graves, uma vez que sua atividade citotoxica pode ser
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desencadeada pelos diferentes mecanismos citados anteriormente. A geracdo de radicais livres
estd fortemente relacionada com o efeito cardiotdxico das antraciclinas, pois estes interferem
na fungdo mitocondrial (GEWIRTZ, 1999). Degeneracéo e atrofia sdo mudancas histologicas

observadas em células musculares cardiacas de pacientes com morte relacionadas ao coragéo.

 HCI

Figura 1. Estrutura quimica do farmaco antitumoral doxorrubicina.

Além disso, alteracGes degenerativas (inchamento e lise da membrana) podem ser vistas a
nivel mitocondrial (AUBEL-SADRON; LONDOS-GAGLIARDI, 1984).

Muitos trabalhos tém demonstrado o efeito cardiotoxico da DOX (SINGAL et al.,
1997; TAKEMURA; FUJIWARA, 2007; OCTAVIA et al., 2012). Jain (2000) sugere que
esse efeito se deve a uma combinacdo da producdo de radicais livres pelos metabdlitos deste
farmaco e a sensibilidade dos mamiferos aos efeitos citotoxicos do estresse oxidativo. Octavia
e colaboradores (2012) relatam que efeitos cardiotoxicos em decorréncia do tratamento
antineoplasico com DOX podem ser adiados por 10 a 15 anos ap6s o término da
quimioterapia. A cardiotoxicidade é caracterizada por mudancas no eletrocardiograma,
pericardite e cardiomiopatia. A cardiotoxicidade pode ocorrer mesmo em doses baixas, ja que
depende da suscetibilidade individual. Por outro lado, a cardiomiopatia esta relacionada com a
dose.

A efetividade do tratamento do cancer é limitada pelo desenvolvimento de resisténcia
por parte das células tumorais contra o0s agentes terapéuticos. As células cancerosas
apresentam alteracdes na membrana, as quais levam a um aumento do transporte do farmaco
para fora da célula (efluxo) e, portanto, a resisténcia (AUBEL-SADRON; LONDOS-
GAGLIARDI, 1984). Células com resisténcia a multiplos farmacos superexpressam

transportadores da familia cassete de ligacdo ATP (transportadores ABC), tais como a bomba
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de efluxo glicoproteina-P (Pgp). Acredita-se que a DOX é reconhecida pela Pgp,
caracterizando, assim, o principal mecanismo de resisténcia deste farmaco (KABANOV et al.,
2002).

3.3 Métodos analiticos aplicados a quantificacéo de doxorrubicina

Metodologia analitica para caracterizacdo e quantificacdo de cloridrato de
doxorrubicina estd descrita nas Farmacopeias Britanica, Americana e Europeia (BRITISH
PHARMACOPOEIA, 2007; EUROPEAN PHARMACOPOEIA, 2008; USP, 2014). Além
disso, a Farmacopeia Britanica e USP também apresentam metodologia para anélise de DOX
solucéo para injecéo.

De maneira geral, metodologias analiticas estdo disponiveis para quantificacdo de
DOX, seus metabolitos e outras antraciclinas em amostras biologicas com aplicacdo em
estudos de farmacocinética. Estes métodos baseiam-se em eletroforese capilar com deteccédo
UV e fluorescéncia (GAVENDA et al., 2001; LU et al., 2009) e cromatografia a liquido de
alta eficiéncia (CLAE) com os mesmos detectores (ZHOU; CHOWBAY, 2002; URVA et al.,
2009), alem de detector de massas (ARNOLD et al., 2004). Além disso, método por CLAE
foi desenvolvido para quantificar DOX em tecidos oculares de coelhos ap6s administracao
intravitreal de dose simples de microesferas de poli-p-hidroxibutirato contendo o farmaco
(HU et al., 2007). Alhareth e colaboradores (2012) desenvolveram método por CLAE para
quantificar DOX em amostras biol6gicas de ratos tratados com NPs de poli (cianoacrilato de
alquila) contendo o farmaco antitumoral. Os métodos utilizaram detector UV e fluorimétrico e
fases moveis de pH 4,0 e 2,5, respectivamente. Ambos foram aplicados a estudos de
farmacocinética.

Método relativamente simples foi validado por Zhao e colaboradores (1999) para
quantificacdo de DOX liberada em meio pH 7,4 a partir de implantes a base de gelatina.
Utilizou-se coluna de fase reversa Luna Cig (50 x 1 mm; 5um) e detector de fluorescéncia. A
fase mével foi constituida por agua, acetonitrila e acido acético (80:19:1 v/v/v), sendo o pH
aparente 3,0, que seria o pH apropriado para manutencédo da estabilidade da DOX e da coluna
cromatografica. Segundo os autores, 0 método validado mostrou-se exato, simples e sensivel.

Zagotto e colaboradores (2001), atraves de uma revisdo bibliografica, descreveram
métodos de separacdo e quantificacdo de uma série de antraciclinas. Em relacdo a DOX,

metodologias por eletroforese capilar, cromatografia a liquido de alta eficiéncia e
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espectrofotometria UV-Vis sdo detalhadas. Os métodos objetivam monitorar as concentracfes
dos farmacos e seus metabolitos em fluidos bioldgicos e tecidos, como uma forma de garantir
a efic&cia do tratamento e evitar a exposi¢do do paciente a uma sobredose que possa ocasionar
efeitos adversos significativos.

Método analitico para quantificar simultaneamente DOX e vincristina em preparacdes
farmacéuticas utilizadas no tratamento de mieloma multiplo refratario foi desenvolvido e
validado por Rodrigues e colaboradores (2009), que utilizaram cromatografia a liquido de
fase reversa (coluna Waters Spherisorb Cig) e detector UV (230 nm). A fase movel foi
constituida por acetonitrila 90% e tampédo fosfato de potassio 50 mM pH 3,2 (32:68 v/v), a
qual foi eluida em fluxo isocratico de 1,5 mL/min. O método provou ser especifico, exato e
preciso de acordo com os padrdes ICH.

De acordo com nosso melhor conhecimento, poucos métodos para direta quantificacéo
da DOX em NPs foram validados. Para o célculo de EE% e quantificacdo do farmaco em
estudos de liberacdo in vitro muitos autores utilizam métodos por espectrofotometria UV-Vis
em comprimentos de onda na regido de 480 nm, (KANG et al., 2003; ZHAO et al., 2011; LV
et al., 2014; UNSOY et al., 2014). No entanto, estes autores ndo apresentam maiores detalhes

sobre a adequabilidade do método e parametros de validacgéo.

3.4 Nanoparticulas poliméricas

As NPs poliméricas possuem tamanho inferior a 1 um e englobam dois tipos
diferentes de estruturas, nanocépsulas e nanoesferas, as quais se diferem de acordo com a
organizacao estrutural e composi¢cdo. Nanocapsulas possuem nicleo oleoso ou aquoso envolto
por um polimero e o farmaco pode encontrar-se dissolvido no nucleo e/ou adsorvido a parede.
As nanoesferas, por sua vez, ndo possuem um nucleo diferenciado, mas sim, sdo formadas por
uma matriz homogénea, ao longo da qual o farmaco se encontra retido e/ou adsorvido
(COUVREUR et al., 2002; SCHAFFAZICK et al., 2003).

O tamanho nanomeétrico das particulas facilita sua aproximacao com a regido tumoral,
devido a ocorréncia de um fenémeno de vetorizagdo passiva conhecido como efeito de
permeabilidade e retencdo aumentada (efeito EPR, da sigla em inglés). O tumor é uma regido
caracterizada pela elevada permeabilidade vascular propria do processo de angiogénese
tumoral. Além disso, apresenta caréncia de drenagem linfatica, o que acaba permitindo a

retencdo da particula. Permanecendo neste local por tempo prolongado, as NPs liberam o
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farmaco gradualmente, aumentando o tempo de exposi¢cdo do tumor ao efeito farmacologico
do farmaco antitumoral (GABIZON et al., 2012).

Sistemas carreadores de base nanotecnoldgica apresentam-se como alternativa para
superar a resisténcia das células contra farmacos antitumorais através do encapsulamento
destes (KABANOV et al., 2002; KIEVIT et al., 2012). Além disso, o direcionamento do
farmaco encapsulado ao tecido tumoral pela adicdo de modificadores que respondem a
estimulos fisicos, quimicos ou biologicos surge como uma grande promessa para melhorar a
efetividade do tratamento antitumoral e prevenir a toxicidade em tecidos normais (YE et al.,
2014; LIU et al., 2014).

Recentes desenvolvimentos em nanotecnologia continuam demonstrando NPs
poliméricas como potenciais carreadores de farmacos antitumorais (AYDIN; PULAT, 2012;
LIU et al, 2012; PANDEY et al., 2015). Além da biocompatibilidade e biodegradabilidade da
matriz polimérica, estas NPs possuem caracteristicas fisico-quimicas e propriedades
bioldgicas favoraveis devido ao seu tamanho reduzido, o que as torna capazes de ultrapassar
barreiras do tecido e cruzar células (WILCZEWSKA et al., 2012). Demais vantagens do uso
de NPs sdo a possibilidade de manipular sua superficie para alcancar vetoriza¢do passiva ou
ativa e poder controlar a velocidade e o local de liberacdo do farmaco (MOHANRAJ; CHEN,
2006).

A liberacdo do farmaco a partir da NP e a subsequente biodegradacdo do polimero sdo
importantes para o sucesso no desenvolvimento de uma formulagdo. Os polimeros sintéticos
biodegradaveis mais descritos na literatura sdo poli(acido latico) (PLA), poli(acido latico-co-
acido glicolico) (PLGA) e poli(e-caprolactona) (PCL). Em relacdo aos polimeros naturais
biodegradaveis, tem-se a quitosana (CS, da sigla em inglés), gelatina e albumina (KUMARI et
al., 2010; WILCZEWSKA et al., 2012).

3.5 Quitosana

A CS é um polimero catidnico natural, obtido a partir do processo de desacetilagdo da
quitina, que por sua vez, provém da carapaca de crusticeos, além de espécies de moluscos,
insetos e fungos. O processo de desacetilagdo da quitina ocorre em condigdes basicas
(hidroxido de sodio 40%) a 120°C por 1 a 3 horas e resulta na remocao dos grupos acetil da
cadeia da molécula, formando um grupo amino (-NH>) e duas hidroxilas livres (figura 2). A
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producdo de CS por essa fonte é considerada barata e facil (KUMAR, 2000; GEORGE;
ABRAHAM, 2006; ABDEL-FATTAH et al., 2007).

O grau de desacetilacdo da CS comercializada varia entre 70 e 95% e a massa molar
média pode variar entre 10 e 1000 kDa (GEORGE; ABRAHAM, 2006). Essas duas
caracteristicas influenciam diretamente no tamanho e na agregacdo das particulas formadas
(TIYABOONCHAI, 2003, NOGUEIRA et al., 2015).
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Figura 2. Estrutura quimica do polimero natural quitosana.

A CS ¢ o segundo polimero natural mais abundante, antecedido apenas pela celulose
(GEORGE; ABRAHAM, 2006). Apresenta caracteristica basica, € solivel em éacido diluido
tal como acido acético e acido formico (KUMAR, 2000). O acido acético é comumente
utilizado na solubilizacdo da CS na concentracdo de 1,0 mol/L ou 1% (v/v), ja que esta se
dissolve com facilidade em baixo pH pela protonacdo do grupo amino (RINAUDO et al.,
1999; RINAUDO, 2006). Alguns autores tém trabalhado com este polimero solubilizado em
acido acético na concentracdo de 0,05 a 5% (v/v) (NGAH et al., 2005; RAMPINO et al.,
2013).

Devido as caracteristicas de biocompatibilidade, biodegradabilidade, ndo-toxicidade,
baixo custo, propriedade mucoadesiva e aprovacdo pelo Food and Drug Administration
(FDA), a aplicacdo da CS nas areas farmacéutica (em sistemas de liberacdo controlada) e
alimenticia tem aumentado significativamente nos ultimos anos (TIYABOONCHAI, 2003;
NAGPAL et al., 2010). Outras aplicacbes deste polimero sdo na area da cosmetologia,
oftalmologia, fotografia, agricultura, captacdo de ions metalicos e engenharia de tecidos
(KUMAR, 2000; AGNIHOTRI et al., 2004; RINAUDO, 2006).

Existem muitas técnicas para preparacdo de NPs de CS, dentre as quais se destacam a

microemulsdo, emulsificacdo difusédo de solvente, gelificacdo i6nica e formacdo de complexos
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de polieletrdélitos, sendo que os mais amplamente utilizados sdo os dois ultimos, 0s quais sdo
métodos vantajosos no sentido de que ndo empregam solventes organicos, sdo simples e ndo
precisam de alta forca de cisalhamento (TI'YABOONCHAI, 2003; AGNIHOTRI et al., 2004).

Calvo e colaboradores (1997) descreveram pela primeira vez o método de gelificacao
ibnica para preparacdo de NPs a partir do polimero natural CS e do polianion tripolifosfato de
sodio (TPP). Trata-se de uma técnica branda, extremamente simples, rapida e livre de
solventes organicos. O método envolve a mistura de duas fases aquosas sob agitacdo
magnética a temperatura ambiente. Uma das fases refere-se ao polimero solubilizado em
acido acético, com presenca ou nao de um agente estabilizador, e a outra, ao polianion TPP
solubilizado em agua. Ao final, uma suspensdo opalescente € observada, confirmando a
formacédo espontanea das NPs devido a ligacdo eletrostatica entre as cargas negativas do TPP
e positiva da CS.

Diversos trabalhos que avaliam a razdo CS/TPP (m/m) estdo descritos na literatura.
Esta proporcdo pode ser manipulada de acordo com o tamanho de particula desejado,
configurando, assim, um estudo essencial no desenvolvimento das NPs (AYDIN; PULAT,
2012, RAMPINO et al., 2013; NOGUEIRA et al., 2015). Gan e colaboradores (2007)
demostraram, ainda, que a menor razdo polimero/polianion (m/m) favorece o encapsulamento
e aumenta a liberacdo do farmaco. Em geral, a liberacdo do farmaco a partir da NP depende
da solubilizacdo do farmaco, sua dessorcdo da superficie, difusdo a partir da matriz
polimérica, degradacdo da matriz e da combinagdo dos processos de erosdo e difusdo
(MOHANRAJ; CHEN, 2006; GAN; WANG, 2007).

A DOX vem sendo associada a diferentes tipos de sistemas de liberacdo de farmaco
baseados no polimero natural CS para a terapia do cancer. Tan e colaboradores (2009)
apresentam estudos onde DOX foi encapsulada em NPs, microesferas, micelas e filmes de
CS. Os autores ressaltam que é dificil definir qual é o método mais efetivo para encapsular a
DOX. Alem disso, cada sistema apresenta vantagens e desvantagens e que, portanto, a melhor
escolha depende, principalmente, do alvo pretendido.

Com o objetivo de aumentar a quantidade de DOX encapsulada em NPs de CS pelo
método de gelificacdo idnica, Janes e colaboradores (2001) incorporaram o polianion dextran
no protocolo de preparagéo, o qual seria capaz de reduzir a repulséo das cargas positivas da
CS e da DOX. Para isso, a DOX foi, primeiramente, incubada com dextran por 20 — 30
segundos e apo6s, adicionada ao polimero. Por ultimo, o TPP foi adicionado, sob agitacdo
magnética. Resultados considerados positivos pelos autores foram encontrados para a

eficiéncia de encapsulacdo (EE%). As NPs contendo dextran apresentaram EE% de 21,9%,
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enquanto somente 9,1% do farmaco foi encapsulado nas NPs sem o polianion. No estudo de
liberacdo in vitro em pH 4,0, essas NPs apresentaram efeito burst de 17% em 2 horas seguido
de liberagdo adicional de 4,5% em 48 horas. Por microscopia confocal, os autores
comprovaram a internalizagéo celular das NPs.

Mitra e colaboradores (2001) utilizaram o método de microemulséo para preparar NPs
de CS contendo DOX conjugada ao dextran (dextran-DOX), com o objetivo de melhorar a
eficacia terapéutica e reduzir os efeitos colaterais do farmaco. A EE% alcangada foi entre 60 e
65% e o diametro medio de particula foi de 100 nm, o que reitera a possibilidade da liberacéo
do farmaco no tumor sélido, bem como sua permeabilidade e acumulacédo seletiva no local
(efeito EPR). A eficacia terapéutica foi testada in vivo e mostrou que NPs CS-dextran-DOX
tiveram efeitos mais expressivos na reducdo do volume do tumor, além de maior percentual
de animais sobreviventes no grupo tratado com essas NPs (50%) quando comparado com o
grupo dextran-DOX conjugada (25%), afirmando que a encapsulacdo exerce significativo
efeito sobre a regressdo do tumor.

CS foi hidrofobicamente modificada com é&cido oleico para sintetizar a 6leo-quitosana
(OCH) com o objetivo de melhorar a encapsulagdo de farmacos hidrofébicos em NPs auto-
organizadas (self-assembled). As NPs OCH e DOX-OCH apresentaram diametro médio de
255,3 nm e 315,2 nm, respectivamente. A EE% foi de 52,6% e o perfil de liberacdo in vitro
foi investigado em pH 3,8 e 7,4, o qual indicou que 100% e 65% do farmaco foi liberado em 6
horas, respectivamente. Estudo de hemolise mostrou efeito prejudicial a membrana do
eritrocito muito baixo (menor que 3,1%). Quatro diferentes linhagens de células tumorais
humanas foram usadas no estudo de citotoxicidade (A549, Bel-7402, HeLa e SGC-7901) e,
para todas, a taxa de inibicdo das células tumorais aumentou proporcionalmente a
concentracdo de DOX e & extensdo do tempo de tratamento (ZHANG et al., 2007).

A biodistribuicdo de nanoagregados de isotiocianato de fluoresceina-glicol-quitosana
(FTC-GC) por microscopia de fluorescéncia foi estudada por Son e colaboradores (2003) para
predizer a biodistribuicdo de DOX encapsulada em nanoagregados de glicol-quitosana-DOX
conjugada (DOX/GC-DOX). Maior biodistribui¢cdo foi encontrada nos rins, figado e tumor,
sendo que, para o ultimo, o efeito aumentou do 1° para o 8° dia e isso pode ser explicado pela
acumulacéo do nanoagregado na regido do tumor (devido ao efeito EPR) e baixa acumulacéo
em outros tecidos. DOX/GC-DOX suprimiu o tamanho do tumor induzido em ratos,
confirmando a liberacéo do farmaco nesta regido.

Rampino e colaboradores (2013) aplicaram o meétodo de gelificacdo idnica para

preparar NPs de CS-TPP e estudaram sua estabilidade, modificagdes do tamanho e
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biocompatibilidade. Os autores definiram a proporcdo 5:1 (m/m) de CS:TPP como sendo a
ideal para a obtencdo de nanocarreadores de farmacos com caracteristicas fisico-quimicas
adequadas. CS de muito baixo peso molecular (32 kDa) formou NPs menores e apresentou
evolucdo linear de didmetro em fungdo do tempo de estocagem. A liofilizacdo das NPs foi
estudada, testando diferentes crioprotetores, sendo que os melhores resultados foram obtidos
com a trealose. Finalmente, a seguranca da NP foi testada utilizando ensaio in vivo em
membrana corioalantoide e confirmou a ndo-toxicidade tanto do polimero CS quanto da NP.

Ramasamy e colaboradores (2013) estudaram o efeito de trés polidnions no processo
de preparacdo de NPs de CS pelo método de gelificagdo idnica ou coacervacao: TPP, &cido
hialuronico (HA) e sulfato de dextran (DS). DOX foi usada como farmaco modelo para
encapsulacdo. Caracteristicas fisico-quimicas e biologicas das NPs de CS-DOX com o0s
diferentes polidnions foram estudadas, sendo que menor tamanho médio de particula foi
encontrado para NPs CS-TPP/DOX (123,8 nm) e EE% maior que 50% foi obtida para os trés
sistemas. Estudos de citotoxicidade foram realizados em células MCF-7 e A549 através do
ensaio de viabilidade celular MTT (3-(4,5-dimetil)-2,5 difenil brometo de tetrazolio). As NPs
CS-HA/DOX mostraram atividade citotdxica significativamente maior, provavelmente devido
a captacdo celular aumentada mediada pelo receptor CD44. Por outro lado, NPs CS-
TPP/DOX e CS-DS/DOX exibiram melhor estabilidade fisica em plasma e liberacdo mais
lenta e sustentada em pH fisioldgico.

3.6 Polietilenoglicol e poloxamer

Ap6s administragdo endovenosa, as NPs podem ser rapidamente retiradas da
circulacéo sistémica por células do sistema fagocitario mononuclear, passando a se acumular,
principalmente, no baco e no figado. Para aumentar o tempo das NPs na circulacdo sanguinea
e, consequentemente, o seu acumulo no local especifico de agdo, em um tumor sélido, por
exemplo, as NPs podem ter sua estrutura modificada através do revestimento com
polietilenoglicol (PEG) ou polissorbato 80 (HANS; LOWMAN, 2002; MOHANRAJ; CHEN,
2006).

NPs furtivas (stealth) sdo, frequentemente, caracterizadas como NPs revestidas com
PEG. A peguilacdo contribui para a estabilizacdo do sistema e protecdo contra a opsonizacéo
resultando em diminuicdo na velocidade de depuracdo e aumento no tempo de circulagao das
NPs na corrente sanguinea (GABIZON et al., 2013). Além disso, a adigdo de PEG de
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diferentes dimensGes a superficie da NP forma uma camada hidrofilica que reduz a interacéo
da particula com os componentes sanguineos, reduzindo a tendéncia natural a agregacao
(CARUTHERS et al., 2007).

Desde 1989, quando o termo stealth foi registrado, o Caelyx® (Schering-Plough),
doxorrubicina lipossomal peguilada para injecdo, comecou a ser estudado. Foi desenvolvido
com o intuito de aumentar o tempo de circulacdo do farmaco e reduzir sua captacdo pelo
sistema reticulo endotelial (RES). Doxil® (Alza Pharmaceuticals, EUA) foi o primeiro nano-
farmaco aprovado pelo FDA, em 1995. Em fevereiro de 2013, o Lipodox, fabricado pela Sun
Pharma, foi o primeiro genérico aprovado (RANSON et al., 2001; BARENHOLZ, 2012;
FDA, 2013).

Kim e colaboradores (1995) descreveram a interacdo entre PEG e quitina como
ocorrendo através de ligacdo cruzada entre os grupamentos hidroxil e amino, respectivamente.
De outra maneira, Najafabadi e colaboradores (2014) prepararam CS peguilada pela
conjugacdo do PEG aos grupos OH da CS, ja que os grupos amino foram protegidos por
dodecilsulfato de sodio. Pela adi¢cdo de TPP a CS peguilada, os autores encapsularam o
farmaco ibuprofeno. As NPs de CS peguilada promoveram liberacdo do farmaco de maneira
controlada em comparacdo com a NP de CS apenas.

Existem, ainda, outros estudos que associam a DOX a diferentes sistemas peguilados.
NPs peguiladas de &cido hialurénico foram desenvolvidas para direcionamento da DOX ao
tumor (HAN et al., 2013). Além disso, NPs superparamagnéticas de 6xido de ferro (SPIONS)
revestidas com PEG foram propostas como carreadores da DOX (GAUTIER et al., 2012).
Allard-Vannier e colaboradores (2012) compararam a atividade in vivo da DOX lipossomal
peguilada (Caelyx, Schering-Plough) e DOX dendrimero peguilada e constataram a
similaridade nos resultados, bem como baixa captacdo dos sistemas pelos tecidos néo alvo.

Park e colaboradores (2009) utilizaram o método de emulsdo simples para preparar
NPs peguiladas a partir do polimero PLGA contendo DOX. As NPs apresentaram EE% de
47% e 130 nm de didmetro médio. Através do estudo de biodistribuicdo, verificou-se que as
NPs peguiladas permaneceram por mais tempo na circulagéo, confirmando o potencial clinico
desse sistema. Além disso, notou-se uma reducdo da cardiotoxicidade ao mesmo tempo em
que a atividade contra células tumorais foi mantida, sendo dtil, portanto, para vetorizacdo
passiva em tumores solidos. Por fim, as NPs mostraram-se capazes de superar a resisténcia a
multiplos farmacos.

Termsarasab e colaboradores (2014) prepararam NPs de CS modificada contendo PEG

para aumentar o tempo de circulagdo da DOX. Como resultado, os autores obtiveram NPs
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com maior tamanho médio de particula e menor valor de potencial zeta. Essas caracteristicas
resultam do carater hidrofilico e ndo-iénico do PEG, que forma uma camada externa na NP
(MOHANRAJ; CHEN, 2006). Ainda neste trabalho, os autores realizaram estudos de
citotoxicidade em linhagem de célula tumoral e os resultados sugeriram que este
nanocarreador pode ser utilizado com seguranca. Além disso, foi realizado estudo de
farmacocinética em ratos, com resultados que indicam que as NPs desenvolvidas exibiram
baixa depuracéo e, portanto, maior tempo de circulagéo no sangue.

Poloxamer (ou Pluronic®, BASF Corporation) € um copolimero linear nao-iénico,
composto por uma cadeia hidrofobica central (polioxipropileno) e duas cadeias hidrofilicas
laterais (polioxidoetileno). Esta estrutura confere carater anfifilico ao copolimero. Além disso,
ele possui a habilidade de reparar danos em membranas celulares por aumentar a densidade de
empacotamentos lipidicos (MOLOUGHNEY; WEISLEDER, 2013). Do mesmo modo, a
capacidade do poloxamer em sensibilizar células MDR mostra sua grande utilidade como
modificador bioldgico em NPs desenvolvidas como carreadores de farmacos antitumorais
(CHO et al.,, 2011). Tal propriedade € alcancada através de diferentes e complexos
mecanismos, inclusive pela inibicdo de transportadores de efluxo como a Pgp
(BATRAKOVA; KABANOV, 2008). Como adjuvante em formulagdes farmacéuticas em
geral, o poloxamer exibe propriedades estabilizantes e capazes de aumentar a solubilidade do
farmaco, o que o faz extremamente Util na &rea farmacéutica (HOSSEINZADEH et al., 2012).

DOX com poloxamer representa uma nova e promissora estratégia para superar a
resisténcia que as células cancerosas apresentam. A interacdo entre o poloxamer e a
mitocéndria leva a inibicdo da respiracdo celular e, portanto, significante reducdo nos niveis
de ATP. Estudos de atividade antitumoral mostraram que esta combinagdo aumenta o efeito
antitumoral da DOX em células MDR e ndao-MDR. Além disso, evidenciou-se que o

poloxamer promove apoptose em células resistentes (BATRAKOVA et al., 2010).

3.7 Sistemas nanoparticulados pH-sensiveis para liberacdo de DOX

A vasculatura na regido tumoral é, frequentemente, mal desenvolvida e insuficiente
para nutrir adequadamente a rapida divisdo celular. A falta de oxigénio e nutrientes
desencadeia uma alteragdo no metabolismo da célula cancerosa como adaptagdo a essa
deficiéncia. A producdo de &cido latico e de ions H* e, dessa forma, a redugdo do pH da

regido tumoral (pHe ~ 6,6), sdo consequéncias das condi¢des anaerdbias. A diminui¢do do pH
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pode, ainda, levar a menor captacdo de farmacos de carater basico como a DOX (TIAN; BAE,
2012). Por outro lado, compartimentos intracelulares como endossomas e lisossomas
apresentam pH ainda mais acidificado (pH 5 - 6) (BAE et al., 2005). Em conjunto, estas
caracteristicas fisioldgicas conferem um grande diferencial aos tratamentos antitumorais
baseados em carreadores pH-sensiveis de base nanotecnoldgica. Uma mudanca de pH
provoca a protonacao/deprotonacdo do composto bioativo com propriedades pH-dependentes,
diminuindo assim a estabilidade do nanosistema e desencadeando a liberagdo do farmaco
encapsulado (TIAN; BAE, 2012). Segundo Liu e colaboradores (2014), os sistemas pH-
sensiveis vém sendo amplamente empregados para liberacdo de fArmacos como uma tentativa
para melhorar a terapia do cancer, justamente devido a esse gradiente encontrado entre os pHs
do tumor e dos tecidos sadios.

Visando aumentar a especificidade das NPs, compostos bioativos com propriedade
pH-dependente sdo fonte de constante estudo no campo do desenvolvimento tecnoldgico
destes carreadores. Devido a capacidade de mudar sua conformacédo e atividade quando em
condicOes de acidas, esses compostos podem apresentar maior eficiéncia para a liberacdo de
farmacos a nivel intracelular e/ou a nivel do espaco extracelular do tecido tumoral (LEE et al.,
2007; NOGUEIRA et al., 2013).

Nesse cenario, Du e colaboradores (2011) prepararam NPs pH-sensiveis para melhorar
a liberacdo do farmaco na regido tumoral. O anidro de &cido 2, 3-dimetilmaleico (DMMA) foi
o responsavel pela atividade pH-dependente. Para demonstrar a liberacdo da DOX, as NP
foram incubadas em pH 7,4, 6,8 e 5,0 resultando em 22,60%, 25,56% e mais de 75% de DOX
liberada em 184 h, respectivamente, indicando que a NP pode reduzir a liberacdo precoce do
farmaco na circulacdo, melhorando-a a nivel intracelular. Para ilustrar a eficiente
internalizacdo celular das NPs pelas células tumorais, sua biodistribuicdo foi avaliada através
de microscopia confocal.

Termsarasab e colaboradores (2013) sintetizaram quitosana oligossacarideo-acido
araquidénico (CSOAA) e a utilizaram para o desenvolvimento de NPs contendo DOX pelo
método de evaporacdo de solvente. As caracteristicas fisico-quimicas das NPs foram
satisfatorias, com eficiéncia de encapsulacdo de 53%. Liberacdo sustentada e pH-dependente
da DOX foi observada, ja que ocorreu de forma expressiva em pH 5,5 em compara¢do com
pH 6,8 e 7,4, indicando que a NP pode ser acumulada e liberar grande quantidade de farmaco
no tecido tumoral, com menos DOX livre em regides ndo-alvo. Além disso, 0 sistema nao
apresentou toxicidade severa na linhagem celular utilizada e inibiu o crescimento tumoral

induzido no estudo in vivo.
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Jin e colaboradores (2012) prepararam e estudaram NPs pH-sensiveis contendo DOX
a partir da quitosana carboximetilada. A carboximetilacdo é, neste caso, a responsavel pela
sensibilidade ao pH. Potencial zeta negativo sugere que o grupo carboximetil foi distribuido
na superficie devido a sua natureza hidrofilica. A auto-organizacdo e deformacdo (para
liberacdo da DOX) das NPs mostrou-se induzida pelo pH acido. Assim, o perfil de liberacéo
in vitro foi sustentado, sendo acelerado em pH acido (5,0). As NPs contendo DOX
suprimiram o crescimento das células MCF-7 e MCF-7/Adr (versdo resistente a adriamicina
ou DOX) de maneira dose e tempo dependente, provando que o sistema é eficiente contra
celulas resistentes.

Unsoy e colaboradores (2014) sintetizaram NPs magnéticas revestidas com CS para
liberacdo pH-dependente da DOX. A CS possui, além das propriedades bioldgicas ja citadas,
propriedades que Ihe conferem algum comportamento pH-sensivel. Espera-se que NPs de CS
pH-sensiveis sejam efetivas para liberacdo de farmacos no microambiente do tumor ja que a
velocidade de liberacdo é acelerada em baixos valores de pH (AYDIN; PULAT, 2012).

Ainda, DOX tem sido associada a outros sistemas de liberacdo de farmaco pH-
sensiveis como microgéis, preparados a partir de oligo (polietilenoglicol) fumarato e
metacrilato de sodio (DADSETAN et al., 2013), DOX em pro-farmaco de folato-soro fetal
bovino (DU et al.,, 2013), complexos ib6nicos de poli (B-L-&4cido malico) (LANZ-
LANDAZURI et al., 2014), micelas auto-organizadas de &cido hialurénico g-poli (L-
histidina) (QIU et al., 2014) e polieletrolitos de &cido hialurénico (WANG et al., 2015). Estes
trabalhos demonstram a liberacdo pH-dependente da DOX a partir dos respectivos sistemas
nanoestruturados, além de sua aplicacdo em estudos de citotoxicidade. No entanto, destaca-se
como principal desvantagem das formulacGes descritas a complexidade dos métodos de
preparacdo, que envolvem diversas etapas. Apenas Qiu e colaboradores (2014) expdem
resultados em relacdo a hemocompatibilidade do sistema, mas nenhum dos trabalhos citados
estudou em detalhes a atividade litica de membrana dependente do pH utilizando um modelo

de membrana endossomal.

3.8 Tensoativos derivados do aminoécido lisina

Recentes estudos tém demonstrado a propriedade pH-sensivel de uma familia de

tensoativos derivados do aminoacido lisina (N*N®- dioctanoil lisina, 77K). Utilizando-se o

ensaio de hemolise e o eritrécito como modelo de membrana endossomal, os autores
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evidenciaram a capacidade destes compostos em romper a bicamada lipidica de maneira pH-
dependente (NOGUEIRA et al., 2011a).

Esses tensoativos sdo preparados por simples neutralizacdo do &cido intermediério
77K com a base do contra-ion correspondente. A estrutura quimica € composta por duas
cadeias hidrofobicas de oito carbonos (condensadas aos grupos a-amino e e-amino da lisina) e
pela cabeca aniénica da lisina com o correspondente contra-ion. A pureza dos compostos é
98%. Os contra-ions utilizados para preparacdo dos derivados foram potéssio (77KP), litio
(77KL), sbdio (77KS), lisina (77KK) e tris (hidroximetil) aminometano (77KT) (VIVES et
al., 1999).

O perfil citotoxico dos tensoativos foi estudado por Nogueira e colaboradores (2011b),
onde duas linhagens tumorais (HeLa e MCF-7) e quatro ndo-tumorais (3T3, 3T6, HaCaT e
NCTC 2544) foram utilizadas e a viabilidade celular foi determinada através dos ensaios
MTT e NRU (3-(4,5-dimetil)-2,5 difenil brometo de tetrazolio e ensaio de captagdo do
corante vital vermelho neutro, respectivamente). O trabalho ressalta a importancia de um
estudo completo, baseado na combinacdo de diferentes linhagens celulares e diferentes
ensaios de viabilidade para aumentar e melhorar as informacGes sobre os possiveis efeitos
toxicos de compostos bioativos (tensoativos) antes de aplica-los em formulacdes
farmacéuticas, uma vez que estdo entre o0s excipientes farmacéuticos mais utilizados.
Caracteristicas particulares para cada tipo celular levam a diferentes mecanismos de defesa e
graus de sensibilidade. Cabe ressaltar que o ensaio MTT sugere toxicidade a nivel
mitocondrial e de carater metabolico, isto €, estagios anteriores aos que podem ser detectados
pelo ensaio NRU (estdgios finais, a nivel de integridade das membranas celulares,
especialmente a lisossomal).

No contexto do estudo da atividade e do perfil toxicoldgico de novas nanotecnologias,
destaca-se a crescente utilizacdo de modelos in vitro baseados em cultivos celulares
(SOHAEBUDDIN et al., 2010; TAVANO et al., 2013; NOGUEIRA et al., 2014). Justifica-se
0 emprego desse tipo de metodologia, especialmente nas fases iniciais de desenvolvimento de
uma nova formulacéo, pelo fato de que os testes de toxicidade em animais sdo extremamente
caros e devem ser reduzidos por razfes éticas inegaveis (HARTUNG, 2010). Além disso, 0s
métodos in vitro também apresentam vantagens como a possibilidade de demonstra¢do dos
efeitos primarios em células alvo, assim como identificacdo dos mecanismos envolvidos na
atividade toxica e/ou terapéutica na auséncia de fatores fisioldgicos e compensatdrios que

confundem a interpretagdo dos estudos utilizando modelos animais (HUANG et al., 2010).
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A aplicabilidade do tensoativo 77KL (N*N?®- dioctanoil lisina com contra-ion litio)
como composto bioativo capaz de desencadear a liberacdo do farmaco antitumoral
metotrexato no pH &cido da regido tumoral foi demonstrada quando este foi incorporado a
NPs de CS. As propriedades pH-sensiveis das NPs contendo o tensoativo foram confirmadas
atraves de estudos de liberacdo in vitro do farmaco encapsulado e por sua capacidade de
romper membranas biolégicas em meio levemente acidificado. Ainda, as NPs contendo 77KL
apresentaram atividade citotoxica aumentada contra linhagens celulares tumorais
(NOGUEIRA et al., 2013).

O tensoativo anibnico 77KS (figura 3) possui peso molecular 421,5 g/mol e
concentragdo micellar critica (CMC) de 3 x 10° pg/ml (SANCHEZ et al., 2007) e, em estudos
anteriores, demonstrou atividade pH-dependente em estudos de hemdlise, com valores de
concentracdo capaz de induzir 50% de hemolise (CHsp) menores quando realizados em pH
5.4. A atividade hemolitica apresentou-se fortemente dependente da concentra¢do. De
maneira geral, os tensoativos promovem o rompimento das membranas através da parcial
solubilizacdo dos lipidios e proteinas e por osmose, modificando a permeabilidade da
membrana (NOGUEIRA et al., 2011a).

Figura 3. Estrutura quimica do 77KS (N* N®- dioctanoil lisina com contra-ion sdio).

Mais recentemente, nosso grupo comparou a capacidade hemolitica de NPs brancas de
CS preparadas pelo método de gelificagdo ibnica incorporando 77KL ou 77KS como
composto bioativo. A atividade litica de membranas mostrou-se aumentada pela presenga dos
tensoativos nas NPs, independentemente do contra-ion (litio ou sodio). Além disso, a
hemolise foi dependente da concentracdo de tensoativo, do tempo de contato entre as NPs € 0s
eritrocitos e ocorreu de maneira mais significativa quando em pH 6,6 e 5,4, o que configura a

propriedade pH-sensivel destes tensoativos. O aumento na taxa de hemdlise induzida pelas
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NPs incorporando os tensoativos pH-dependentes pode ser explicada pela protonacdo destes
composto quando em pH &cido, o que torna a molécula ndo-ibnica. Dessa forma, a
hidrofobicidade do tensoativo é aumentada, facilitando sua ligagdo com as membranas e,
consequentemente, o rompimento destas. (NOGUEIRA et al., 2015).

Neste mesmo estudo, a comparacdo entre o perfil citotoxico in vitro destes tensoativos
em modelo celular (3T3) foi realizada. Tanto o 77KL quanto o 77KS exibiram baixa
toxicidade celular através dos ensaios de viabilidade MTT e NRU. Pelo método NRU, as
concentracOes de tensoativo testadas ndo apresentaram citotoxicidade. Por outro lado, através
do MTT, alguma citotoxicidade foi determinada para a concentracdo mais alta testada, onde
as NPs incorporando o 77KS apresentaram baixa citotoxicidade (86,70% das células viaveis),
enquanto a NP contendo o 77KL apresentou citotoxicidade levemente aumentada (81,22%
das células viaveis). De um modo geral, os resultados apresentados acima indicam que esses
sistemas nanoparticulados constituem-se carreadores promissores para a liberacdo de

farmacos na regido acida do tumor e também a nivel intracelular (NOGUEIRA et al., 2015).
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APRESENTACAO EM PORTUGUES

Estudo comparativo de métodos analiticos por cromatografia a liquido em fase reversa e
espectrofotometria UV-Vis para quantificar doxorrubicina em nanoparticulas pH-
sensiveis
Estdo disponiveis na literatura alguns métodos por CLAE para quantificacdo da DOX em
diferentes matrizes (plasma e tecidos), os quais utilizam diferentes tipos de detectores
(fluorescéncia, massas e UV). No entanto, em relacdo a DOX associada a NPs, ha apenas um
método descrito para sua quantificacdo em plasma e tecidos apds administracdo de uma dose
de NPs de poli cianoacrilato de alquila (PACA). Portanto, o presente trabalho foi baseado na
caréncia de métodos analiticos validados por CLAE disponiveis para quantificagdo da DOX
em NPs de quitosana e, principalmente, devido a utilizacdo por outros autores somente de
analises por espectrofotometria UV-Vis para quantificacdo do farmaco em estudos de
liberacdo e calculo da eficiéncia de encapsulacdo. Destaca-se que estes trabalhos ndo exibem
detalhes sobre a validacio do método utilizado. Dessa forma, procedeu-se ao
desenvolvimento e validagdo de método especifico e sensivel por CLAE e,
concomitantemente, de um método réapido e simples por espectrofotometria UV-Vis para
determinacdo da DOX em matrizes poliméricas. Utilizou-se cromatografo 1260 Agilent
Technologies, provido de software EZChrom, injetor automatico, bomba quaternaria e
detector UV-Vis e espectrofotdbmetro Shimadzu UV-1800, respectivamente. Para verificar o
indice de pureza de pico durante a avaliacdo da especificidade do método por CLAE, utilizou-
se cromatografo Shimadzu com detector de arranjo de diodos (DAD). Os métodos foram
validados de acordo com o ICH para os parametros especificidade, linearidade, precisao,
exatiddo e robustez. As CS-NPs utilizadas como amostras foram preparadas segundo o
método de gelificacdo ibnica que consiste, basicamente, na mistura de duas fases aquosas,
uma catiénica (CS e DOX) e outra anidnica (TPP e 77KS). Nesse caso, 0 método padrao
compreendeu algumas modificagdes como a inclusdo do tensoativo aniénico derivado do
amino &cido lisina com contra ion sédio, 77KS, que, conforme relatado em estudos anteriores,
apresenta propriedade pH-sensivel. O tensoativo em questdo foi sintetizado pelo CSIC
(Consejo Superior de Investigaciones Cientificas, Barcelona, Espanha) e gentilmente doado
ao nosso grupo de pesquisa. Os métodos desenvolvidos mostraram-se especificos, lineares,
precisos, exatos e robustos, bem como, adequados para as aplicacGes pretendidas e expostas

no decorrer do estudo.
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A comparative study of RP-LC and UV-Vis spectrophotometry to assess

doxorubicin from pH-sensitive nanoparticles

ABSTRACT

Analytical methods by reversed-phase liquid chromatography (RP-LC) and UV-Vis
spectrophotometry were developed and validated to determine doxorubicin in pH-sensitive
chitosan nanoparticles (NPs). Chromatographic separation was performed on a RP-Cyg
column, with UV detection at 254 nm and mobile phase compounded by 90% (v/v)
acetonitrile in water and water pH 3.0 (33:67, v/v). UV-Vis spectrophotometric method had
the wavelength set at 480 nm, and water pH 3.0 was used as diluent. Calibration curves were
linear from 1 to 30 pg/mL (r > 0.9995) and the specificity was proven by checking the
absence of any interference from NP components. The values of accuracy and precision were
within acceptable limits, and robustness studies were performed by a two-level full factorial
design. The validated methods were further tested to assess doxorubicin content in six
different batches of pH-sensitive chitosan NPs, and the comparative analyses showed non-
significant differences (p > 0.05). Likewise, the RP-LC method was successfully applied to
determine the drug encapsulation efficiency, and to measure doxorubicin during in vitro
release assays and degradation kinetic studies under UVC radiation. Both methods fulfilled all
validation parameters, and proven to be suitable for the characterization of doxorubicin-
loaded pH-sensitive chitosan NPs, without interference from NP matrix.

Keywords: doxorubicin; chitosan nanoparticles; reversed phase-liquid chromatography; UV-
Vis spectrophotometry; validation
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Introduction

Doxorubicin (DOX) belongs to the anthracycline antibiotic group and is among the drugs
more extensively used in cancer chemotherapy, including leukemia, non-Hodgkin
lymphomas, breast cancer, Hodgkin’s disease and sarcomas (1,2). The antineoplasic effect is
achieved through different mechanisms of action as DNA intercalation and alkylation,
generation of reactive oxygen species, interference with RNA and DNA polymerase and
inhibition of topoisomerase Il (3). However, DOX can induce tumor cell resistance and cause
important side effects, such as myelosuppression and cumulative dose-related cardiotoxicity,
which, in turn, can lead to irreversible cardiomyopathy and congestive heart failure (4).

In this context, nanotechnology and nanoscience approaches have been gaining
growing importance in the pharmaceutical industry regarding their potential application in
diagnosis and treatment of different pathologies. Besides to their small size, the functionalized
nanoparticulate systems may enhance the drug delivery to specific cells and locations,
decreasing, thus, the traditional side effects (5). Herein, appear the polymeric nanoparticles
(NPs) with pH-responsive behavior, which achieve the tumor acidic environment by i.e.,
incorporation of a pH-sensitive surfactant into the nanostructure matrix (6).

Chitosan (CS) is a biocompatible and non-toxic cationic natural polymer (7). Calvo et

al. (8) firstly described the procedure to prepare CS-NPs by ionotropic gelation, in which the
polymer CS interacts with a polyanion (i.e. tripolyphosphate, TPP). DOX-loaded CS-NPs
have been synthesized by different methods of preparation in order to enhance the cytotoxic
effects of this drug specifically against tumor cells (9-11).
Several methods by liquid chromatography (LC) are reported in the literature for DOX
quantification in different matrixes and with many analytical purposes, such as
pharmacokinetic studies (12-14) and researches regarding the drug determination in plasma
and tissues (15,16) or in pharmaceutical preparations for chemotherapeutic association (17).
Additionally, UV-Vis spectrophotometric methods have been described to quantify DOX in
pure form or in pharmaceutical formulations (18).

Likewise, LC methods have been described for DOX determination in human plasma
(19) and rat plasma (20) after drug administration as PEGylated liposomal delivery system.
Similarly, Alhareth et al. (21) developed a LC method with fluorometric detection to assess
DOX and its metabolites in plasma and tissues of rat treated with poly(alkylcyanoacrylate)
(PACA) NPs. Regarding the applicability of analytical methods to assess DOX encapsulation

efficiency into NPs and to measure the in vitro drug release from these delivery systems, most
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researchers have been using spectrophotometry (11,22,23), probably to its simplicity and low
cost. However, validation data of these methods were not reported and detailed.

Therefore, the aim of this study was to develop and validate a specific and effective
RP-LC method and a simple and affordable method based on UV-Vis spectrophotometry to
quantify DOX in pH-sensitive chitosan nanoparticles. The relevance and applicability of both
methods for the determination of DOX content into NPs was evidenced. Furthermore, the RP-
LC method was also successfully applied to fully characterize these nanocarriers, i.e. by
assessing the drug encapsulation efficiency and in vitro release profile, and by studying the
DOX photolytic degradation kinetics when encapsulated into NPs.

Experimental

Chemical and reagents

Doxorubicin (DOX, state purity 98.32%) was purchased from Zibo Ocean International Trade
(Zibo, Shangdong, P.R., China). Chitosan (CS) of low molecular weight (deacetylation
degree, 75-85%; viscosity, 20-300 cP according to the manufacturer’s data sheet) and
pentasodium tripolyphosphate (TPP) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). HPLC grade acetonitrile and glacial acetic acid were purchased from Tedia (Fairfield,
USA). All chemicals used were of pharmaceutical or special analytical grade. For all
analyses, ultrapure water was purified using a Mega RO/UP - Mega Purity system.

The anionic amino acid-based surfactant derived from N* N°-dioctanoyl lysine and
with an inorganic sodium counterion (77KS) was synthesized as previously described (24). It
has a molecular weight of 421.5 g/mol, a critical micellar concentration (CMC) of 3 x 10°
pg/mL and its chemical structure is formed by two alkyl chains, each one with eight carbon
atoms (25).

Instrumentation and analytical conditions

The chromatographic analysis was performed on a LC 1260 Agilent Technologies system
(Agilent Technologies, Santa Clara, CA, USA) equipped with a 1260 Quat Pump VL
quaternary pump, a 1260 ALS automatic injector and a 1260 VWD VL detector. Data
collection, analysis and reporting were performed with EZChrom software program (version
A.01.05). The analyses of DOX were carried out on a reversed-phase Waters (Milford, MA,

USA) XBridge™ Cug column (250 mm x 4.6 mm 1.D., with a 5 um particle size and pore size
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of 110 A), with mobile phase consisted of 90% (v/v) acetonitrile (ACN) in water-water pH
3.0, acidified with glacial acetic acid (33:67, v/v). Prior to use, each eluent was filtered
through a 0.45 pm pore size membrane filter (Millipore, Milford, MA, USA) and sonicated.
The mobile phase was pumped isocratically at a flow rate of 1.0 mL/min, with a sample
injection volume of 20 pl and a detection wavelength set at 254 nm. The total run time was 9
minutes and all experiments were performed at room temperature. Each day of analysis, the
column was equilibrated for at least 30 min with the mobile phase flowing through the
system.

The evaluation of the peak purity during the specificity test was performed on a
Shimadzu LC system (Shimadzu, Kyoto, Japan) equipped with a SPD-M20A photodiode
array (PDA) detector and LC Solution software program (version 1.24 SP1).

The UV-Vis spectrophotometric experiments were performed on a double-beam UV-
Vis spectrophotometer (Shimadzu, Japan) model UV-1800, with a fixed slit width (2 nm) and
a 10 mm quartz cell was used to obtain spectrum and absorbance measurements. The
wavelength was 480 nm and the diluent used was water pH 3.0, acidified with glacial acetic
acid.

Preparation of reference solution and nanoparticle samples

The DOX reference stock solution was prepared in ultrapure water to give a final
concentration of 2 mg/mL. The stock solution was stored protected from light at 2-8 °C, and
further dilutions were made fresh daily with mobile phase, for the LC analysis, or with water
pH 3.0, for the UV-Vis spectrophotometric measurements, to obtain working solutions
containing 1, 5, 10, 15, 20 and 30 pg/mL. Finally, the samples for LC analysis were filtered
through a 0.45 um membrane filter (Sartorius Stedim Biotech, Germany) before injection into
the chromatographic system.

The nanoparticles were prepared following the procedure described by Calvo et al. (8),
which is based on the ionotropic complexation of CS with TPP anions. Some modifications
were included to the standard procedure, such as the incorporation of the biocompatible and
pH-sensitive amino acid-based surfactant 77KS as a bioactive adjuvant (26). CS (0.1% wi/v)
was prepared dissolving the weighed mass in an aqueous acetic acid solution (1%, v/v). The
pH of the CS final solution was adjusted to 5.5 with 1 M sodium hydroxide (27). A premixed
TPP and 77 KS solution was prepared in ultrapure water (at 0.2% and 0.05%, wlv,
respectively, with a TPP:77KS ratio equal to 2:0.5, w/w)
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DOX-loaded CS-NPs (DOX-CS-NPs) were prepared as follows: to a CS (0.1% wi/v), DOX
was added to provide a concentration of 0.01% (w/v) of the antitumor drug (with a CS:DOX
ratio equal 5:0.5, w/w). Thereafter, DOX-loaded NPs were formed spontaneously when the
premixed TPP:77KS solution was added to the above mixture. This process was carried out
under mild conditions without involving high temperatures or organic solvents, only using
constant magnetic stirring (1000 rpm) during 30 minutes (10 min stirring CS + DOX, and
further 20 min stirring after addition of TPP:77KS solution). Dark conditions were maintained
to prevent any possible photodegradation. Unloaded CS-NPs were prepared according to the
procedure previously detailed, omitting the drug.

During the validation procedures, nanoparticle suspensions used for the evaluation of
all parameters were freshly prepared. In order to extract the drug from the NP matrix, an
aliquot of NP suspension was firstly mixed with methanol (1:1, v/v) and then sonicated for 15
min, which allow the release of the entire encapsulated drug from the nanostructure. The
resulting solution was further diluted in mobile phase or water pH 3.0, for the LC and UV-Vis
spectrophotometric analyses, respectively, to a concentration of 15 pg/mL. The samples for
LC experiments were finally filtered through a 0.45 pm membrane and injected in the HPLC
system. The unloaded CS-NPs were also extracted following the same procedure in order to

verify the occurrence of some interference of the NP components in the analytical conditions.

Validation of the RP-LC and UV-Vis spectrophotometric methods
The methods were validated for the requirements specificity, linearity, precision, accuracy,
range and robustness, following the International Conference on Harmonisation (28)
guideline.

Specificity was evaluated by comparing the chromatograms obtained for unloaded
NPs and DOX-CS-NPs. In order to assess the exact measurement of the drug into the NPs,
without interferences due to constituents that may be present, both formulations were treated
in the same manner and injected into the LC system. Likewise, DOX standard solution was
injected at a concentration of 15 pg/mL, as well was DOX-CS-NPs. Then, the purity of DOX
peak was determined using a PDA detector. For the UV-Vis spectrophotometric method, the
absorption spectra were compared in order to guarantee that there was no interference in the
DOX absorbance region.

The linearity was determined by constructing three independent analytical curves,
each one with six concentrations of DOX, in the range of 1-30 ug/mL (1, 5, 10, 15, 20 and 30
pug/mL), prepared in mobile phase or water pH 3.0 for the RP-LC or UV-Vis
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spectrophotometric methods, respectively. Triplicate analyses of each sample were made to
verify the repeatability of the responses. The peak areas of the chromatograms or the
absorptions values were plotted versus drug concentration to obtain the analytical curve. The
results were subjected to regression analysis by a least-squares method to calculate calibration
equation and correlation coefficient.

Repeatability and intermediate precision were considered to verify the precision of the
methods. Repeatability was examined by analyzing six samples of DOX-CS-NPs at the same
concentration (15 pg/mL). All of them were prepared in a short period of time and under the
same experimental conditions. The intermediate precision was assessed by carrying out the
analysis on three different days (inter-days) and also by different operators performing the
analysis in the same laboratory (inter-analysts). Precision was expressed as relative standard
deviation (RSD) and the results must be less than 2.0%.

Accuracy was evaluated by the standard addition method where samples of known
concentrations of DOX-CS-NPs (10 pg/mL) were spiked with three different concentrations
of standard solution (2, 5 and 8 pg/mL, i.e., three different levels: lower, medium, and upper
concentration), giving sample solutions with final concentrations of 12, 15 and 18 pg/mL,
equivalent to 80, 100 and 120% of the nominal analytical concentration, respectively. The
accuracy was calculated at each concentration level as the percentage of drug recovered from
the sample (recovery %), which was calculated from differences between the responses
obtained for spiked and unspiked solutions.

The robustness of an analytical method refers its capacity to be reproduced in different
laboratories or under different, but deliberate, analytical procedure and circumstances without
affect the results (29). Therefore, the robustness was determined by analyzing DOX-CS-NPs
samples (15 pg/mL) under a variety of conditions with small variations of the method
parameters. For the LC method, the robustness was determined by making small and
deliberate changes in the factors flow rate, injection volume, aqueous phase pH and
percentage of organic solvent in the mobile phase, while for the UV-Vis spectrophotometric
method, changes were made in the wavelength, diluent pH and extraction time of the drug
from the NPs. A two-level full factorial design (number of analyses equal to 2% + n, where k is
the number of factors and n is the number of central points) was applied. Thus, for RP-LC
method, 20 experimental runs were performed including 4 at the nominal conditions, and for
the UV-Vis spectrophotometric method, 11 experiments were performed, being 3 at the
nominal conditions (30,31).
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The system suitability test was carried out for the RP-LC method to evaluate the
reproducibility of the system for the analyses to be performed, using six replicates injections
of reference solution containing 15 pg/mL of DOX. The parameters peak area, retention time,
theoretical plates (N), tailing factor (peak symmetry) and capacity factor (k’) were measured.

Applicability of the validated analytical methods

Analysis of DOX content into the formulations

For the quantitative analyses, an aliquot of the nanoparticles suspension was diluted in
methanol (1:1, v/v) and sonicated for 15 minutes to extract the drug. Then, the obtained
solution was diluted with mobile phase or water pH 3.0 to reach up a final concentration of 15
pg/mL and analyzed by LC and UV-Vis spectrophotometric methods, respectively. For the
LC analyses, the samples were filtered through a 0.45 pum membrane filter to remove
insoluble fractions before measurement. The total content of drug was calculated against a
reference solution at same concentration. The results obtained by the two methods were
statistically compared by Student’s t test and ANOVA in order to verify the similarity of the
experimental values and, thus, to determine the equivalence of both methods for the

assessment of DOX in chitosan-based NPs.

Drug encapsulation efficiency

The encapsulation efficiency (EE%) was estimated as being the difference between total
concentration of DOX in the NP suspension and free DOX concentration present in
ultrafiltrate. For this, free drug was separated by ultrafiltration/centrifugation technique
(Sigma 2-16P Centrifuge, Sigma, Germany) using Amicon Ultra-0.5 Centrifugal Filters
(10,000 Da MWCO, Millipore) at 10,000 rpm for 20 minutes. EE% was calculated by using
the RP-LC method.

In vitro DOX release study

In vitro release studies from pH-sensitive DOX-loaded CS-NPs were performed using the
dialysis technique. An aliquot of NPs was placed in a dialysis bag (Sigma-Aldrich, 14,000
MWCO), which was then immersed in 50 mL of phosphate-buffered saline (PBS, pH 5.4 and
7.4) and maintained at 37 £ 1°C under continuous magnetic stirring (100 rpm) for 24 hours.
At specific time intervals, 2 mL of medium was withdrawn and then replaced with 2 mL of

fresh buffer to maintain constant volume and sink conditions. DOX content in the aliquots
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collected was determined according to the previously validated RP-LC method. However, in
order to assess the influence of the medium used, the method was co-validated for linearity
and range using the release medium (PBS pH 5.4 or 7.4) as diluent. In addition, the
concentration range assessed was extended toward a lower limit of quantification to allow a

more reliable determination of DOX content.

Degradation under photolytic conditions

Photodegradation was induced by exposing the samples (DOX-CS-NP), into transparent
capped cuvettes (Brand®, UV-Cuvettes micro) to UVC (A = 254 nm) radiation in a mirrored
chamber for 8 hours. Every hour, samples were collected from the chamber. The drug was
extracted from the NPs as previously described and analyzed by LC to determine the DOX
content. The drug content was calculated by comparison with samples not irradiated. DOX-
CS-NPs that were subjected to the same procedure, but protected from light, serve to refute
the hypothesis of thermal degradation and were used as control.

The photolytic degradation kinetics of the DOX-loaded NPs was calculated by the
graphic method, through which it was possible to determine the degradation constant (k-
value). Zero order, first order and second order graphics were delineated by plotting the drug
concentration, In of drug concentration or the inverse of drug concentration versus time,
respectively. The graph with the best fit was considered to establish the kinetic order,
considering the correlation coefficient. Finally, the half-life (t1;) and the tg value (time for

10% degradation) were determined from k-value (32,33).

Statistical analysis

Statistical analyses were performed using one-way analysis of variance (ANOVA) and/or
Student’s t-test to determine the differences between the datasets, followed by Tukey’s post-
hoc test for multiple comparisons using SPSS® software (SPSS Inc., Chicago, IL, USA). p <
0.05 was considered significant. The statistical analyses of robustness were performed by
using Minitab® v.17 software (Minitab Inc., State College, PA, USA).

Results
Validation of the methods

The specificity of the methods for DOX quantification was achieved successfully in the

presence of the matrix components. The chromatograms and absorption spectra (Figure 1)
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showed that no signal at 254 nm and 480 nm, respectively, was detected when unloaded NPs
were evaluated. Peak purity test showed that the DOX peak was free from any co-eluting peak
(impurities and/or excipients), with values of peak purity index higher than 0.9999.

Linearity data were obtained after construction of three calibration curves. The linear
regression equations obtained by the least-square method and the values of the correlation
coefficient (y = 895307.86x + 101138,40, r = 0.9996, for RP-LC; and y = 0.02051x +
0.00788, r = 0.9998, for UV-Vis spectrophotometry; where x is concentration and y is the
peak absolute area or absorbance) indicated the linearity of the analytical curves for both
methods. Moreover, the validity of the assays was verified by ANOVA. This revealed that the
regression equations were linear (Feaicutated = 4,751.46 > Feriticat = 4.75, p < 0.05, for the LC
method; and Fcaculaed = 26,385.62 > Feriticr = 4.75, p < 0.05, for the UV-Vis
spectrophotometric method) with no linearity deviation (Fcaiculated = 0.99 < Feritical = 3.26; p >
0.05, for the LC method; and Fcaycutated = 2.25 < Feriticat = 3.26; p > 0.05, for the UV-Vis
spectrophotometric method).

The precision of the methods, evaluated as the repeatability, was checked by preparing
six different batches of DOX-CS-NPs, which were extracted, diluted until 15 pg/mL and
analyzed by both analytical methods. The test was performed on the same day and under the
same experimental conditions, and the RSD of the assay was calculated as 1.10% and 0.97%
for RP-LC and UV-Vis spectrophotometric methods, respectively. Likewise, the intermediate
precision was verified by analyzing three samples of the DOX-loaded NPs on three different
days (inter-day) and by three different analysts (inter-analyst) in the same laboratory. The
results are given in Table | and the obtained RSD values are lower than the acceptance
criterion of 2.0%. In addition, the results of repeatability (p = 0.6644), inter-day (p = 0.3801)
and inter-analyst (p = 0.1854) were submitted to statistical Student’s t-test (p = 0.05), which
revealed no significant difference between the validated methods. Likewise, method accuracy
was evaluated by means of the percentage recoveries of the known amounts of DOX standard
solution added to NP samples. Good recoveries (98-102%) were obtained and are
demonstrate in Table I.

Robustness was assessed by a 2* and 2° full factorial design for RP-LC and UV-Vis
spectrophotometric methods, respectively, where simultaneous variations of the factors could
be studied for the DOX assay. The analysis of DOX reference and sample solutions at 15
pg/mL were performed in each condition and, thereafter, the quantitative responses were

calculated. All experiments were performed in randomized order to minimize the effects of
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uncontrolled factors that may induce responses. The experimental domain of the selected
variables is reported in Table II.

The pareto chart (Figure 2) shows that a single factor or their combinations presented
no significant influence on the analytical performance. Moreover, the results of the
experimental range of variables evaluated were within the acceptable deviation (RSD <
2.0%), which demonstrated that there were no significant changes in the chromatographic
pattern and/or on assay data when the modifications were made in the experimental
conditions, thus showing the methods to be robust under the conditions tested.

Finally, acceptable values of tailing factor (TF) and capacity factor (k’) were found in
system suitability test: 1.47 and 1.40, respectively. Moreover, the RSD values calculated for
the peak area, retention time, TF and k> were lower than 0.73%, 0.28%, 1.57% and 1.05%,
respectively. The number of theoretical plates was about 8992.83, with RSD < 1.48%.

Applicability of the validated analytical method

The determination of drug content in NP sample solutions by validated methods showed
acceptable results (Table 111). RSD values were lower than 2.0% from triplicate analysis of
each sample. Besides, the experimental values of the two methods were compared statistically
by the Student's t-test and by ANOVA, showing non-significant differences (calculated value
< critical value; p > 0.05).

The amount of drug that was really entrapped into the NPs was determined by the RP-
LC method, which proved to be effective and precise for these analyses. A good percentage of
encapsulation was achieved (about 66.50%, with RSD lower than 2.70% for n = 3).

The chromatographic method was also applied to in vitro release studies of DOX from
the NPs as a function of pH. First of all, analytical curves were constructed, in the
concentration range of 0.25 to 30 pg/mL, using PBS pH 5.4 and 7.4 as diluents. Linear
regression equations were obtained by the least-square method and the values of the
correlation coefficient (y = 721070.44x — 183476.77; r = 0.9994, for PBS pH 5.4; and y =
721998.57x — 33552.04; r = 0.9995, for PBS pH 7.4; where x is concentration and y is the
peak absolute area) indicated the linearity of both curves independently of the pH. Figure 3
illustrates the cumulative amount of DOX released from the NPs at both acidic and
physiological pH. The amounts of drug released at pH 5.4 was significantly higher (p < 0.05)
than that observed at pH 7.4 in almost all schedule times.

Finally, the LC method was successfully applied to assess the degradation profile of
DOX entrapped in the NPs under UVC radiation. After 8 h exposure, almost 50% of the drug
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was degraded. However, only reduction of peak area was noted, without the appearance of
any additional peaks. The DOX peak purity index was determined by the PDA detector,
providing great value (0.9999). It was observed that the DOX-CS-NP degradation profile
followed the zero order kinetics, as the corresponding graphic provided the best correlation
coefficient (r = 0.9978) by plotting the drug concentration as a function of time (Figure 4).
The photodegradation rate constant (k) was determined by the graphic equation and the value
obtained was 0.8797 pg mL min™. The calculated tiy, was 8.53 h, very close to the
experimental value (~54% of degradation occurs in 8 h). When DOX-CS-NPs were protected
from light, more than 98% of DOX remained intact after 8 h of irradiation. Moreover, the tgo

value was estimated as 1.71 h under the same experimental conditions.

Discussion

Nanomaterial-based products usually contain a complex matrix, including polymers and
surfactants. In this way, the current analytical methodology for the usual pharmaceutical
formulations may not be appropriate for the analysis proposed. For this reason, the
development and validation of specific analytical methods, without any interference of NP
excipients, is necessary since the validation procedures warrant that the method is suitable for
the application intended (34). Thus, in this work, two analytical methods were validated with
the purpose to provide simple and reliable tools to quantify the antitumor drug DOX in pH-
sensitive polymeric NPs.

The chromatographic and spectrophotometric conditions were adjusted in order to
provide efficient and simple routine analysis, with reducing run time and low cost of analysis.
To achieve the best performance of the chromatographic method, tests concerning the ideal
composition of the mobile phase and the optimum pH were performed with the objective to
provide selectivity and best peak shape. ACN was chosen as organic phase since it resulted in
short analysis time, with improved peak symmetry (about 1.47). Concerning the aqueous
phase, potassium phosphate buffer pH 3.2 was tested initially and showed good results.
Thereafter, water pH 3.0, acidified with glacial acetic acid, was also evaluated and proved to
be more suitable than the buffer. Moreover, water pH 3.0 was chosen due its easy preparation
and also because it satisfies the stability characteristics of the drug (35). Likewise, avoiding
the use of buffers, may aid to increase the column durability. Finally, the proportion 33:67
(v/v) of 90% ACN in water-water pH 3.0 was selected due to the fast elution of the analyte

(retention time of 6.02 min), which was achieved without any interference from NP matrix. In
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addition, this condition allowed low consumption of organic solvent and provided acceptable
chromatographic parameters. The best detection wavelength was defined by using a PDA
detector in accordance to the given DOX absorption spectrum, and was set as 254 nm.

A UV-Vis spectrophotometric method was also developed in view of its simplicity and
low cost for the routine analysis (36). To choose the wavelength that allows the better
quantification of DOX, scans were carried out between 200 and 700 nm. The established
wavelength was not the one that corresponds to the maximum absorption. Indeed, the
wavelength of 480 nm was the better option (23,37,38), once the drug is colored, and also
because the components of the matrix definitively exhibited no absorbance at this UV range.
As reported previously, DOX is stable in acidic pH (35) and soluble in water (39). Therefore,
the ideal diluent for the samples was defined as water pH 3.0, acidified with glacial acetic
acid.

Both analytical methods appeared to be specific for DOX determination in the
presence of NP constituents. Therefore, it can be regarded that both RP-LC and UV-Vis
spectrophotometric methods are specific, i.e., without any interference or overlaps of the NP
components with the DOX signal. Finally, standard and sample solutions were analyzed
concerning to the peak purity using a PDA detector and the absence of any interference in the
LC method performance was confirmed.

The data for the analytical curves constructed suggest good linearity for both methods
over a concentration range of 1-30 ug/mL, with great correlation coefficient values.
Furthermore, the results achieved for precision and accuracy were within the acceptable range
and, thus, the methods were deemed to be precise and accurate.

Literature revealed some design methodologies to assess robustness during analytical
method validation, such as full factorial design and fractional factorial design, and highlight
their significance for the evaluation of which sources of variations must be more tightly
controlled during the method application, and which factors affect negatively the quality of
pharmaceutical analyses (40). To evaluate the robustness of the RP-LC and UV-Vis
spectrophotometric methods developed, we made a full factorial design, where each
parameter examined represents a main variable and the combinations between two, three or
four (the last for RP-LC method exclusively) main variables correspond to second, third or
fourth order interactions, respectively (30). Regarding the RP-LC method, the main variables
were injection volume, proportion of ACN 90%, flow rate and pH of aqueous phase. Here,
second, third and fourth order interactions were studied. For the UV-Vis spectrophotometric

method, the robustness was determined by analyzing samples after small changes in one, two,
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or all of the following factors: detection wavelength, pH of the diluent and DOX extraction
time from the NPs. Therefore, second and third order interactions were evaluated. The pareto
chart supports the understanding of the results from the robustness studies. In the Figure 2, the
bars represent the influence that each main variable or the combinations among these
variables had on the response obtained. For both methods, a single factor or their
combinations showed no significant influence on the analytical performance, since the bars
did not cross the vertical line (critical t-value for o = 0.05).

The system suitability test was carried out to evaluate the adequability and
reproducibility of the LC system for the analyses to be performed. Altogether, the
experimental results showed that the parameters tested were within the acceptable range (RSD
< 2.0%), indicating that the system is suitable for the analysis intended.

The proposed methods were successfully applied for the determination of DOX
content into six different batches of DOX-loaded CS-NPs, using the conditions optimized and
validated for each methodology.

The RP-LC method was also used to assess DOX EE%, since the determination of the
amount of drug that is really entrapped into the nanocarrier it is of great importance during
NP development and quality control studies. Although many authors opted for
spectrophotometric methods to determine DOX EE% into NPs (11,22,23), here we used the
proposed RP-LC method for this purpose. It is worth pointing out that the LC method allows
analysis of samples with smaller volumes than the spectrophotometric method, which is
particularly important for the quantitative analysis of drug content into the small amount of
ultrafiltrate obtained from the Amicon dispositive.

Furthermore, liquid chromatographic systems usually have a greater ability to quantify
lower drug concentrations in diluted samples. This feature is particularly advantageous in
release studies, where very small amount of drug can be present in the medium (41,42).
Analytical curves constructed with PBS pH 5.4 and 7.4 proved that the use of such diluents
did not modify the chromatographic performance and/or altered the quantification power of
the validated LC method. Therefore, it was successfully applied to quantify DOX during the
release studies. The drug was released faster at pH 5.4 than at physiological conditions,
which, thus, demonstrated the pH-dependent properties of the formulation.

As the last application, the LC method was used to assess the degradation profile of
the encapsulated DOX under UVC radiation. The method proved to be appropriate and
effective for this purpose and the results of peak purity index indicated that it might have a

stability-indicating capability, which evidently has to be confirmed by other forced
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degradation studies. The graphics of zero, first and second order were constructed for
modeling the DOX Kkinetics degradation. Once the drug showed zero-order degradation
profile, it means that the reaction rate is independent of DOX concentration and of
temperature, but is dependent of the incident radiation.

Conclusions

The validation studies showed that the RP-LC and UV-Vis spectrophotometric methods are
specific, linear, precise and accurate. A full factorial design was effectively applied to
evaluate robustness with many advantages over the traditional one-variable-at-time
approaches. The applicability of both methods was successfully demonstrated for the
assessment of DOX content in pH-sensitive chitosan-based NPs, with no interference of the
polymers and surfactant present in the formulation. Moreover, the RP-LC method was proved
to be suitable to assess DOX encapsulation efficiency, as well as to determine the in vitro
DOX release and the photodegradation kinetics of the encapsulated drug. Altogether, the
results demonstrated that the validated methods are appropriate tools to quantify DOX in
complex matrices of nanotechnology-based polymeric formulations. Finally, it is worth
mentioning that the availability of reliable analytical methodologies can contribute to improve
the quality and to assure the therapeutic efficacy of novel pharmaceutical nanoformulations
that have been developed.
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Table 1. Repeatability’, intermediate precision® and accuracy data of UV-Vis
spectrophotometric and RP-LC methods for DOX in samples of chitosan-based NPs
UV-Vis spectrophotometry RP-LC
Recovery RSD” Recovery RSD”
+ SD (%) (%) + SD (%) (%)
Precision
Intra-day (n = 6) 103.59 + 1.000 0.97 103.31 +£1.144 1.10
Inter-day
Day 1l (n=3) 102.74 £ 0.003 0.27 102.53 £ 0.010 0.96
Day 2 (n=3) 101.62 +0.009 0.84 100.11 +£ 0.016 1.64
Day 3 (n = 3) 104.21 + 0.009 0.82 102.63 + 0.004 0.43
Mean (n = 9) 102.85 +£0.013 1.26 101.76 £ 0.014 1.40
Between-analysts
Analyst1(n=3)  102.24 +0.003 0.27 100.11 + 0.016 1.64
Analyst2 (n=3)  100.86 £ 0.004 0.37 100.66 + 0.012 1.16
Analyst3(n=3)  101.59 + 0.003 0.31 101.35 + 0.009 0.86
Mean (n = 9) 101.56 £+ 0.007 0.68 100.71 + 0.006 0.62
Accuracy
12 pg/mL 98.17 + 0,162 0.27 100.89 + 0,136 0.05
15 pg/mL 99.83 + 0,087 1.19 98.11 + 0,092 0.02
18 pg/mL 98.82 + 0,029 0.15 98.25 + 0,075 0.14
"intra-day

Sinter-day and between-analysts
*RSD = relative standard deviation
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Table 1. Robustness assessment by full factorial design for UV-Vis spectrophotometric and
RP-LC methods, with simultaneous variations of the factors

UV-Vis spectrophotometry

Factors Assay (%)
Experiments  \yjavelength pH aqueous Extraction
(nm) phase time (min)
1 475 2.7 18 104.01
2 475 3.3 12 104.99
3 485 2.7 12 104.78
4 485 2.7 18 103.05
5" 480 3.0 15 102.65
6 475 3.3 18 102.57
7 475 2.7 12 101.28
8 485 3.3 18 103.56
9" 480 3.0 15 100.97
10 480 3.0 15 103.90
11 485 3.3 12 102.85
Mean 103.14
RSD (%) 1.28
RP-LC
Injection Flow rate H aqueous
vquJme (uL) % ACN 90% (mL/min) i pr?ase
1 30 36 1.1 2.7 101.21
2 30 36 0.9 2.7 102.89
3 10 36 0.9 2.7 103.01
4 10 36 1.1 3.3 103.18
5 30 30 1.1 2.7 103.56
6 20 33 1.0 3.0 104.44
7 10 30 0.9 2.7 101.95
8 30 36 1.1 3.3 101.26
9 30 30 0.9 3.3 100.88
10 30 30 0.9 2.7 102.35
11 10 36 0.9 3.3 101.77
12 10 30 0.9 3.3 103.57
13 30 36 0.9 3.3 102.74
14" 20 33 1.0 3.0 101.54
15 10 30 1.1 3.3 100.45
16 10 30 1.1 2.7 99.83
17 10 36 1.1 2.7 100.49
18" 20 33 1.0 3.0 100.18
19 30 30 1.1 3.3 101.22
20 20 33 1.0 3.0 101.57
Mean 101.90
RSD (%) 1.24

*optimized conditions points
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Table 111. Comparison between the UV-Vis spectrophotometric and RP-LC methods applied
for the analysis of DOX in samples of chitosan-based NPs

UV-Vis spectrophotometry RP-LC
Sample Recovery RSD” Recovery RSD”

(%) (%) (%) (%)

1 105.98 0.69 104.64 0.04

2 103.72 0.23 105.15 0.10

3 108.75 0.67 106.00 0.34

4 108.93 0.02 103.82 0.02

5 106.67 1.38 106.03 0.15

6 104.94 0.23 104.82 0.03

Mean 106.50 1.10 105.08 1.09

Statistical analysis Critical value® Calculated value

Student’s t-test 2.36 0.16
ANOVA 4.96 2.43

* RSD = relative standard deviation (n = 3)
Ssignificance level p = 0.05



76

4.500

80
4.00
70

60 3

50

o
(=]
(=)

40,

Absorption

mAU

30

20 2
AN

-1.024 ' '

0 L 2 3 4 5 6 1 8 9 10 o400 400.00 600.00  700.00

Time (min) Wavelength (nm)

Figure 1. Results of the specificity tests: (A) Representative RP-LC chromatograms and (B)
Absorption spectra obtained by UV-Vis spectrophotometric method. Trace (1) represents
unloaded-NPs, (2) DOX reference solution (15 pg/mL) and (3) DOX-loaded CS-NPs (15
pg/mL).
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Figure 2. Pareto chart of standardized effects. Chart (A) corresponds to the main factors and
their combinations for UV-Vis spectrophotometric method, and chart (B) for RP-LC method.
The vertical line indicates the critical t-value for a = 0.05.
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Figure 3. In vitro cumulative release of DOX from CS-NPs in PBS pH 7.4 and 5.4. Results
are expressed as the mean * standard error of three independent experiments. Statistical
analyses were performed by ANOVA followed by Tukey's multiple comparison test.
*significant difference from PBS pH 7.4 (p < 0.05) and **high significant difference from
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photolytic conditions (UVC light) during the total exposure time.
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5. ARTIGO CIENTIFICO II:
“PEGylated and poloxamer-modified chitosan nanoparticles incorporating a

lysine-based surfactant for pH triggered doxorubicin release”

O presente manuscrito esta disposto no formato de submissdo ao periédico Colloids and
Surfaces B: Biointerfaces (Fator de impacto 4,152. WebQualis A2).
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APRESENTACAO EM PORTUGUES

Nanoparticulas de quitosana modificadas com PEG ou poloxamer e contendo um
tensoativo derivado de lisina para desencadear a liberacdo pH-dependente de
doxorrubicina
A doxorrubicina é um antibiotico antraciclinico com ampla utilizacéo na terapia antitumoral.
No entanto, seu uso pode promover a ocorréncia de efeitos adversos graves como a
cardiotoxicidade e desenvolvimento de resisténcia pelas células tumorais. Esses quadros
devem-se a baixa capacidade do farmaco em atuar especificamente na célula cancerosa,
atingindo, assim, tecidos normais, e devido a superexpressdo de bombas de efluxo pelas
células do tecido tumoral. Dessa forma, foram desenvolvidas nanoparticulas de quitosana
(CS-NPs) incorporando o tensoativo pH-sensivel 77KS (N*N°®- dioctanoil lisina com contra-
ion sddio), pelo método de gelificagdo idnica, visando ao direcionamento das NPs a regido
acida do tumor. O 77KS foi sintetizado e doado a nosso grupo de pesquisa pelo CSIC
(Consejo Superior de Investigaciones Cientificas, Barcelona, Espanha) e sua incorporagdo as
NPs foi baseada em estudos prévios, que demonstraram a capacidade do 77KS em romper
membranas celulares de forma pH-dependente, podendo ser capaz, portanto, de promover a
liberacdo do farmaco encapsulado no interior da célula tumoral. A liberacdo seria
desencadeada de acordo com o pH da regido onde se encontram as NPs, ocorrendo de forma
acelerada em pHs acidificados que simulam o microambiente tumoral (pH. ~ 6,6) e 0s
compartimentos intracelulares (pH 6,5 — 5,5), devido a mudanca nas cargas dos componentes
da matriz, com consequente desestabilizacdo da estrutura das NPs e liberacdo da DOX. Além
disso, foram realizadas modificagdes nas NPs como a incluséo de PEG ou poloxamer. O PEG
apresenta a caracteristica de aumentar o tempo de permanéncia das NPs na corrente
sanguinea, que, dessa forma, poderiam alcancar o sitio de acdo especifico. O poloxamer é um
tensoativo com propriedade de sensibilizar células resistentes, principalmente pela inibicao da
bomba de efluxo glicoproteina-P. As NPs apresentaram caracteristicas fisico-quimicas
adequadas, com tamanhos médios dentro da faixa nanométrica, indice de polidispersdo menor
que 0,24 e eficiéncia de encapsulacdo satisfatoria. Os resultados encontrados nos estudos de
liberagdo demonstraram a acelerada liberagdo da DOX encapsulada em meios acidificados
(6,6 e 5,4) em comparacdo ao pH dos tecidos normais, sugerindo, portanto, que as NPs
incorporando o tensoativo 77KS sdo potenciais carreadores para alcancar a regido tumoral e
desencadear a liberacdo da DOX nos pHs do microambiente do tumor e compartimentos

intracelulares.
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PEGylated and poloxamer-modified chitosan nanoparticles incorporating a

lysine-based surfactant for pH triggered doxorubicin release

ABSTRACT

The growing demand for efficient chemotherapy in many cancers requires novel approaches
in target-delivery technologies. Nanomaterials with pH-responsive behavior appear to have
potential ability to selectively release the encapsulated molecules by sensing the acidic tumor
microenvironment or the low pH found in endosomes. Likewise, polyethylene glycol (PEG)-
and poloxamer-modified nanocarriers have been gaining attention regarding their potential to
improve the effectiveness of cancer therapy. In this context, DOX-loaded pH-responsive
nanoparticles (NPs) modified with PEG or poloxamer were prepared and the effects of these
modifiers were evaluated on the overall characteristics of these nanostructures. Chitosan and
tripolyphosphate were selected to form NPs by the interaction of oppositely charged
compounds. A pH-sensitive lysine-based amphiphile (77KS) was used as a bioactive
adjuvant. The strong dependence of 77KS ionization with pH makes this compound an
interesting candidate to be used for the design of pH-sensitive devices. The physicochemical
characterization of all NPs has been performed, and it was shown that the presence of 77KS
clearly promotes a pH-triggered DOX release. Accelerated and continuous release patterns of
DOX from CS-NPs under acidic conditions were observed regardless of the presence of PEG
or poloxamer. Moreover, photodegradation studies have indicated that the lyophilization of
NPs improved DOX stability under UVA radiation. Finally, cytotoxicity experiments have
shown the ability of DOX-loaded CS-NPs to kill HeLa tumor cells. Hence, the overall results
suggest that these pH-responsive CS-NPs are highly potent delivery systems to target tumor
and intracellular environments, rendering them promising DOX carrier systems for cancer

therapy.

Keywords: chitosan nanoparticles; doxorubicin; in vitro release; in vitro cytotoxicity; lysine-
based surfactant; pH-sensitivity
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1. Introduction

Doxorubicin (DOX) is an anthracycline antibiotic commonly used as a chemotherapeutic
agent [1]. Due to its broad-spectrum of antitumor activity, it has been incorporated into
several nano-sized materials, including pH-responsive microgels [2], temperature-responsive
micelles [3], liposomes [4] and polymeric nanoparticles (NPs) [5,6]. DOX antineoplastic
effects can occur by different mechanisms, such as free radical generation, which is well
associated with the cardiotoxicity of anthracyclines [7]. Drug delivery systems have been
gaining attention in recent years as a promising approach to improve cancer treatment and
prevent toxicity in healthy tissues. It is noteworthy that by adding different modifiers, these
systems can be designed for cancer cell-specific targeting as well as for biological, chemical,
or physical stimulus response [8,9].

Considering that endosomal pH (~ 6.5 to 5.5) [10] and the tumor extracellular pH (pHe
~ 6.6) are notably lower than those of normal tissue (pH ~ 7.4) [11], pH-sensitive devices
have been widely researched as drug delivery strategies for cancerous diseases [9]. In this
context, our group has paid special attention to a bioactive amino acid-based surfactant
derived from N* N®-dioctanoyl lysine with an inorganic sodium counterion (77KS), which in
previous studies shown pH-responsive properties and low cytotoxicity [12-14]. Therefore,
here we selected 77KS as an adjuvant with potential ability to promote the pH-triggered DOX
release in the tumor microenvironment and endosomal compartments (Fig. 1).

Chitosan (CS) is a nontoxic, biocompatible and biodegradable polymer that has been
emerging as one of the most promising delivery vehicles for cancer chemotherapy [15].
Chitosan has been widely used for the development of DOX-loaded NPs by simple and mild
preparation techniques [5,16-18]. CS-NPs modified by polyethylene glycol (PEG) are
explored due to the ability of this hydrophilic polymer to prolong the circulation time of
nanocarriers in the blood stream. This mechanism allows NP accumulation in the tumor
region via enhanced permeability and retention (EPR) effect, which, in turn, increases tumor
exposure to the encapsulated drug [19-22]. Likewise, Pluronic block copolymers (or non-
proprietary name “poloxamer”) have been studied as biological response modifiers. They are
amphiphilic synthetic polymers with tumor-sensitizing activity in multidrug resistant (MDR)
cells, which is especially attributed to the inhibition of P-glycoprotein [23]. For this reason, it
has been reported that the association of DOX to poloxamer-based formulations potentiates
the drug activity against non-MDR and, especially, MDR tumor cells [24-26].

Therefore, the aim of the present study was to prepare PEGylated and poloxamer-

modified CS-NPs incorporating a lysine-based surfactant as a pH-responsive bioactive



85

adjuvant. The NPs were well characterized and the mathematical modeling of pH-triggered
DOX release profiles was discussed. NP suspensions and lyophilized samples were analyzed
regarding their stability at low temperature and under UV A radiation. Finally, in order to gain
preliminary insights into the role of the modifiers on the antitumor activity of NPs, the

cytotoxicity of free and entrapped drug was assessed by an in vitro cell-based assay.
2. Materials and methods
2.1. Materials

Chitosan (CS) of low molecular weight (deacetylation degree, 75-85%; viscosity, 20-300 cP
according to the data sheet of the manufacturer), pentasodium tripolyphosphate (TPP),
polyethylene glycol methyl ether (MPEG, M, = 5,000), poloxamer 188 solution (10%, w/v)
and 2,5-diphenyl-3,-(4,5-dimethyl-2-thiazolyl) and tetrazolium bromide (MTT) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Reagents for cell culture were from
Vitrocell (Campinas, SP, Brazil). Doxorubicin (DOX, state purity 98.32%) was obtained from
Zibo Ocean International Trade (Zibo, Shangdong, P.R., China). Acetonitrile and glacial
acetic acid were purchased from Tedia (Fairfield, USA). All other solvents and reagents were

of analytical grade.
2.2. Surfactant included in the nanoparticles

An anionic amino acid-based surfactant derived from N® N°®-dioctanoyl lysine and with an
inorganic sodium counterion (77KS) was included in the NP formulation. The surfactant
chemical structure is formed by two alkyl chains (each with eight carbon atoms) bound to the
amino acid lysine. It has a molecular weight of 421.5 g/mol and a critical micellar
concentration (CMC) of 3 x 10° pg/ml [27,28]. This surfactant was synthesized as described
elsewhere [29].

2.3. Preparation of nanoparticles

CS-NPs were spontaneously formed by ionotropic gelation process, according to the
methodology first described by Calvo et al. [30]. DOX stock solution was prepared in
ultrapure water in order to give a final concentration of 2.0 mg/ml. Chitosan at 1.0 mg/ml was
dissolved in a 1.0% (v/v) acetic acid aqueous solution under magnetic stirring for 2 h, and pH
was adjusted to 5.5 with 1 M NaOH [31]. A mixed solution of the cross-linker TPP and the

surfactant 77KS was prepared in ultra-pure water at 2.0 mg/ml and 0.5 mg/ml, respectively.
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Initially, DOX stock solution was added to 5 ml of CS solution (CS:DOX ratio 5:0.5, w/w)
and maintained under magnetic stirring (1000 rpm) for 10 min. Then, 1 ml of a premixed
TPP:77KS solution (ratio equal 2:0.5, w/w) was added drop-wise into the CS:DOX solution.
NPs (DOX-CS-NPs) were formed spontaneously and the gelation process was carried out
under constant magnetic stirring for 20 min at room temperature.

In order to obtain PEGylated DOX-CS-NPs (PEG-DOX-CS-NPs), a mixed solution of
CS and PEG (at 1 mg/ml and 10 mg/ml, respectively) was prepared in 1.0% (v/v) acetic acid.
To 5 ml of this solution, DOX stock solution was added and stirred for 10 min (CS:PEG:DOX
ratio 5:50:0.5, w/w/w). Afterwards, 1 ml of TPP:77KS (2:0.5, w/w) was added drop-wise and
stirred for 20 min.

Poloxamer-modified DOX-CS-NPs (Polox-DOX-CS-NPs) were obtained by adding
0.5% (w/v) of poloxamer to 5 ml of a 1 mg/ml CS solution. Next, DOX stock solution was
added to give a final ratio of CS:Poloxamer:DOX 5:25:0.5 (w/w/w). Finally, 1 ml of
TPP:77KS (2:0.5, w/w) was added drop-wise under vigorous magnetic stirring for 20 min.

Unloaded NPs were prepared similarly for each formulation, thus omitting the drug.
All procedures involving DOX were conducted in a low incidence of light. The resulting
DOX-loaded NPs were purified by dialysis for 1 h in distilled water (dialysis bag - Sigma-
Aldrich, 14,000 MWCO), in order to remove the non-encapsulated drug and non-incorporated

constituents.
2.4. Characterization of nanoparticles

The mean hydrodynamic diameter and the polydispersity index (PDI) of the NPs were
determined by dynamic light scattering (DLS) using a Malvern Zetasizer ZS (Malvern
Instruments, Malvern, UK), without any dilution of the samples. The zeta potential (ZP)
values of the NPs were assessed by determining electrophoretic mobility using the same
equipment after dilution of the formulations in 10 mM NaCl aqueous solution (1:10 volume
per volume). Each measurement was performed using at least three sets of ten runs at 25°C.
The pH measurements were verified directly in the NP suspensions, using a calibrated
potentiometer (UB-10; Denver Instrument, Bohemia, NY, USA), at room temperature.
Finally, the spectral properties of the drug were assessed before its encapsulation and also
after extraction from the NP structure. This assay was performed in order to verify the
stability of DOX after entrapment into the NP matrix. Experiments were performed on a

double-beam UV-Vis spectrophotometer (Shimadzu, Japan) model UV-1800, with a fixed slit
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width (2 nm) and a 10 mm quartz cell was used to obtain spectrum and absorbance

measurements. The diluent optimized was water pH 3.0, acidified with glacial acetic acid.
2.5. Drug encapsulation efficiency

The quantitative analyses were performed by a reversed-phase liquid chromatography (RP-
LC) method that was previously validated according to international guidelines and proved to
be specific, linear, precise, accurate and robust (unpublished data). Chromatographic analyses
were carried out on a LC 1260 Agilent Technologies system (Agilent Technologies, Santa
Clara, CA, USA), using a Waters XBridgeTM Cig column (250 mm x 4.6 mm L.D., Sum),
with a mobile phase consisting of 90% (v/v) acetonitrile in water and water pH 3.0, acidified
with glacial acetic acid (33:67, v/v) and UV detection set at 254 nm. Data analysis was
performed with EZChrom software program (version A.01.05). Total drug content was
achieved by dilution of the NP suspensions in methanol (1:1, v/v) followed by sonication for
15 min, which allowed total drug extraction from the NP matrix. The resulting solution was
diluted to the suitable concentration and analyzed by RP-LC. The drug association efficiency
was determined by ultrafiltration/centrifugation technique using Amicon Ultra-0.5 Centrifugal
Filters (10,000 Da MWCO, Millipore). An amount of the non-purified NP suspension was
placed into this device and submitted to 10,000 rpm for 20 min in a Sigma 2-16P Centrifuge
(Sigma, Germany). The encapsulation efficiency (EE%) was calculated as the difference
between total and free DOX concentrations determined in the NP suspension (total drug
content) and in the ultrafiltrate, respectively, using the mentioned analytical method.

2.6. pH-dependent in vitro DOX release

In vitro release assessments of DOX from the different CS-NPs were performed using the
dialysis method. An aliquot of the NPs (1 ml) was placed into a dialysis bag (Sigma-Aldrich,
14,000 MWCO), which was immersed in 50 ml of phosphate buffered saline (PBS) at 37°C
and kept under gentle magnetic stirring (100 rpm) for 24 h. This process was carried out,
separately, in PBS at pH 7.4, 6.6 and 5.4. At specific time intervals, an aliquot of 2 ml of the
external medium was withdrawn and filtered through a 0.45-um membrane. Thereafter, equal
volume of fresh buffer was added to maintain the sink conditions and constant volume. The
release of the free drug was also investigated in the same way. The released amount of DOX
in each scheduled time was estimated by the RP-LC method described in the previous section

(section 2.5), using analytical curves obtained with the release medium (PBS at pH 7.4, 6.6 or
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5.4) as diluents. The cumulative release percentage (CR%) of DOX was determined from the

following equation (Eq. (1)):

CRY% = (M,/M,) 100 (1)

where M and M; are the amount of drug released at the time t and the initial amount of drug
encapsulated in the NPs, respectively. The in vitro release studies were carried out in
triplicate.

For understanding the pH-sensitivity behavior of NPs, swelling studies were
performed by soaking lyophilized NPs into PBS pH 7.4, 6.6 and 5.4 at room temperature and

under gentle shake. Hydrodynamic diameter was measured after 3 h incubation.
2.7. Mathematical modeling of drug release profiles

Monoexponential (Eq. (2)) and biexponential (Eg. (3)) mathematical models as well as the
Korsmeyer-Peppas model (Eq. (4)) were used to analyze DOX in vitro release profile
(MicroMath® Scientist version 2.01, USA). The model that best fit the drug release profile
was selected according to the model selection criteria (MSC), correlation coefficient (r), and
graphical adjustment. The release kinetic rate constants are k (for monoexponential), k; and k
(for biexponential). Co, a and b are the initial concentration for mono- and biexponential
models, respectively [32,33]. Finally, the DOX release mechanism was investigated by fitting
60% of the initial amount of drug released from CS-NPs to the Korsmeyer-Peppas model. In
its corresponding equation, n is the exponent that characterizes the release mechanism and a

IS a constant comprising the structural and geometric characteristics of the carrier [34-36].

C =Cye* 2
C=ae Ff+ pekt 3)
ft= at® 4

2.8. Lyophilization of nanoparticles

NP suspensions DOX-CS-NPs, PEG-DOX-CS-NPs and Polox-DOX-CS-NPs were subjected
to the lyophilization process to obtain dried formulations (L-DOX-CS-NPs, L-PEG-DOX-CS-
NPs and L-Polox-DOX-CS-NPs, respectively). To avoid possible particle aggregation,
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glycerol (10%, w/v), mannitol (1%, w/v) and lactose (1, 5 and 10%, w/v) were tested for their
cryoprotectant efficiency. Cryoprotectants were dissolved in the entire volume of NPs under
magnetic stirring for 20 min. Then, these mixtures were frozen at -20°C for 48 h. The water
was removed from frozen NPs by sublimation under vacuum for 48 h using a bench top
lyophilizer (Liotop L101, Liobras, Séo Carlos, Brazil). As required, lyophilized products were
redispersed with ultra-pure water by magnetic stirring for 10 min. The macroscopic

appearance, physicochemical properties and EE% were evaluated.
2.9. Fourier Transform Infrared Spectroscopy (FT-IR) analysis

In order to investigate the interactions between the drug and NP matrix, FT-IR spectra of pure
DOX, CS raw material and dried NPs were recorded using compressed KBr disk method with
a FT-IR spectrophotometer (Bruker Tensor 27, Bruker Optik, Ettlingen, Germany). Spectral
acquisition was carried out from 4000 to 400 cm™ range.

2.10. Stability studies of nanoparticles

NP suspensions (DOX-CS-NPs, PEG-DOX-CS-NPs and Polox-DOX-CS-NPs) and the
lyophilized formulations (L-DOX-CS-NPs and L-PEG-DOX-CS-NPs) were studied for their
stability in low temperature (2 — 8°C). Experiments were conducted over 8 weeks.
Lyophilized samples were first placed inside a desiccator containing silica and then exposed
to low temperature whilst protected from light. Analyses were carried out on the first day of
the study, and subsequently after 2, 4 and 8 weeks. In each time point, all samples were
evaluated for particle size, PDI, ZP and drug content (total drug amount (%) in regard to
freshly prepared formulations).

Additionally, photostability studies were carried out to assess whether suspensions
and/or lyophilized formulations were able to protect the drug after exposure to UVA
radiation. An aliquot of DOX solution or DOX-loaded NPs was put separately into
transparent capped cuvettes (Brand®, UV-Cuvettes micro) and placed into a mirrored
chamber with approximately 1,350 W h/m? incident UVA radiation [37]. On the other hand,
an amount of the lyophilized formulations were weighed and well distributed in Petri dishes.
The drug concentration was measured in different schedule times (0, 2, 8, 24 and 48 h) by the
validated RP-LC method. Zero, first and second order graphics were delineated and the one

with the best fit was considered to establish the kinetic order.

2.11. Cytotoxicity assays
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The in vitro antitumor activity of unloaded-CS-NPs, DOX-loaded CS-NPs and free DOX was
determined against HeLa cell line (human epithelial cervical cancer), which was cultured in
DMEM medium (4.5 g/l glucose) supplemented with 10% (v/v) FBS, at 37°C in a 5% CO,
atmosphere. HeLa cells were seeded into 96-well cell culture plates at a density of 7.5 x 10”
cells/ml. Cells were incubated for 24 h under 5% CO, at 37°C and afterwards, the medium
was replaced with 100 pl of fresh medium containing the treatments. Free DOX as well as
DOX-loaded CS-NPs were assayed at 1 and 10 pg/ml DOX concentration, while unloaded
CS-NPs were assessed at 50 and 200 pg/ml. Following 24 h incubation, the medium was
removed and 100 pl of MTT in PBS (5 mg/ml) diluted 1:10 in medium without FBS was
added to the cells and incubated for 3 h. Finally, the MTT containing medium was removed
and 100 pl of DMSO was added to each well in order to dissolve the purple formazan
product. After shaking, the absorbance of the resulting solution was measured using a
SpectraMax M2 (Molecular Devices, Sunnyvale, CA, USA) microplate reader at 550 nm. Cell
viability was calculated as the percentage of tetrazolium salt reduced by viable cells in each

sample. The untreated cell control (cells with medium only) was taken as 100% viability.
2.12. Statistical analyses

Results are expressed as mean + standard error (SE) or mean + standard deviation (SD) of
three independent experiments, and statistical analyses were performed using one-way
analysis of variance (ANOVA) to determine the differences between the datasets, followed by
Tukey’s post-hoc test for multiple comparisons, using SPSS® software (SPSS Inc., Chicago,
IL, USA). p < 0.05 and p < 0.01 indicated significant and highly significant differences,

respectively.
3. Results and discussion

In this study, NPs encapsulating DOX were prepared by combination of the standard
ionotropic gelation method [30] and the inclusion of procedures deliberated by our research
group. Therefore, novel pH-responsive CS-NPs were obtained using a mild and solvent-free
process for efficient drug loading [38]. CS is widely regarded as being a non-toxic and
biologically compatible polymer, with great medical potential [39]. Once dissolved in acetic
acid aqueous solution, the amino groups of CS are protonated (NH3") and available to interact
with the negatively charged TPP (P304,>) to spontaneously form the NPs [40,41]. With the

aim to find the suitable CS:TPP ratio (w/w), different TPP concentrations were tested since



91

the size and PDI of NPs depended on the amount of TPP in the formulation. The first
condition tested was CS:TPP (5:1, w/w), but the ratio CS:TPP (5:2, w/w) was chose since it
presented the smallest size and PDI value. This behavior can be attributed to the greater
interaction of CS positive charges with increasing amount of negative charges of the
polyanion TPP [42]. These results are in agreement with the study reported by Gan et al. [43],
in which a linear decrease of size with decreasing CS to TPP weight ratio was observed.
Furthermore, it is worth pointing out that by increasing the amount of negative charges into
the formulation matrix, the free positive charges of CS were reduced. This lower protonation
diminishes the repulsion between CS and DOX (also positively charged), which, in turn,
increases the drug encapsulation efficiency.

The surfactant 77KS was selected as a bioactive adjuvant in the NP formulation based
on previous studies, which showed its pH-sensitive activity along with improved kinetics in
the endosomal pH range and low cytotoxic potential [12,13]. Moreover, it was already
demonstrated that the inclusion of another amphiphile from the same family (77KL, with
lithium counterion) in the composition of polymeric NPs improved their in vitro antitumor
activity and also gave them a pH-responsive behavior [44]. The surfactant 77KS was included
into the NIPs at a concentration below its CMC, indicating that it is present in the formulations
in the monomer form. Different concentrations of the surfactant were tested, ranging from
CS:TPP:77KS 5:2:0.1 to 5:2:1 (w/w/w), with 0.1 increase amount of 77KS each time. By
having the concentration ratio of 77KS higher than 5:2:0.5, a flocculation of the NPs took
place. In contrast, concentrations between 0.1 and 0.5 provided satisfactory results. Therefore,
the ratio 5:2:0.5 (w/w/w) of CS:TPP:77KS was chosen and maintained for all formulations.

The process to prepare the NPs was optimized to be simple and fast. Firstly, positive
charges (DOX and CS) were mixed [5,17] and, a premixed solution of the negatively charged
compounds (TPP and 77KS) was added drop-wise, leading to spontaneous formation of the
colloidal system. It is known that the polyanion TPP has multiple charged functional groups,
which makes it able to interact with both DOX and CS, resulting in shielding and electrostatic
interactions [17]. The pH of CS solution was set at 5.5, in which about 90% of the amino
groups of CS (pKa = 6.5) are protonated [45]. Likewise, DOX (pKa = 8.2) possess an amino
sugar moiety also protonated at this pH [46], which allowed competitive binding of DOX to
the negatively charged cross-linking agent (TPP) while forming the NPs.

The PEGylation of nanomaterials was shown not only to diminish clearance of the
loaded drug, but also to provide enhanced tumor targeting ability due to the prolongation of
plasma circulation time [47]. PEGylated DOX-CS-NPs were prepared from CS and PEG joint
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solubilization prior to gelation process, where a CS/PEG network is formed by cross-linking
between hydroxyl groups of PEG and amino groups of CS [48]. Likewise, it is known that
block copolymers, such as the poloxamers, are biological response modifiers with potential
ability to modulate drug resistance in MDR cancer cells. Therefore, here poloxamer-modified
DOX-CS-NPs were prepared upon the addition of TPP:77KS into CS:Poloxamer:DOX
solution [49]. Different concentrations of poloxamer were tested (0.2%, 0.5% and 1%, wi/v),
and the intermediate one (0.5%) was chose with acceptable physicochemical characteristics. It
was previously reported that micelles containing block copolymers at 0.25 and 2% (w/v), in
which DOX is also non-covalently incorporated, exhibited greater efficacy than free DOX in

in vitro and in vivo tumor models [50].
3.1. Characterization and EE% of nanopatrticles

Following the preparation procedure, the stability of the drug after its encapsulation was
assessed through the spectral analysis, as shown in Fig. 2. The UV-Vis spectrum of the drug
extracted from NPs was similar to that obtained for DOX in free solution, which proved the
integrity of DOX molecule after its entrapment into the NP matrix. Moreover, as summarized
in Table 1, DOX-loaded and unloaded NPs were characterized for particle size, PDI, ZP and
pH. The average particle size analysis is a common characterization method, which allows the
understanding of their dispersion and aggregation, as well as helping to predict their possible
biodistribution. The size of unloaded NPs was in the range of 170 to 211 nm. Increasing
diameters were noticed when DOX was added, indicating the retention of the drug. Likewise,
the mean diameter of PEGylated NPs increased with respect to unmodified NPs, which is a
good indicator of PEG incorporation into the NP structure [22]. Here, it can be stated that
PEG was incorporated into the colloidal gel system via hydrogen bonding between the
oxygen atom of PEG and amino groups of CS. This interaction is weak, which makes the
structure of the PEGylated NPs looser and, consequently, increases their mean diameter [20].
Conversely, poloxamer-modified NPs presented smaller mean diameter than those PEG-
modified NPs. This is due to the stabilizer power of poloxamer, fact that leads to a rigid
arrangement of particles with less water uptake [49]. Additionally, all CS-based NPs formed
systems with narrow size distribution with PDI values lower than 0.24. The ZP values of the
NPs in the range of 21 to 25 mV indicate a positively charged surface owing to the cationic
amino groups of CS. Likewise, when DOX was present, the electric charge remained positive

and no considerable changes were noted.
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DOX-loaded NPs displayed high EE% and the mean values obtained for all
formulations were constantly around 65%. These results are in agreement with those found
elsewhere [22,51], and allow us to state that the drug was entrapped into the polymeric
network regardless of modifications made in NPs. Indeed, different amounts of drug loading
were tested and discussed based on EE% capacity. By increasing DOX concentration from 80
to 154 pg/ml, the DOX EE% decreased from 66.50% + 2.68 to 51.09% =+ 2.88. Similar results
were found elsewhere [17,18,52], pointing out that a larger amount of drug does not mean any
increase in encapsulation efficiency. As a limited number of functional groups is available for
electrostatic interactions with the drug in the NP matrix, the increase in the amount of drug
added to the formulation could have resulted in a decrease in drug entrapment efficiency.
Finally, it is worthy mentioning that NPs without 77KS showed the highest mean EE% value.
This behavior could be attributed to the assembling of a consistent CS/TPP network with
greater amount of TPP molecules and, thus, of remaining negative charges that allow DOX
association. When 77KS (with only one negatively charged group) binds to CS, no free
negative charge remains available to interact with DOX, therefore leading to diminished
EE%. However, it is important to highlight that when 77KS was incorporated, we achieved
higher EE% values than previous studies that reported DOX EE% values in the order of 47%
for PLGA NPs and 20% for CS-based NPs [5,53].

3.2. In vitro DOX release

Taking advantage of the acidic pHe (6.5 — 7.2) found in the tumor environment compared to
the normal tissues [11,54], pH-sensitive NPs have been developed to achieve accelerated drug
release at the tumor site. In this context, the in vitro drug release profiles of DOX-CS-NPs,
PEG-DOX-CS-NPs and Polox-DOX-CS-NPs were studied in PBS buffer mediums at pH 7.4,
6.6 and 5.4 at 37 £ 2°C (Fig. 3).

When 77KS was first studied, it demonstrated pH-dependent membrane-lytic activity
on hemolysis assay, with significant increase at pH 5.4; although with no pharmaceutical
applications up to this time [13]. Here, this surfactant was incorporated into DOX-loaded CS-
based NPs and, as can be seen in Fig. 3A, it was clearly demonstrated the pH-dependent
release pattern of these nanostructures. In acidic environment, the release rate was
accelerated; with 97 and 100% of DOX released at pH 6.6 and 5.4 after 6 h, respectively,
while only 71% of drug release was reached at pH 7.4. The cumulative release amount of

DOX at pH 6.6 and 5.4 was in general significantly faster (p < 0.05) than at pH 7.4. A control
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experiment using free DOX was also carried out under similar conditions and almost total
drug release was reached after 6 h.

The release of PEG-DOX-CS-NPs was also studied at different pH values, wherein at
acidic conditions the release was noticeably accelerated with 100% of the DOX available in
both pH 6.6 and 5.4 mediums after only 4 h (Fig. 3B). These results demonstrate that PEG did
not inhibit drug release at acidic conditions, which is particularly important in order to
maintain the improved drug delivery in the tumor microenvironment and intracellular
compartments. Unexpectedly, DOX release from PEGylated NPs was not delayed at
physiological pH in comparison with those NPs without PEG (~75 and 76% DOX released at
24 h, respectively). This behavior appears to be attributed to the formation of a semi-
interpenetrating network between CS and PEG [48] and not to the assembly of a PEG shell
around the NPs.

Among the three formulations, Polox-DOX-CS-NPs was the one that presented faster
release rate: release amount of DOX reached 100% after 3 h, 5 h and 8 h at pH 5.4, 6.6 and
7.4, respectively (Fig. 3C). This behavior may be explained by the hydrophilic pattern of
poloxamer that consequently forms a porous structure in the surface of the DOX-CS-NPs
[55]. Poloxamers are reported to be pore-forming agents and drug-releasing enhancers [56],
which corroborated our results. At this point there is no significant difference among the
release rates at each pH (p > 0.05), which may be justified by the faster release achieved at
physiological conditions.

The release mechanisms from CS-based NPs have been reported to be desorption of
the drug from the surface, diffusion of the drug through pores, and degradation of the
polymeric matrix [43]. In the swelling experiments, a considerable increase of particle size
was noticed with a decrease of the buffer pH from 7.4 and 6.6 to 5.4 (178.9 nm, 173.6 nm and
309.7 nm, respectively). At lower pH value, the protonation of the amino groups of CS is
promoted, leading to an increase of electric density and repulsion force between cross-linked
CS chains [57]. This mechanism allows the medium to penetrate into the nanoparticulate
system, consequently increasing the mean hydrodynamic size [58]. This pH-sensitive swelling
behavior, in turn, could be one of the mechanisms underlying the faster diffusion of DOX
from NPs, especially in acidic environments with pH as low as 5.4. On the other hand, the
lack of swelling at pH 6.6 is probably attributed to the diminishing CS protonation in this
condition, suggesting that the repulsion forces are not enough to induce NP swelling and,

thus, other mechanisms are involved in the accelerated drug release.
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It is worth mentioning that besides the swelling mechanism of CS, DOX may have an
improved solubility and, TPP, a reduced ionization in acidic environments [17,57]. This later
condition may result in NP network destabilization and thus faster drug delivery, which could
be the basis for the pH-responsive drug release observed for the NPs without 77KS (Fig. 3D).
However, noteworthy is that even when CS-based NPs showed pH-sensitivity, this behavior
was not as significant as it was when CS-NPs incorporated 77KS. Therefore, 77KS acts
synergistically with CS to give to the NPs the pH-responsive behavior. The ionization of
77KS is expected to be reduced in an acidic environment [13], which in turn would also
contribute for the destabilization of the NP structure due to the reduced amount of available
anionic charges that interact electrostatically with CS. This process would facilitate the drug
release as the pH decreases to 6.6 and 5.4. Moreover, the incorporation of 77KS, with
different hydrophobicity from CS, appears to contribute to perturb covalent crosslink between
CS chains and, thus, to facilitate drug release [59].

The increased release at pH 6.6 and 5.4 shows that drug delivery appears to be
triggered at tumor extracellular pHe, as well as at the acidic environment of endosomes.
Moreover, the low DOX release at normal physiological conditions may reduce the side
effects that can occur during cancer treatment. Altogether, these results support the idea that
these nanocarriers are a potential design to be used as a pH-sensitive system to improve the

drug availability on tumor microenvironment and intracellular compartments.
3.3. Mathematical modeling

The data obtained from in vitro release studies were used to calculate values of release
constants and release exponents with the aim to help understanding the mathematics of
release profiles (Table 2). According to the values of the correlation coefficients (r) and MSC,
the data for all NPs suspensions at pH 7.4 fit better to the biexponential equation (r > 0.99).
At this condition, the DOX release showed an initial burst release (k;), continued by a steady-
state release (k;). These two phases can be explained by the initial drug release from NP
surface (drug adsorbed or entrapped in surface layer), followed by buffer penetration into NPs
and drug diffusion through the swollen rubbery matrix [58]. Moreover, according to the
results for a and b parameters, approximately 68% of the drug was in Polox-DOX-CS-NPs
and only 31% was superficially adsorbed on this nanostructure. Conversely, PEG-DOX-CS-
NPs and DOX-CS-NPs had about 25% encapsulated and 75% adsorbed on NP surface. When

the mathematical modeling was performed for pH 6.6 and 5.4, a good fit was observed using
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the monoexponential model, with constant rates (k) in the following ranking order: PEG-
DOX-CS-NPs > Polox-DOX-CS-NPs > DOX-CS-NPs.

In the Korsmeyer-Peppas model, high correlation coefficient was obtained (r > 0.99
for NPs and r > 0.98 for free DOX). The values of release exponent (n) between 0.43 and 0.85
for DOX-CS-NPs (release medium at pH 7.4, 6.6 and 5.4, with n = 0.6836, 0.4608 and
0.5235, respectively) indicate a non-Fickian-type release mechanism, i.e., the phenomena
responsible for the DOX release are drug diffusion process from the NPs coupled to
relaxation of the polymeric chains [60]. A non-Fickian model also was found for PEG-DOX-
CS-NPs at pH 7.4 (n = 0.5010) and Polox-DOX-CS-NPs at pH 7.4 and pH 5.4 (n = 0.4836
and 0.6638, respectively). The same mechanism transport was identified for the release of
rivastigmine from CS-based nanoparticles for brain targeting [61]. When the release data of
PEG-DOX-CS-NPs at pH 6.6 and 5.4 mediums were analyzed, n < 0.43 was obtained and,
therefore, the release mechanism was Fickian, suggesting that the release is a consequential
effect of only DOX amount diffused from the nanostructure. The same occurred for Polox-
DOX-CS-NPs at pH 6.6. Fickian release mechanism was also presented to an anticancer drug
loaded into CS-NPs [57]. Finally, n = 0.2276 was obtained for non-encapsulated DOX,
indicating that its release profile is diffusion-controlled. Altogether, our results demonstrated
the remarkable contribution of the relaxational process of the polymeric matrix for DOX

release at pH 7.4, which may justify the slower drug release under physiological conditions.
3.4. Lyophilization of nanoparticles

Nanoparticulate systems for drug delivery have been subjected to lyophilization in order to
overcome their instabilities [62]. Herein, NP suspensions were lyophilized by freeze drying
with lactose, mannitol or glycerol as cryoprotectants, which are important adjuvants with the
ability to protect NP suspensions from the stresses generated during the lyophilization
process, i.e. freezing and desiccation [63]. When mannitol and glycerol were tested as
protectants, the obtained result was not satisfactory since the redispersion procedure showed a
strong tendency to form aggregates. For the sake of choosing between 1, 5 and 10% lactose,
the major criteria evaluated were the yield, drug content and redispersibility index (ratio
between the size after lyophilization and before lyophilization). Satisfactory values were
achieved for 10% lactose (~92%, ~93% and 1.10, respectively). Moreover, only 10% lactose
was able to produce a clear suspension, without any visible precipitates (Table 1). Sugars are

suitable protective agents, acting by hydrogen bonding and maintaining the solute in a pseudo



97

hydrated state during the dehydration step, which thus protect the NP structure from damage
in dehydration and rehydration process [64].

3.5. FT-IR analysis

FT-IR analyses were performed in order to support the CS:TPP cross-link as proof of NP
formation, as well as to confirm the grafting of PEG on the surface of NPs (Fig. 4). Fig. 4B
represents the FT-IR spectrum of CS. The characteristic absorption peak at 3384 cm™,
representing the presence of OH- groups, indicates that CS is partially deacetylated. [65]. Pure
DOX spectrum (Fig. 4A) shows peaks at 2933 (C-H), 1730 (C-O), 1617 and 1582 (N-H),
1413 (C-C) and 1072 cm™ (C-0). In DOX-CS-NPs spectrum (Fig. 4C), these peaks are also
presented as shifted to 2900 (C-H), 1642 and 1572 (N-H), 1415(C-C) and 1031 cm™ (C-0).
Thus, these results indicate that DOX was loaded into CS-NPs [18]. Another peak that can be
observed in DOX-CS-NPs spectrum (Fig. 4C) is at 1202 cm™, corresponding to P=0O
stretching of the TPP [65]. Absorption peaks associated to PEG can be seen at 784 and 897
cm™, suggesting that PEG grafting was successfully achieved in PEG-DOX-CS-NPs (Fig.
4D) [21].

3.6. Stability studies of nanoparticles

NP suspensions and NPs after lyophilization were submitted to stability studies for a storage
period of 8 weeks at 2 — 8°C. Particle size, PDI, ZP and drug content were evaluated in each
scheduled time. After two weeks storage, all samples presented a tendency to aggregate. The
parameters evaluated that prove this fact are particle size (> 600 nm) and PDI (> 0.3),
suggesting an increase in the number of larger particles and a decrease in the narrow size
distribution of the suspension. These results were not unexpected, as it was previously
reported that CS microparticles showed reduced ZP and enhanced particle size after 28 days
storage [66]. Factors to explain the size evolution during time storage are swelling, particle
aggregation and interaction of free polymer chains with the particle network [64]. On the
other hand, NP suspensions presented no considerable variations for drug content, which
remained around 99% during storage time. However, the lyophilized NPs displayed a slight
decrease in the drug content after 1-month storage. Altogether, the results obtained in these
preliminary studies indicated that further studies must be conducted in this field in order to

improve the stability of the design formulations.
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With the aim to study the ability of the nanosystems to protect the encapsulated drug
from photodegradation, DOX water solution, as well as DOX-CS-NPs and PEG-DOX-CS-
NPs in both suspension and lyophilized states were exposed to UVA radiation. DOX water
solution followed a first kinetic order (r = 0.9857), with half-live (ti») = 9.15 h. Likewise, the
degradation profiles of DOX into DOX-CS-NPs and PEG-DOX-CS-NPs were according to a
first (r = 0.9374) and second kinetic order (r = 0.9818), with ty, = 4.17 h and 5.57 h,
respectively. These findings of ty,, therefore, revealed that the nanostructured systems were
not able to protect DOX from the UVA radiation during the entire study period. In contrast,
the lyophilized samples L-DOX-CS-NPs and L-PEG-DOX-CS-NPs followed a second kinetic
degradation order (r = 0.9975 and 0.9950, respectively) and presented encouraging results
about t;,, L-DOX-CS-NPs and L-PEG-DOX-CS-NPs demonstrated tj, values 15- and 7.5-
fold greater (62.5 h and 41.67 h) compared to their suspension forms, respectively, suggesting

an improvement on photostability of dry solid forms.
3.7. Cytotoxicity assays

In vitro assays are very attractive due to ethical aspects and for being a rapid and effective
pathway to assess toxicological responses of new nanotechnologies before going to in vivo
studies. Therefore, here we performed a preliminary study on the potential antitumor activity
of the pH-responsive DOX-loaded NPs using an in vitro cell model. The cytotoxic responses
of unloaded CS-NPs, DOX-loaded CS-NPs and free DOX were evaluated against HeLa tumor
cells using MTT viability assay. A dose-dependent effect for all formulations tested can be
seen in Fig. 5. The results obtained with DOX-loaded NPs were compared to those with free
DOX in order to ensure that the drug encapsulation improves or at least maintains the
cytotoxic effects of DOX. The in vitro antitumor activity of modified and unmodified DOX-
loaded NPs was generally higher than that of free DOX at both tested concentrations. Finally,
the cell viability was higher than 85% at both tested concentrations of unloaded CS-NPs,

indicating that the surfactant 77KS did not promote significant cytotoxic effects [12].
4. Conclusions

In this work, we prepared and characterized PEGylated and poloxamer-modified DOX-CS-
NPs incorporating the pH-sensitive lysine-based surfactant 77KS. NPs showed nanoscale size
with relatively high EE%, whereas an improvement on DOX photostability was noticed when

NPs were into dry solid forms. All formulations displayed pH-triggered DOX release and can
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be stated as switching nanodevices in release kinetics, ranging from slow drug delivery while
circulating (pH 7.4) to rapid release Kinetics once target sites have been reached (pH 6.6 to
5.4). Finally, cytotoxicity experiments showed the ability of DOX-loaded CS-NPs to Kkill
HelLa tumor cells. However, further studies in MDR cancer cells are needed to enhance our
knowledge regarding the role of poloxamer together with 77KS in the sensitization of tumor
cells. Altogether, our findings suggested that the pH-responsive DOX-loaded CS-NPs
developed here could be potential stimulus-responsive drug delivery systems to target cancer

cells by triggering the acidic tumor microenvironment as well as endosomal compartments.
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Table 1. Characterization of unloaded and DOX-loaded CS-NPs with or without 77KS. The
lyophilized NPs (L-NPs) were analyzed after redispersion in ultra-pure water.

e tadedie robpey Zpiend ey
CS-NPs (CS:TPP) 170.30 £ 0.84 0.19£0.02 25.20 £1.87 5.66 -
DOX-CS-NPs (CS:TPP) 190.35+1.70 0.22+£0.01 21.90+£1.12 5.70 75.54 + 4,98
CS-NPs 176.77 £ 1.79 0.20 £ 0.02 24.00 £1.82 5.66 -
DOX-CS-NPs 197.50 £ 2.30 0.22+£0.01 21.70£0.81 5.72 66.50 = 2.68
PEG-CS-NPs 21110+ 1.55 0.24 £0.01 23.30 £ 1.96 4.68 -
PEG-DOX-CS-NPs 226.40 + 2.33 0.23+£0.01 23.65 £ 1.06 5.19 66.32 £ 3.54
Polox-CS-NPs 184.50 = 2.00 0.21+£0.02 22.05+£0.91 5.48 -
Polox-DOX-CS-NPs 209.70 £ 1.35 0.22 £0.03 21.00 £ 0.85 5.60 62.21 £ 2.88
L-DOX-CS-NPs 21745+ 4.49 0.33+£0.02 12.40 £ 0.15 6.14 67.42 £ 10.85
L-PEG-DOX-CS-NPs 491.60 £ 32.38 0.73+£0.09 20.45+£0.78 5.91 65.32 £ 3.18
L-Polox-DOX-CS-NPs 252.80 + 7.46 0.40 £ 0.03 17.50 £ 0.93 5.98 61.27 £2.28

“SD = standard deviation (n =3)
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Table 2. Observed rate constants, correlation coefficients, MSC and half-lives (t1,) obtained
by mathematical modeling of DOX release from the different NPs when immersed in PBS
buffer at pH 7.4, 6.6 and 5.4. Results are expressed as mean * standard deviation (SD) of
three experiments.

me%?um DOX-CS-NPs PEG-DOX-CS-NPs  Polox-DOX-CS-NPs
Biexponential
r 0.99+0.01 1.00 £ 0.01 1.00 £ 0.01
MSC 3.96 + 0.36 4.28 +0.25 417 +0.45
ke (W) 0.44 + 0.05 0.67 + 0.07 2.84+1.25
tip ki (h™) 7.4 1.58 £ 0.47 1.02 +£0.29 0.24 +0.09
ko (W) 0.002 £ 0.01 0.01+0.01 0.36 £ 0.36
tip ko (W) 407.64 + 33.76 93.64 £9.12 1.91+0.38
a 0.74 +0.04 0.70+0.03 0.31+0.08
b 0.23+0.04 0.26 +0.02 0.68 £ 0.08
Monoexponential
r 0.99+0.01 0.99+0.01 0.98+£0.01
MSC 6.6 3.74 +0.32 3.46 +0.63 3.13+0.35
k (%) 0.64 + 0.04 1.23+0.08 1.05 +0.08
tiz () 1.07 +0.05 0.56 + 0.03 0.65 + 0.14
r 1.00 £ 0.01 0.99+0.01 1.00 £ 0.00
MSC 5.4 4.68 +0.29 3.31+0.31 5.07+0.25
k (h™) 0.76 £ 0.03 0.98 + 0.07 0.91+0.03
tiz (h™) 0.90 +0.10 0.71+0.20 0.76 + 0.19
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pH~6.6and 5.4 Destabilization of NP structure
NANOPARTICLE and drug release

Fig. 1. Design of pH-responsive DOX-loaded CS-NPs to facilitate target drug release at the
tumor site.
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Fig. 2. UV-Vis absorption spectra of the DOX extracted from NPs (A) and DOX aqueous
solution (B).
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Fig. 3. pH-dependent in vitro cumulative DOX release from NPs in PBS buffer at pH 7.4, 6.6
and 5.4. (A) DOX-CS-NPs, (B) PEG-DOX-CS-NPs, (C) Polox-DOX-CS-NPs and (D) DOX-
CS-NPs without 77KS. Results are expressed as the mean * SE of three independent
experiments. Statistical analyses were performed using ANOVA followed by Tukey’s
multiple comparison test. @ Significant difference from PBS pH 7.4 (p < 0.05), ° highly
significant difference from PBS pH 7.4 (p < 0.01).
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Fig. 4. FT-IR spectra of pure DOX (A), CS raw material (B), DOX-CS-NPs (C) and PEG-
DOX-CS-NPs (D).



111

100
W1 ug/ml M 50 pg/ml
110 pg/ml 200 pg/ml
i
80
£ 60 -
£
=
- I
= 1 1 <
S T =
40
20
0
NPs oxX NPs NPs NPs
Un\oaded-cs Free D POX-CS PEG—DOX'CS Po\OX—DO}(KCS

Fig. 5. In vitro antitumor activity of unloaded-CS-NPs, free DOX and DOX-loaded CS-NPs
in HeLa cell line.
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6. ARTIGO CIENTIFICO III:

“Chitosan nanoparticles functionalized with a pH-responsive surfactant

improved the in vitro antineoplastic effects of doxorubicin”

O presente manuscrito esta disposto no formato de submissdo ao periédico Chemico-
Biological Interactions (Fator de impacto 2,577. WebQualis A2).
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APRESENTACAO EM PORTUGUES

Nanoparticulas de quitosana incorporando um tensoativo pH-sensivel melhoraram a

atividade antineoplasica in vitro da doxorrubicina

Conforme demonstrado em estudo prévio, o tensoativo 77KS apresenta propriedade de
romper membranas biologicas de forma pH-dependente. Além disso, as CS-NPs incorporando
este tensoativo mostraram-se capazes de promover a liberagdo acelerada da DOX encapsulada
em meios acidificados. Sendo assim, a fim de aprofundar nosso conhecimento acerca do
potencial terapéutico/toxico das NPs incorporando o 77KS, com ou sem os modificadores
PEG e poloxamer, neste trabalho foram conduzidos estudos de citotoxicidade in vitro, bem
como estudos de hemolise para verificar a capacidade litica de membrana e a
hemocompatibilidade das NPs. Para os estudos de citotoxicidade, utilizaram-se trés linhagens
celulares, sendo uma ndo-tumoral (fibroblastos 3T3), servindo como controle da atividade
inespecifica das NPs, e duas linhagens tumorais (HeLa e MCF-7). Os ensaios MTT e NRU
foram aplicados para a determinacdo da viabilidade celular. As CS-NPs contendo DOX
tiveram sua atividade antitumoral comparada ao farmaco ndo-encapsulado. Os diferentes
tratamentos foram aplicados utilizando-se meio de cultivo com pH normal, por 24 e 48 horas,
além de pH levemente acidificado, simulando as condi¢des do microambiente tumoral (pHe ~
6,6), por 24 horas. As CS-NPs exibiram efeitos citotdxicos maiores nas linhagens celulares
tumorais, principalmente quando em meio acidificado (pH 6,6), e baixa atividade contra as
celulas ndo tumorais. O ensaio de hemdlise, com o eritrécito como modelo de membrana
endossomal, foi realizado para verificar a atividade litica de membrana das NPs de acordo
com o tempo de exposicao, concentragdo das NPs e pH do meio (7,4, 6,6 e 5,4). Demonstrou-
se que as NPs contendo o 77KS apresentaram atividade litica significativamente maior em
relacdo as NPs sem o 77KS em pH 6,6 e 5,4, indicando que o tensoativo é, claramente, o
responsavel pela atividade pH-sensivel das NPs. Este resultado poderia ser explicado pela
protonacdo da molécula do 77KS quando em pH é&cido, o que aumentaria a sua
hidrofobicidade e, consequentemente, sua interagdo com as membranas celulares. Por fim, o
teste de hemolise também foi utilizado para verificar a hemocompatibilidade das NPs, uma

vez que estas sdo pretendidas para administracdo endovenosa.
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Chitosan nanoparticles functionalized with a pH-responsive surfactant

improved the in vitro antineoplastic effects of doxorubicin

ABSTRACT

Stimuli-responsive delivery systems that release a therapeutic molecule in a controlled
manner are highly desirable for the antineoplastic therapy. Of particular interest are pH-
responsive nanocarriers because they allow the exploitation of the various pH gradients within
the body, for example, between healthy tissue and tumor tissue, or between the extracellular
tissue and some cell compartments. Likewise, modifications in nanocarriers with polyethylene
glycol (PEG) and poloxamer have been exploiting in an attempt to improve the effectiveness
of cancer treatments. Here, we prepared pH-responsive DOX-loaded chitosan—
tripolyphosphate nanoparticles (NPs), modified or not with PEG or poloxamer, for target
delivery to tumor cells. The pH-sensitive surfactant 77KS, derived from the amino acid
lysine, was used as a potential bioactive adjuvant for intracellular drug delivery. Owning to
the pH-sensitivity of 77KS, the CS-NPs showed pH-responsive membranolytic behavior upon
reducing the pH value of surrounding media to 6.6 and 5.4. The in vitro antiproliferative
assays with MCF-7 and HelLa tumor cells indicated that the NPs themselves had no associated
significant cytotoxicity, while DOX-loaded modified and unmodified NPs possessed higher
cytotoxicity than free drug. Additionally, DOX-loaded CS-NPs displayed greater selectivity
to tumor cells than to the non-tumor 3T3 fibroblasts. Finally, the feasibility of using these
NPs to target tumor microenvironment was proven, as cytotoxicity against cancer cells was
higher in a mildly acidic environment. Altogether, the results suggest that the combination of
endosomal acidity with the endosomolytic capability of these pH-responsive nanocarriers
could increase the intracellular delivery of DOX, which thus might enhance its antineoplastic
efficacy. Therefore, the designed pH-responsive CS-NPs may offer a promising pattern to

accurately deliver DOX payload to tumor cells for cancer therapy.

Keywords: Chitosan-based nanoparticles; Doxorubicin; In vitro antitumor activity; Lysine-

based surfactant; pH-sensitive membranolytic behavior
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1. Introduction

Increasing efforts have been made to exploit physiological signals such as pH and
temperature for targeted drug delivery applications [1,2]. Of the various stimuli, pH has been
widely investigated for the treatment of solid tumors. A response to pH change is of great
importance, since defined pH gradients exist in biological systems. Neoplastic tissues could
exhibit a lower pH value (acidosis) than healthy tissue and, therefore, drug targeting to solid
tumors can be achieved by designing stimuli-sensitive drug carriers [3]. The slight acidosis in
tumor tissue, with pH values ranging from 6.5 to 7.2, is attributed to a combination of
elevated aerobic glycolysis and reduced blood flow [4]. Likewise, the early and late
endosomal compartments have acidic pH of about 6.6 and 5.4, respectively [5].

Cancer is one of the main causes of mortality worldwide and doxorubicin (DOX) is a
potent chemotherapeutic drug applied in the clinics for the treatment of various human
cancers. DOX is a hydrophilic drug that binds to DNA by intercalation and induces a series of
biochemical events, leading to apoptosis in tumor cells [6]. The clinical efficacy of the
conventional treatments with DOX is often compromised by the acquisition of resistance in
cancer cells and/or by the generation of several side effects to the patients, especially a
cumulative dose-dependent cardiotoxicity [7-9]. Moreover, conventional drugs usually easily
escape from tumors, but the accumulation in the tumor tissue can increase significantly when
encapsulated into a nanostructure [10].

Upon this sense, investigations on nanocarriers for antitumor therapy are dominating
the field and growing rapidly. Polymeric NPs responsive to pH that are capable of retaining
drug during circulation while actively releasing it at the tumor site and/or inside the target
tumor cells have received an overwhelming interest for tumor-targeting cancer chemotherapy
[11,12]. Moreover, when vectorized, DOX would be favored to accumulate on the site of
action, limiting thus its dispersion into healthy tissues [13].

Chitosan (CS) is a naturally occurring polymer that has been attracting increasing
attention in pharmaceutical and biomedical applications because of its biocompatibility,
biodegradability, non-toxicity, cationic properties and bioadhesive characteristics [14,15].
Therefore, CS nanoparticles (NPs) are of great interest as drug delivery systems, including
applications for cancer therapy [16,17]. Considering DOX encapsulation, the challenge was to
entrap a cationic, hydrophilic molecule into NPs formed by ionic gelation of the positively
charged polysaccharide CS. A previous study has report the use of the polyanionic dextran
sulphate to mask the positive charge in DOX [18]. Here, we used the polyanion pentasodium

tripolyphosphate to form the NPs by ionic complexation with CS, which can also aid DOX



117

encapsulation by electrostatic interactions [19]. Moreover, several modifications can be
envisioned to further improve and tune CS-based colloidal drug delivery systems. Here, we
reported a simple strategy for preparation of pH-responsive CS-NPs encapsulating DOX by
using the ionic gelation method. Without crosslinkers and/or organic solvents, a bioactive
amino acid-based surfactant with sodium counterion (77KS) was incorporated into NP matrix
to give it a pH-sensitive behaviour [20].

It is well known that DOX is found to be glycoprotein P (P-gp) substrate, which is
likely to develop the multidrug resistance (MDR). In an attempt to achieve MDR reversal
capacity, poloxamer-modified NPs have been studied [21,22]. Poloxamers are approved by
the Food and Drug Administration (FDA) and are well tolerated upon repeated exposure [23].
The key attribute for the biological activity of poloxamers is their capability to incorporate
into membranes, affecting various cellular functions, which in turn cause drastic sensitivity of
MDR tumors to various antitumor drugs [21]. Additionally, PEG modification technology of
NPs has been shown not only to provide prolonged in vivo circulation, but also lower
clearance of the encapsulated drug [24]. This behaviour, in turn, contributes to the great
success of the anticancer therapy.

Therefore, the aim of this study was to assess the in vitro antiproliferative activity of
the pH-responsive CS-based NPs in comparison with free DOX. We used HelLa and MCF-7
tumor cell models and 3T3 fibroblasts as non-tumor control cells. Moreover, we studied the
feasibility of using these NPs to target acidic tumor extracellular environment using also in
vitro endpoints. Finally, the role of pH in the membrane-lytic activity of CS-based NPs
incorporating 77KS, containing or not the modifiers PEG and poloxamer, was evaluated by

the hemolysis assay with the erythrocyte as a model for the endosomal membrane.

2. Experimental

2.1. Chemicals and reagents

Chitosan (CS) of low molecular weight (LMW) (deacetylation degree, 75-85%;
viscosity, 20-300 cP according to the manufacturer’s data sheet), pentasodium
tripolyphosphate (TPP), polyethylene glycol methyl ether (MPEG, M, = 5,000), poloxamer
188 solution (10%, w/v), 2,5-diphenyl-3,-(4,5-dimethyl-2-thiazolyl) tetrazolium bromide
(MTT), neutral red (NR) dye, dimethyl sulfoxide (DMSQ), phosphate buffered saline (PBS)
and trypsin-EDTA solution (0.5 g porcine trypsin and 0.2 g EDTA < 4Na per liter of Hanks’
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Balanced Salt Solution) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Doxorubicin (DOX, state purity 98.32%) was purchased from Zibo Ocean International Trade
(Zibo, Shangdong, P.R., China). Fetal bovine serum (FBS) and Dulbecco’s Modified Eagle’s
Medium (DMEM), supplemented with L-glutamine (584 mg/l) and antibiotic/antimicotic (50
mg/ml gentamicin sulphate and 2 mg/l amphotericin B), were purchased from Vitrocell
(Campinas, SP, Brazil). All other reagents were of analytical grade.

The anionic amino acid-based surfactant derived from N% N°-dioctanoyl lysine and
with an inorganic sodium counterion (77KS) was included in the NP formulations as a
bioactive and pH-sensitive adjuvant. Two alkyl chains form its chemical structure, each one
with eight carbon atoms. It has a molecular weight of 421.5 g/mol and a critical micellar
concentration (CMC) of 3 x 10° pg/ml [25]. This surfactant was previously synthesized as

described elsewhere [26].

2.2. Nanoparticle preparation

CS-NPs were obtained by ionotropic gelation method, according to Calvo et al. [27].
Firstly, a CS solution (0.1% w/v) was prepared by dissolving LMW-CS in 1% (v/v) acetic
acid solution. The pH of the CS final solution was adjusted to 5.5 with 1 M NaOH [28]. Then,
unloaded-CS NPs were formed spontaneously upon dropwise addition of a premixed solution
containing the cross-linker TPP and the surfactant 77KS (at 0.2% and 0.05%, wl/v,
respectively) over the CS solution under magnetic stirring at room temperature for 20 min.
The final selective ratio of NPs was CS:TPP:77KS ratio of 5:2:0.5 (w/w/w). Similarly, DOX-
loaded CS NPs (DOX-CS-NPs) were prepared following the same procedure, but first adding
DOX to the CS solution (CS:DOX ratio 5:0.5, w/w) under 1000 rpm magnetic stirring for 10
min. Furthermore, PEGylated DOX-CS-NPs (PEG-DOX-CS-NPs) were obtained by first
preparing a mixed solution of CS and PEG (0.1 and 1% w/v, respectively) in 1 % (v/v) acetic
acid. Poloxamer-modified DOX-CS-NPs (Polox-DOX-CS-NPs) were reached by adding
TPP:77KS solution to CS solution containing 0.5% (w/v) of poloxamer. All procedures
involving DOX were conducted in a low incidence of light. The resulting DOX-loaded NPs
were purified by dialysis for 1 h in distilled water (dialysis bag - Sigma-Aldrich, 14,000

MWCO), in order to remove the non-encapsulated drug.

2.3. Nanoparticle characterization
The mean hydrodynamic diameter and the polydispersity index (PDI) of the NP

suspensions in water and also dispersed in cell culture medium were determined by dynamic
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light scattering (DLS) using a Malvern Zetasizer ZS (Malvern Instruments, Malvern, UK).
The samples were diluted in cell culture medium with 5% (v/v) FBS before the corresponding
measurements and the dynamic evolution of particle distribution was investigated by
monitoring particle size over time. Readings were taken at 25°C immediately after dilution (t
= 0 h) and after 24 h incubation at 37°C (t = 24 h), simulating the environment found during
the in vitro cytotoxicity experiments. Each measurement was performed using at least three
sets of ten runs. The zeta potential (ZP) of NPs was assessed by determining the
electrophoretic mobility with the Malvern Zetasizer ZS equipment. The measurements were
performed after dilution of the formulations in 10 mM NaCl aqueous solution (1:10 volume

per volume), using at least three sets of 10 runs.

2.4. Preparation of red blood cells suspensions

Erythrocytes were isolated from human blood, which was obtained from discarding
samples of the Clinical Analysis Laboratory of the University Hospital of Santa Maria. Tubes
containing EDTA as anticoagulant were used for blood collection. Red blood cells were
isolated by centrifugation at 3,000 rpm for 10 min, and washed three times in an isotonic
phosphate buffer solution (PBS) containing 123.3 mM NaCl, 22.2 mM Na,HPO, and 5.6 mM
KH,PO, in distilled water (pH 7.4; 300 mOsmol/l). These washing steps are necessary to
remove other cells and traces of plasma. The cell pellets were then suspended in PBS at a cell
density of 8 x 10° cell/ml.

2.5. Hemocompatibility studies

The hemolysis assay was performed following the previously described procedure
[29]. Twenty-five microliter aliquots of erythrocyte suspension were exposed to unloaded-
CS-NPs at concentrations of 150, 300 and 600 pg/ml (concentrations based on the total
composition of the formulation), and to DOX-loaded CS-NPs or free DOX at concentrations
of 10, 20 and 40 pg/ml (concentrations based on the total amount of DOX). Each formulation
was suspended in PBS buffer at pH 7.4 in a total volume of 1 ml. Two controls were prepared
by resuspending erythrocyte suspension either in buffer alone (negative control) or in distilled
water (positive control). The samples were incubated at room temperature for 10 minutes or 1
h and then centrifuged at 10000 rpm for 5 min to stop the reaction. Absorbance of the
hemoglobin released in supernatants was measured at 540 nm by a double-beam UV-VIS
spectrophotometer (Shimadzu, Kyoto, Japan), model UV-1800. The percentage of hemolysis

of each sample was determined by comparison with the positive control samples.
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2.6. pH-dependent membrane-lytic activity of nanoparticles

The pH-dependent membrane-lytic activity of the NPs was assessed using the
hemolysis assay, with the erythrocytes as model of the endosomal membrane [30,31]. PBS
buffers of pH 7.4, 6.6 and 5.4 were prepared to be isosmotic to the inside of the erythrocyte
and cause negligible hemolysis. The extent and kinetics of hemolysis were assessed as

reported earlier [20].

2.7. In vitro antitumor activity of free and encapsulated drug

2.7.1. Cell cultures and treatments

The tumor cell lines HeLa (human epithelial cervical cancer) and MCF-7 (human
breast cancer) were used as in vitro models to study the antitumor activity of DOX in its free
and nanoencapsulated forms. Moreover, the non-tumor cell line 3T3 (murine Swiss albino
fibroblasts) were used as negative control of the antitumor activity. All cells were grown in
DMEM medium (4.5 g/l glucose), supplemented by 10% (v/v) FBS, at 37°C with 5% CO,.
They were routinely cultured in 75 cm? culture flasks and harvested using trypsin-EDTA
when the cells reached approximately 80% confluence.

HeLa (7.5 x 10° cells/ml), MCF-7 (1 x 10° cells/ml) and 3T3 (1 x 10° cells/ml) cells
were seeded into the 60 central wells of 96-well cell culture plates in 100 ul of complete
culture medium. Cells were incubated for 24 h under 5% CO; at 37°C and the medium was
then replaced with 100 ul of fresh medium supplemented by 5% (v/v) FBS containing the
treatments. Unloaded-CS-NPs were assayed in the 25-200 pg/ml concentration range, being
these concentrations based on the total composition of the formulation. In contrast, cells
incubated with DOX-CS-NPs and free DOX were assessed at pg/ml equivalent drug
concentration range (0.1-10 pg/ml). Untreated control cells were exposed to medium with 5%
(v/v) FBS only. The cell lines were exposed for 24 h or 48 h to each treatment, and their
viability was assessed by two different assays, as described below.

To assess the cytotoxic effects of the NPs as a function of the pH, the cells were
exposed to treatments at pH 6.6, which mimics the acidic extracellular environment of tumors
(pHe) [32]. To obtain an acidified medium, DMEM 5% FBS was mixed with 1 M HEPES
buffer pH 6.2 (acidified with 5 M HCI) at a ratio of 4:1. Thereafter, the resulting mixture,
with an experimental pH of 6.6, was applied for tumor cell treatments with NPs and free drug
for 24 h. Here, untreated control cells were exposed to the acidified medium.
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2.7.2. Cytotoxicity assays

The endpoints MTT and Neutral Red Uptake (NRU) were used to assess cell viability
in the in vitro cytotoxicity assays. The first one is a measurement of cell metabolic activity,
while the later reflects the functionality of the lysosomes and cell membranes. After complete
the cell treatment time, the medium was removed, and 100 pl of MTT in PBS (5 mg/ml)
diluted 1:10 in medium without FBS was then added to each well. Similarly, 100 ul of 50
pHg/ml NR solution in DMEM without FBS was added to each well for the NRU assay. The
microplates were further incubated for 3 h under 5% CO, at 37°C, after which the medium
was removed, and the wells of the NRU assay were washed once with PBS. Thereafter, 100
pl of DMSO was added to each well to dissolve the purple formazan product (MTT assay) or,
similarly, 100 pl of a solution containing 50% ethanol absolute and 1% acetic acid in distilled
water was added to extract the NR dye (NRU assay). After 10 min shaking at room
temperature, the absorbance of the resulting solution was measured at 550 nm using a
SpectraMax M2 (Molecular Devices, Sunnyvale, CA, USA) microplate reader. Cell viability
for MTT and NRU was calculated as the percentage of tetrazolium salt reduced by viable
cells in each sample or as the percentage of uptake of NR dye by lysosomes, respectively.

The cytotoxicity of each NP in each cell line was expressed as percentage of viability
with regard to untreated control cells (the mean optical density of untreated cells was set at
100% viability) in terms of its ICsq (concentration causing 50% death of the cell population),

calculated from concentration-response curves.

2.7.3. Selectivity index
The degree of selectivity of the NPs against tumor cell lines is expressed by the

Selectivity index (SI) [33], which was calculated as follows:
Selectivity index (SI) = ICsq in non-tumor cell line/ ICsq in tumor cell line

2.8. Statistical analysis

Results are expressed as mean + standard error (SE) and statistical analyses were
performed using one-way analysis of variance (ANOVA) to determine the differences
between the datasets, followed by Tukey’s or Dunnett’s post-hoc tests for multiple
comparisons, using SPSS® software (SPSS Inc., Chicago, IL, USA). All in vitro experiments

were performed at least three times, using three replicate samples for each formulation
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concentration tested. p < 0.05 and p < 0.005 were considered significant and highly

significant, respectively.

3. Results and discussion

In this study, an acid-triggered drug carrier system with potential ability of rapid
intracellular drug release was investigated for potential tumor therapy (Fig. 1). It should
further be noted that a fast DOX release feature renders pH-responsive NPs also particularly
appealing for treatment of multidrug-resistant (MDR) cancers, as initially sensitive tumor

cells can become resistant due to slow drug release at the site of action [32].
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Fig. 1 Schematic representation of a proposed mechanism for the cellular uptake and drug
release of pH-responsive CS-NPs. (1) Internalization of NPs by endocytosis, (2) Under mildly
acidic environments found in endosomes, the carboxylic group of 77KS would become
protonated, which would enhance its hydrophobicity and cause the disruption of endosomal
membranes, releasing thus the loaded drug into the cytoplasm, and (3) without a specific
mechanism for endosomal escape, DOX-loaded CS-NPs would be trafficked to lysosomes,
where degradation of the drug may occur.

The ionotropic gelation between CS as the polycation and TPP as the polyanionic

partner was chose as a simple and rapid methodology to prepare NPs responsive to pH [27].
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This procedure is a solvent-free approach to prepare colloidal systems with good capacity to
encapsulate hydrophilic drugs such as DOX. The pH-sensitivity of NPs was achieved by
incorporation of the surfactant 77KS. Without crosslinkers and/or organic solvents, it was
included in the complexation process during NP preparation. It is worth mentioning that our
previous findings supported the selection of this amphiphile as a bioactive excipient. We have
demonstrated its pH-sensitive membranolytic activity, especially in the endosomal pH range,
as well as its low cytotoxic potential [20,34].

Furthermore, besides the looking for pH-responsive drug delivery systems, increasing
attention has been given to nanocarriers modified with PEG and poloxamer regarding their
potential to improve the effectiveness of cancer therapy. PEGylation was shown not only to
provide prolonged in vivo circulation, but also lower clearance of the loaded drug [24]. On the
other hand, poloxamer was shown to interact with MDR cancer cells, resulting in drastic
sensitization of tumors with respect to anticancer agents [35]. In this context, we prepared pH-
responsive DOX-loaded CS-NPs modified or not with PEG or poloxamer, and evaluated the
effects of these modifiers, together with the pH-sensitivity, on the in vitro membranolytic and
antitumor activity of these nanostructures.

The 5:2 CS to TPP ratio was confirmed as a suitable ratio to carry out the following
studies. The complete optimization procedures on the design of the NP formulation were
reported previously (unpublished data) and, here, we focused on the evaluation of the
biological properties and pH-responsive behavior. The obtained NPs have a positive surface,
which is also important for triggering membrane disruption despite the NP pH-sensitivity. It is
well known that cationic particles interact more efficiently with the negatively charged cell

membranes [36].

3.1. Characterization of nanoparticles

Before cell viability evaluation, the colloidal stability of CS-based NPs in cell culture
medium was investigated. Here, we analyzed how suspending CS-NPs in cell culture medium
supplemented with 5% FBS influenced their size and ZP values. DLS measurements were
performed right after suspending CS-NPs as well as after 24 hours of storage in medium. Fig.
2 shows the characterization parameters of the NPs obtained under standard conditions and
after dispersion in cell culture medium. DLS measurements showed that fresh prepared
unloaded and DOX-loaded CS-NPs dispersed in ultra-pure water had an average
hydrodynamic size between 170 and 227 nm (Fig. 2a). In contrast, when NPs were dispersed

in cell culture medium, the size increase was remarkable by 0 h (Fig. 2b), which indicates that
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NP agglomeration took place. After 24 h incubation under cell culture conditions (t = 24 h),
CS-NPs presented a size distribution with smaller particles than those obtained att =0 h. It is
clear that CS-NPs did not retain their size for both blank and loaded NPs. Therefore, the
results indicate that the dispersion medium plays a key role in the aggregation behavior of
CS-based NPs under standard cell culture conditions. Concerning the NP surface charge,
positive ZP values (~ 23 mV) were detected for all formulations under standard conditions
(Fig. 2c). ZP is a measurement of the electric charge at the surface of the particles and
indicates the physical stability of colloidal systems. However, when suspended in cell culture
medium, the NPs displayed ZP values closed to the neutrality (Fig. 2d). This behavior can

explain, in part, the aggregation tendency of NPs.
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Fig. 2 Characterization of unloaded and DOX-loaded CS-NPs in water and cell culture
medium: (a) and (b) Hydrodynamic diameters, and (c) and (d) zeta potential values, of fresh
prepared NP suspensions and of NPs suspending in cell culture medium, respectively. The
measurements in cell culture medium were performed right after dispersion as well as after 24
hours of storage at 37° C. DOX-NP01, DOX-NP02 and DOX-NPO03 represent DOX-CS-NPs,
PEG-DOX-CS-NPs and Polox-DOX-CS-NPs, respectively. Unloaded-NPs represent the same
formulations without the drug.

The increase in measured particle size in protein-containing medium may be due to
protein coating of the particles and aggregation, rather than further growth of the individual

particle size after its initial formation [30,37]. It is widely reported that NPs are easily
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aggregated or agglomerated in a cell culture medium for in vitro assessments because the high
ionic nature of the solution and the electrostatic/van der Waals interaction between protein
and NPs result in the formation of secondary particles [38-40]. Considering this relevant
behavior in cell culture medium, the size of the secondary NPs should be used as a
characteristic parameter to determine the in vitro activity of NPs [41]. It is worth mentioning
that these secondary NPs are also taken up into the cell by endocytosis. Moreover, previously
studies have demonstrated that the secondary NP size did not affect the cell viability and
efficiency of endocytosis [42].

At the pH of the cell culture medium (~ 7.4), there is a considerable reduction in the
degree of protonation at the NPs surface (confirmed by the ZP values), which decreases
electrostatic repulsion between the particles and, thereby, increases the probability of particle
aggregation. However, the decreasing protonation state of the CS molecule in the particle
surface might lead to desorption of the superficial molecules, due to reduced ionic interaction
with both TPP and 77KS. This process probably has a slow equilibration, which may justify
the shaping of smaller NPs after 24 h incubation in the cell culture medium.

3.2. pH-dependent membrane-lytic activity of nanoparticles

Cells usually take up colloidal systems via endocytosis and an important challenge for
the intracellular delivery of therapeutic compounds is to circumvent the non-productive
trafficking from endosomes to lysosomes, where degradation may occur [43]. Therefore, the
ongoing development of stimuli-responsive colloidal systems has afforded an opportunity to
design nanocarriers responsive to pH that efficiently facilitate the drug release into the cytosol
by destabilizing endosomal membranes under mildly acidic conditions [44].

Acid-sensitive NPs that are prone to swelling, dissolution or degradation at endosomal
pH (5.4-6.6) are a promising approach to obtain fast intracellular DOX release in tumor cells.
Therefore, for understanding the pH-sensitivity behavior of NPs, we firstly performed
swelling studies by soaking CS-NPs into PBS buffer pH 7.4 and 5.4 that mimic extracellular
and endosomal environments. After 3 h incubation, it was noticed a considerable increase of
particle size with decrease of buffer pH from 7.4 to 5.4 (178.9 nm and 309.7 nm,
respectively). This pH-sensitive swelling behavior, attributed to the increased repulsion forces
between cross-linked CS chains, demonstrated that the NPs tend to destabilize at acidic
conditions and DOX can be successfully released.

Additionally, the pH-dependent hemolysis assay of CS-NPs, with the erythrocyte as a

model for the endosomal membrane [44-46], was applied herein to assess whether the
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presence of 77KS provides to the NPs a pH-responsive membranolytic behavior. The
membrane-destabilizing activity was assessed at pH 7.4, 6.6 and 5.4. These conditions were
chosen to mimic the extracellular environment in the body, as well as the acidic conditions of
cell compartments.

The membrane-lytic activity of the unloaded and DOX-loaded NPs was evaluated as a
function of concentration, and with varying pH and incubation time (Figs. 3 and 4,
respectively). Primarily, we evaluated the hemolysis of non-encapsulated DOX, but
insignificant membrane lysis was obtained in the entire pH range (Fig. 4a). As a next step, the
membrane lysis induced by unloaded and DOX-loaded CS-NPs without 77KS was assessed
(Fig. 3a and 4b, respectively). Negligible or low hemolysis rates were obtained in all tested
conditions, proving the lack of pH-responsive behavior of these NPs in the absence of the
bioactive surfactant. Therefore, these colloidal systems do not seen to have any ability to
facilitate endosomal destabilization.

On the other hand, modified and unmodified CS-NPs incorporating 77KS displayed a
clear membranolytic activity dependent on pH. Moreover, this behavior was maintained
regardless of the presence of the drug. Both unloaded (Fig. 3b to d) and DOX-loaded CS-NPs
(Fig. 4c to e) were non-hemolytic at physiological pH and showed increasing membrane-lytic
activity as the pH decrease to 6.6 and 5.4. At physiological pH, negligible hemolysis was
observed after 10 min incubation, while maximum hemolysis of 5.7 and 12.5% was observed
after 60 min incubation with NPs loading or not the drug, respectively. As the pH decreased
to 6.6 and 5.4, the membrane-lytic activity of unloaded and DOX-loaded CS-NPs increased
significantly (p < 0.05) in a time- and dose-dependent manner. After 60 min incubation,
unloaded-CS-NPs were 1.97- and 5.99-fold more hemolytic at pH 6.6 and 5.4 than at pH 7.4,
respectively (Fig. 3b). Likewise, DOX-CS-NPs were 1.84- and 3.66-fold more membranolytic
in environments simulating early and late endosomal compartments, respectively (Fig. 4c).
Considering the PEGylated CS-NPs, similar pH-dependent behavior was observed, with blank
and drug-loading NPs showing maximum hemolysis of 70.28 and 90.90, and 82.87 and
90.36%, at pH 6.6 and 5.4, respectively (Figs. 3c and 4d). Finally, it was noticed that the pH-
sensitivity of poloxamer-modified CS-NPs was less prominent. The hemolytic activity at
acidic conditions was higher than at pH 7.4, but in a lesser extent when comparing to the
other formulations. Maximum hemolysis of 12.64 and 62.35% was observed a pH 6.6 and 5.4
with unloaded NPs, whereas 36.52 and 85.48% hemolysis was obtained with NPs
encapsulating DOX (Figs. 3d and 4e). This lower membranolytic activity of NPs modified

with poloxamer might be due to the fact that poloxamer 188 can increase the structural
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stability and resealing of the plasma membrane [23]. The mechanisms underlying this

behavior are not entirely clear, however poloxamer 188 may act by increasing the lipid

packing density [47].
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Fig. 3 pH-responsive membranolytic behavior of unloaded CS-NPs: (a) CS-NPs without
77KS, (b) CS-NPs with 77KS, (c) PEG-CS-NPs with 77KS and (d) Polox-CS-NPs with
77KS. NP-induced membrane-lysis is expressed as a function of pH, concentration and
incubation time. Results are expressed as the mean = SE of three independent experiments.
Statistical analyses were performed using ANOVA followed by Tukey’s multiple comparison
test. 2 Significantly different from pH 7.4 (p < 0.05), ° from pH 6.6 (p < 0.05), © from pH 7.4
(p < 0.005) and ¢ from pH 6.6 (p < 0.005).
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Fig. 4 pH-responsive membranolytic behavior of free drug and DOX-loaded CS-NPs: (a) free
DOX, (b) DOX-CS-NPs without 77KS, (c) DOX-CS-NPs with 77KS, (d) PEG-DOX-CS-NPs
with 77KS and (e) Polox-DOX-CS-NPs with 77KS. NP-induced membrane-lysis is expressed
as a function of pH, concentration and incubation time. Results are expressed as the mean +
SE of three independent experiments. Statistical analyses were performed using ANOVA
followed by Tukey’s multiple comparison test. * Significantly different from pH 7.4 (p <
0.05), ® from pH 6.6 (p < 0.05), ¢ from pH 7.4 (p < 0.005) and ¢ from pH 6.6 (p < 0.005).

The strong dependence of 77KS ionization with pH makes this compound an
interesting candidate to be used for the design of pH-sensitive devices [20]. Upon this sense,
we prepare polymeric NPs incorporating the amphiphile 77KS, which showed a clear
membranolytic behavior in a pH-dependent fashion. Therefore, it can be inferred that the
most significant hemolysis at acidic environments must be due to a modification in the
hydrophobic/hydrophilic balance of 77KS at the acidic pH range. The carboxylic group of
77KS seems to become protonated at acidic conditions, which makes it non-ionic and

enhances its hydrophobicity. These hydrophobic segments can insert into lipophilic regions of
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lipid bilayers, causing membrane solubilization or altering the permeability of the membrane,

inducing, hence, cell lysis [20,48].

3.3. In vitro assessments of antitumor activity

The in vitro cytotoxicity of drug alone and blank and DOX-loaded CS-NPs was
investigated by MTT and NRU assays on HeLa and MCF-7 tumor cell lines. Here, in vitro
model systems were chose, as they provide a rapid and effective means to assess NPs for a
number of toxicological endpoints and mechanism-driven responses. Moreover, an initial
animal-based screening approach is not reasonable with regard to laboratory capacities and
costs and, especially, from an animal welfare viewpoint [49].

The results from the viability assays are presented in Fig. 5 After 24 h, blank NPs
have slight toxic effects on applied cells (Fig 5a), but with DOX-loaded CS-NPs the cell
viability systematically decreased with increasing concentrations and was more inhibited than
by free DOX, in both tumor cell lines (Fig 5c to e). The more prominent results were obtained
with the higher concentrations tested. For example, the HeLa cell viability determined by the
NRU assay after 24 h incubation at 10 pg/ml drug concentration (Fig. 5d) was decreased from
60.12% for free DOX to 38.71, 36.68 and 43.92% (i.e. a 53.69, 58.78 and 40.62% increase in
cytotoxicity, p < 0.05) for DOX-CS-NPs, PEG-DOX-CS-NPs and Polox-DOX-CS-NPs,
respectively. In contrast, the non-tumor cell line 3T3 was much less sensitive to the
antiproliferative and toxic effects of DOX-loaded NPs, with viabilities higher than 60%.
Likewise, free DOX showed cytotoxicity of less than 30% to the 3T3 cells (Fig 5b). Finally, it
was observed that DOX-loaded NPs affected cell viability in a time-dependent manner. Fig.
59 and h shown that viability was significantly lower (p < 0.05) after 48 h incubation;
however, in this case, free and encapsulated DOX showed similar cytotoxic behavior (p >
0.05). Therefore, it was straightforward to understand that both incubation time and
concentration played a major role in the in vitro antiproliferative activity of DOX, where

higher drug concentration and longer incubation time would cause lower cell viability.
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Fig. 5 Cytotoxicity of varying concentrations of CS-NPs and free drug after 24 h incubation:
(a) unloaded-CS-NPs in 3T3, HeLa and MCF-7 cell lines; (b) free drug and DOX-loaded CS-
NPs in 3T3 cells by MTT assay, (c) in HeLa cells by MTT assay, (d) in HeLa cells by NRU
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expressed CS-NPs and free drug in HeLa and MCF-7 cells by MTT assay, respectively, after
48 h incubation. Data are expressed as the mean of three independent experiments + SE.
Statistical analyses were performed using ANOVA followed by Tukey’s or Dunnett’s
multiple comparison tests. @ Significant (p < 0.05) and ® highly significant (p < 0.005)
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difference from 3T3 cells. * p < 0.05 and ** p < 0.005 denote significant differences from
free DOX. DOX-NPO01, DOX-NP02 and DOX-NPO3 represent DOX-CS-NPs, PEG-DOX-
CS-NPs and Polox-DOX-CS-NPs, respectively.

From the measurements of 1Csp, defined as the concentration inhibiting 50% cell
proliferation, it was corroborated the significantly higher activity of DOX-loaded NPs. Table
1 shows that modified and unmodified DOX-loaded CS-NPs possess lower 1Cs, values than
free drug after a 24-h treatment. In contrast, after 48-h treatment, the 1Cs, values decreased to
~0.8 and 0.4 pg/ml for HeLa and MCF-7 cells, respectively; however, did not differ
significantly (p > 0.05) between free and encapsulated drug. It is worth mentioning that the
ICso values obtained in all tested conditions were statistically similar (p > 0.05) when
comparing modified and unmodified CS-NPs. These results indicated that PEG and

poloxamer did not affect the antitumor potential of DOX-loaded NPs.

Table 1. Antitumor activity of free drug and DOX-loaded CS-NPs expressed as 1Csp (ng/ml)
and Sl values.

ICso (ug/ml) + SE?

Cell Ilne_ - assay Free DOX DOX-CS-NPs PEG-DOX-CS-  Polox-DOX-CS-
conditions NPs NPs
3T3-24h-MTT 19,72° + 3.43 17.49° + 1.48 18.78° + 3.54 11.64° + 3.56
HeLa—24h-MTT 8.04%+2.03 2.09"% +1.56 251°%+1.23 2.10"®+ 3.56
MCF-7-24h-MTT  11.74>®+1.89 2.29"% +0.59 2.19%% +2.09 2.71°®+3.25
HelLa— 24 h-NRU 13.91° +1.96 2.29™ +0.98 216" + 1.47 2297 +2.84
MCF-7 —24 h - NRU 10.38° +2.35 2.39"+2.96 14.40° + 2.69 223" +1.34
HeLa— 48 h-MTT 0.91+0.78 0.69+1.12 1.05+1.45 0.71+2.74
MCF-7 —48 h - MTT 0.42 +1.02 0.30 £ 2.57 0.41+1.45 0.47 £0.78

HeLa—24h N " -
11.57°+2.51 1.617 +3.47 1.797 + 2.56 1.877 +1.25
(pH, 6.6) - MTT
MCF-7 — 24 h N . n
15.57° + 1.65 387 +4.01 432" +2.45 4647 +1.78
(pH, 6.6) - MTT
Selectivity Index (SI)
HeLa—24 h-MTT 2.45 8.37 7.48 5.54
MCF-7 —24h - MTT 1.68 7.64 8.57 4.29
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? = Standard error of the mean; ° = estimated values; = SI = ICso in non-tumor cell line (3T3)/
ICsp in tumor cell line (HeLa or MCF-7).

Statistical analyses were performed using ANOVA followed by Dunnett’s multiple
comparison tests. ~ = Significant (p < 0.05) and ~ highly significant (p < 0.005) difference
from free DOX; ® = Significant (p < 0.05) and * highly significant (p < 0.005) difference
from 3T3 non-tumor cells.

The effect of the medium’s pH during cell treatment on the cytotoxic responses of free
and encapsulated DOX were evaluated by MTT assay (Fig. 6). Free DOX showed reduced
activity against both tumor cell lines when incubated in conditions simulating the tumor
microenvironment (pHe ~ 6.6) in regard to physiological conditions. In contrast, both
modified and unmodified DOX-loaded CS-NPs showed significantly higher cytotoxic effects
(p < 0.05) to HeLa cells when incubated in a mildly acidic environment (Fig. 6a). The 1Csg
values changed from 8.04 and ~2.20 pg/ml to 11.57 and ~1.70 pg/ml for free drug and DOX-
loaded CS-NPs, respectively, representing a ~2-fold increase in the NP activity (Table 1). On
the other hand, the cytotoxicity of free DOX on MCF-7 cells was somewhat reduced at pH 6.6
(Fig. 6b). However, here the antitumor activity of NPs containing DOX is still much higher
than free drug, i.e. 79% and 58% cell viability with free DOX and DOX-CS-NPs,
respectively, at 2.5 pg/ml, representing a 100% increase in the NP cytotoxic potential.
Following the same test conditions, the antitumor effects observed in standard physiological
environment are proportionately reduced, i.e. 59% and 47% cell viability were found with
free DOX and DOX-CS-NPs, respectively, at 2.5 pg/ml, representing only a 29.27% increase
in the NP cytotoxicity.

The absorbance measured using MTT assay reflects the total metabolic activity of a
cell population and is therefore also an indirect measurement of cell proliferation [50]. On the
other hand, the NRU assay reflects the functionality of the lysosomes and cell membranes
[51]. Here we found non-significant differences (p > 0.05) between the endpoints, suggesting
thus that both free drug and DOX-loaded CS-NPs exerted toxicity on cell membranes and

mitochondrial compartments by affecting cell metabolism.
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Fig. 6 In vitro cell viability by MTT assay in tumor cell lines following 24 h-treatment with
free drug and DOX-loaded CS-NPs at pH. 6.6, simulating the pH of the tumor
microenvironment: (a) HeLa and (b) MCF-7 cells. Data are expressed as the mean of three
independent experiments + SE. Statistical analyses were performed using ANOVA followed
by Tukey’s multiple comparison tests. ® Significant (p < 0.05) and ° highly significant (p <
0.005) difference from cytotoxicity at pH 7.4 (data reported in Fig. 5¢ and e). DOX-NPO1,
DOX-NP02 and DOX-NPO3 represent DOX-CS-NPs, PEG-DOX-CS-NPs and Polox-DOX-
CS-NPs, respectively.

The rather unexpected absence of noticeable difference between the cytotoxic effect of
DOX-loaded CS-NPs prepare with CS alone and CS + poloxamer (ICso = 2.09 and 2.10 pg/ml
for HeLa cells, and 2.29 and 2.71 pg/ml for MCF-7 cells, respectively). Therefore, it can be
concluded that incorporation of poloxamer into NP matrix does not influence the cytotoxic of

NPs in these cancer cells. Similar results were found for CS-Pluronic NPs encapsulating
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gemcitabine on colon carcinoma cell line [52]. Therefore, we can state that the potential
effects of poloxamer as tumor sensitizers depend on the presence of MDR cells. Previously
studies reported that poloxamers interact with MDR tumors resulting in their sensitization
with respect to various anticancer agents, especially, anthracycline antibiotics [53].

The selectivity index (SI), calculated as the ratio between the 1Cso of NPs in non-
tumor cells and ICso in tumor cells, is greater than 4.20 in both cancer cell lines for all
designed formulations (Table 1). The SI demonstrates the differential activity of NPs, where
values lower than 2.0 indicate the general toxicity of the tested product [54]. Therefore, the Sl
values clearly reflect the high degree of selectivity of DOX-loaded NPs to tumor cells. In
contrast, free DOX have Sl values around 2.0 for both HeLa and MCF-7 cells, which
indicates its low selective cytotoxicity. These differences of selectivity between tumor and
non-tumor cells might be related to the different internalization pathways depending on the
cell characteristics and/or proliferative status. Unexpectedly, the poloxamer-modified NPs
displayed the lower values of SI among the designed formulations. This can be attributed to
the fact that the model cancer cell lines used in this study are non-MDR and poloxamer is
stated to act as a chemosensitizer, with energydepleting effects, especially in MDR tumor
cells [55].

DOX exerts its antineoplastic effect via cytotoxic mechanisms of action, especially
intercalation into DNA and inhibition of the enzyme topoisomerase Il. Some secondary
mechanisms underlying DOX action have been described, i.e. formation of reactive oxygen
species (ROS). All of these have a deleterious effect on DNA synthesis, as the intercalation of
DOX molecule leads to an inhibition of RNA and DNA polymerases by means of
disturbances in base recognition and sequence specificity [9,13]. In recent studies it has been
reported that free DOX showed greater cytotoxicity than nanostructures encapsulating DOX
[9,56,57]. Some authors attributed these results to the different transport mechanisms, as free
DOX passes from the extracellular to intracellular compartments by simple passive diffusion,
while NPs have to be internalized and thereafter release the drug content to play its cytotoxic
effects [58]. In contrast, as we observed here, several publications described the design of
DOX-loaded NPs with higher activity against tumor cells than the free drug [12,19,59]. This
behavior can be explained by the fact that despite free DOX can cross the cell membrane by a
passive diffusion mechanism, its transport into the cells can be limited by the ionization state
at physiological pH, as most of drug molecules are protonated at pH 7.4 (DOX pKa = 8.2). In
addition, since the molecular weight of conventional drugs is only a few hundred Daltons,

they easily escape from tumors [10]. However, when encapsulated into a nanocarrier, the
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increased size allows entrance into the tumor vasculature but inhibits escape, leading to
accumulation in the tumor tissue.

The enhanced cytotoxicity of DOX via the nano-sized particles means that a reverse
effect of drug resistance took place. It seems that the pH-sensitive NPs could reduce the MDR
effects that characterize a wide range of chemotherapeutics. The pH-sensitivity of NPs
probably allowed the rapid escape of DOX from the endosomes after cell internalization,
which might aid the drug to reach the nucleus easily. This behavior is more remarkable when
the cytotoxic activity of the pH-responsive CS-NPs was investigated at acidic pH (pHe ~ 6.6)
found in the tumor microenvironment. Free DOX have no enhanced and even lower activity
at this pH, whereas DOX-loaded NPs displayed higher activity against MCF-7 and HelLa
tumor cells, regardless of the presence of the modifiers PEG and poloxamer. This higher
activity at acidic pH may be due to the combined effect of increased protonation of CS and
77KS [29]. Firstly, the higher protonation of CS increases binding to the cell membrane,
which is negatively charged. Secondly, the protonation of 77KS makes it non-ionic, leading to
an enhanced hydrophobicity, which would also increase binding to the cell membrane and
trigger greater internalization, enhancing thus the cytotoxic effects. Altogether, these

mechanisms could enhance cell internalization of NPs and, thus, DOX cytotoxic effects.

3.4. Hemocompatibility studies

The intravenous administration of nanocarriers allows systemic delivery of the
encapsulated drugs to achieve specific and targeted organs. However, for frequent intravenous
dosing, it is necessary to assess if and how the NPs interact with blood components [60].
Here, we evaluated whether the unmodified and modified CS-NPs are hemocompatibles. By
assessing the hemolytic potential, we can determine the NP toxicity in the blood with regards
to the integrity of red blood cells [61].

The release of hemoglobin was used to quantify the erythrocyte-damaging properties
of NPs (Fig. 7). Regardless of the presence of the modifiers PEG and poloxamer, DOX-
loaded CS-NPs (at 10 and 20 pg/ml) were non-hemolytic (less than 5%) after 10 min
incubation and showed slight hemolysis (less than 10%) after 1 h incubation. In contrast, at
the highest concentration tested (40 pg/ml), the NPs induced considerably higher hemolysis
after 1 h incubation. The free DOX was non-hemolytic in all tested conditions. Altogether, the
obtained results suggest the hemocompatibility of the designed pH-sensitive NPs at
concentrations up to 20 pg/ml. It is worth mentioning that the NPs already presented

remarkable in vitro antitumor activity at these non-hemolytic concentrations, as the
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haemolytic concentration of 40 ug/ml is about 20 times higher than the ICso calculated in

cancer cells.
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Fig. 7 Percentage of hemolysis caused by free drug and DOX-loaded CS-NPs after 10 and 60
min of incubation with human erythrocytes: (a) free DOX, (b) DOX-CS-NPs, (c) PEG-DOX-
CS-NPs and (d) Polox-DOX-CS-NPs. Each value represents the mean * SE of three
experiments.

4. Conclusions

We have demonstrated a simple and solvent-free approach to prepare pH-responsive
CS-NPs by incorporating a biocompatible lysine-based amphiphile in the ionotropic gelation
process. The inclusion of 77KS on the formulation clearly gives it a pH-sensitive
membranolytic behavior, regardless of the presence of the modifiers PEG and poloxamer.
Moreover, the designed pH-responsive CS-NPs significantly improved the in vitro antitumor
activity of DOX with respect to the free drug, especially in mildly acidic conditions
simulating the tumor microenvironment. Outstandingly, DOX-loaded CS-NPs also displayed
greater selectivity to tumor cells than to the non-tumor 3T3 fibroblasts. Finally, by using a
hemolysis assay, it was demonstrated the hemocompatibility of these NPs. Based on the

overall results, it can be concluded that the enhanced in vitro antitumor activity of DOX-
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loaded NPs might be ascribed to their pH-responsive behavior. Therefore, these nanosystems
are potential intracellular delivery carriers, representing a promising strategy for the
administration of antitumor drugs in cancer therapy. The remarkable results obtained here

merit further investigations under in vivo conditions to confirm this evidence.
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DISCUSSAO







7. DISCUSSAO GERAL

A ampla utilizagdo da DOX como agente quimioterapéutico parte do principio de que
este antibidtico é efetivo contra inimeros tipos de céncer, incluindo leucemias, linfomas,
sarcomas e cancer de mama. Por esta razdo, tornou-se um farmaco de primeira linha no
tratamento do cancer. No entanto, assim como outros farmacos quimioterapéuticos, a DOX
apresenta efeitos adversos graves, sendo que a cardiotoxicidade dose-dependente é o mais
perigoso (BARENHOLZ, 2012). Neste contexto, pela combinacdo destas duas caracteristicas
principais (amplo uso e pouca especificidade pelo tecido tumoral), a DOX é alvo constante de
pesquisas no sentido de desenvolver sistemas carreadores capazes de liberar o farmaco apenas
na regido especifica do tumor, reduzindo, assim, a ocorréncia de cardiotoxicidade, bem como
dos demais efeitos adversos.

As NPs acumulam-se preferencialmente no tumor através do efeito EPR. Esta
biodistribuicdo diferenciada permite ao farmaco encapsulado alcancar altas concentracdes
intratumorais e baixas concentraces em tecidos normais. NPs poliméricas tém sido
extensivamente estudadas como carreadores terapéuticos e sdo desenvolvidas a partir de
polimeros biocompativeis e biodegradaveis sintéticos ou naturais (WANG et al., 2012).

A partir deste contexto geral, a discussdo a seguir baseia-se nos trés manuscritos
apresentados nas se¢des anteriores.

O ambiente extracelular do tecido tumoral € levemente acidificado (pH, ~ 6,6), assim
como 0s compartimentos intracelulares como endossomas primarios e secundarios que
apresentam valores de pH ~ 6,5 e 5,4, respectivamente. Neste contexto, os sistemas
carreadores pH-sensiveis aparecem inseridos no campo nanotecnolégico como uma
alternativa promissora para melhorar a entrega de farmacos especificamente na regido tumoral
e reduzir a toxicidade nos tecidos normais. Assim, como etapa inicial do trabalho e conforme
demonstrado no ARTIGO II, NPs de CS incorporando o tensoativo pH-sensivel 77KS foram
desenvolvidas para desencadear a liberacdo da DOX de forma pH-dependente na regido
tumoral (figura 1). O tensoativo derivado de lisina, 77KS, apresenta baixa citotoxicidade e
comportamento pH-sensivel, que lhe confere potencial aplicabilidade na area farmacéutica
(NOGUEIRA et al., 2011a, 2011b). As NPs foram preparadas pelo método de gelificacdo
ibnica, no qual foi incluido o 77KS como adjuvante bioativo (CALVO et al., 1997,
NOGUEIRA et al., 2015). O método baseia-se em ligacdes cruzadas entre as cargas positivas
do polimero CS e as cargas negativas do polianion TPP, formadas sob agitacdo a temperatura
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ambiente. A suspensdo opalescente de NPs (DOX-CS-NPs) é formada espontaneamente.
Além disso, modificacGes nas NPs foram realizadas, tais como a inclusdo dos copolimeros
PEG (PEG-DOX-CS-NPs) e poloxamer (Polox-DOX-CS-NPs). Ambos possuem a
propriedade de melhorar o desempenho do sistema nanoparticulado: o primeiro através do
aumento do tempo de permanéncia das NPs na corrente sanguinea, alcancando, dessa forma, a
regido tumoral, e 0 segundo através do mecanismo de inibicdo da bomba de efluxo Pgp, que
aparece superexpressa em células MDR (TERMSARASAB et al., 2014; BATRAKOVA et al,
2010). Todas as NPs foram caracterizadas quanto ao seu tamanho, PDI, PZ, pH, EE% e teor
de farmaco (tabela 1). De maneira geral, as NPs contendo DOX exibiram maior tamanho,
indicando a retencdo do farmaco no sistema polimérico. Além disso, a presenca do 77KS néo
afetou de maneira significativa o tamanho das NPs. Por outro lado, NPs contendo PEG
mostraram maior tamanho, justificado pela caracteristica hidrofilica do copolimero. Valores
aceitaveis de PDI foram obtidos (< 0,240), sugerindo a monodispersao dos sistemas. A
respeito dos valores positivos alcancados para PZ, estes sdo caracteristicos para NPs
preparadas a partir da CS, devido aos grupos amino catiénicos do polimero. Além disso, a
partir dos espectros de infravermelho, que podem ser vistos na figura 4, ficou evidente a
formacédo da ligacdo CS/TPP, bem como a presenca da DOX tanto na DOX-CS-NPs, quanto
na PEG-DOX-CS-NPs.

Para as analises de teor de farmaco e célculo de EE%, bem como para a quantificacdo
da DOX em estudos de liberagdo in vitro e estudos de estabilidade, utilizaram-se
metodologias analiticas por CLAE em fase reversa e espectrofotometria UV-Vis
desenvolvidas e validadas conforme descrito no ARTIGO I.

E de extrema importancia a quantificacio adequada do farmaco encapsulado uma vez
que a efetividade do sistema dependeré diretamente da concentracdo de ativo. Além disso, 0s
métodos disponiveis para o produto farmacéutico ndo sao fidedignos quando aplicados a NPs,
pois estes métodos ndo consideram a complexa matriz que envolve polimeros, copolimeros e
tensoativos. Neste sentido, desenvolveu-se e validou-se um método por CLAE em fase
reversa para quantificacdo da DOX encapsulada. Além disso, um método por
espectrofotometria UV-Vis também foi desenvolvido e validado como uma alternativa ao
primeiro (ambos descritos no ARTIGO 1). O método por CLAE empregou coluna
cromatografica Ci;g € 0 comprimento de onda fixado para as analises foi 254 nm. A fase
movel constituida por acetonitrila 90% em agua (v/v) e agua pH 3,0 acidificada com &cido
acetico glacial (33:67 v/v) mostrou-se a mais adequada para a validacdo, proporcionando

tempo de retencdo curto e reprodutivel de, aproximadamente, 6 minutos, assim como



147

resultados adequados para os pardmetros avaliados na adequabilidade do sistema. Para
validacdo do método UV-Vis, o diluente ideal foi agua pH 3,0 acidificada com acido acético
glacial. O comprimento de onda estabelecido foi 480 nm, justificado pelo fato de que a DOX
apresenta coloracdo alaranjada e, portanto, capaz de absorver radiacdo na regido visivel. Os
métodos CLAE em fase reversa e espectrofotometria UV-Vis apresentaram regressdo linear
significativa (r = 0,9996 e r = 0,9998, respectivamente) na faixa de concentracdo 1-30 ug/mL.
Para avaliacdo dos parametros especificidade, preciséo, exatiddo e robustez, utilizaram-se
como amostras as NPs desenvolvidas conforme ARTIGO II. Para isso, a DOX foi extraida
das NPs através da mistura da suspensdo de NPs com metanol (1:1 v/v), seguida de sonicacéao
por 15 minutos. A solucdo resultante foi diluida em fase mdvel ou agua pH 3,0 até a
concentracdo desejada. Na avaliacdo da especificidade, especial atencéo foi dada no sentido
de que as anélises ocorressem sem interferéncia dos excipientes das NPs bem como dos
modificadores PEG e poloxamer. Além da analise dos cromatogramas, para 0 método por
CLAE, utilizou-se detector DAD para determinar a pureza do pico. Alto indice de pureza foi
obtido (> 0,9999), demonstrando a especificidade do método. Através da analise dos
espectros de absorcdo, ficou evidente e especificidade do método UV-Vis. Para ambos 0s
métodos, os dados de repetibilidade e precisdo intermediaria apresentaram valores de DPR
conforme preconizado (< 2%), da mesma forma que resultados de exatiddo também foram
aceitaveis (98 — 102%) (ICH, 2005, tabela I). Os resultados demonstram, portanto, que 0S
métodos sdo precisos e exatos. O parametro robustez de ambos os métodos foi avaliado
através de planejamento fatorial. No que se refere ao método por CLAE, guatro fatores foram
investigados em dois niveis (alto e baixo). O valor médio de teor de DOX calculado frente ao
padrdo injetado nas mesmas condi¢des foi de 101,90% (tabela Il). Em relacdo ao método por
UV-Vis, trés fatores foram investigados em dois niveis e o valor médio de teor obtido foi
103,14%. A partir dos valores de teor e do grafico de Pareto (figura 2), pode-se dizer que 0s
métodos sdo robustos e, portanto, capazes de quantificar o farmaco de maneira satisfatdria
mesmo sob pequenas variagdes. O método por espectrofotometria é vantajoso no sentido que
ndo utiliza solvente organico, portanto com menor impacto ambiental, além da rapidez e
simplicidade; porém, ndo substitui o método por CLAE ja que este ultimo é mais especifico,
sensivel e capaz de analisar pequenos volumes de amostra.

Os métodos validados foram aplicados para analise de teor de seis lotes de NPs (tabela
3). Os resultados obtidos foram comparados estatisticamente através do teste t de Student e
ANOVA, observando-se diferencas ndo-significativas (p > 0,05). Além disso, o método por

CLAE foi utilizado para quantificacdo da DOX encapsulada quando as NPs foram expostas a
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radiacdo UVC. Altos valores de indice de pureza do pico foram obtidos através de detector
DAD, demonstrando que o método também pode ser utilizado em estudos de estabilidade.

Dessa forma, a partir dos métodos CLAE e espectrofotometria UV-Vis validados,
realizou-se analise de teor de fArmaco e EE% das NPs desenvolvidas conforme ARTIGO II.
O método CLAE também foi utilizado para quantificacdo da DOX em estudos de liberagéo in
vitro e estudos de estabilidade das NPs. De um modo geral, demonstraram-se as varias
aplicagdes deste método, que contribuem para uma caracterizacdo mais detalhada das NPs
desenvolvidas.

Em relacdo ao teor de farmaco nas NPs e EE%, resultados satisfatérios foram obtidos:
em torno de 98% e 65%, respectivamente (ARTIGO II). Estudos de liberacdo in vitro
realizados em diferentes pHs demonstraram claramente o comportamento pH-dependente das
NPs, uma vez que uma rapida liberacdo da DOX foi alcancada sob condi¢es éacidas (pH 6,6 e
5,4, figura 3). Estes resultados sugerem que a liberacdo do farmaco € estimulada pelos pHs
caracteristicos da regido do microambiente do tumor e compartimentos intracelulares,
facilitando, portanto, o acumulo da DOX nas células cancerosas. Diferencas significativas
foram encontradas entre as quantidades de DOX liberadas em meio pH 7,4 versus pH 6,6 e
5,4. A liberacdo acelerada da DOX em pH 7,4 a partir da NPs contendo poloxamer pode ser
explicada pela formacdo de estrutura porosa na NP conferida pelo copolimero (MEI et al.,
2009; YAN et al., 2010).

Os perfis de liberacdo da DOX a partir das NPs foram submetidos a modelagem
matematica (tabela 2). Os resultados mostraram que, independentemente das modificacdes
realizadas, todas as NPs exibiram comportamento biexponencial em pH 7,4, ou seja, houve
ocorréncia de efeito burst seguido de liberacdo continua da DOX. Comportamento
monoexponencial foi obtido para os perfis de liberacdo das NPs quando submetidas aos meios
pH 6,6 e 5,4, indicando que a liberacdo do farmaco para 0 meio ocorre em uma Unica etapa.

Os mecanismos de liberacdo de farmaco a partir de NPs descritos sdo dessor¢éo,
difusdo e degradacdo da matriz polimérica (GAN; WANG, 2007). Além disso, a liberacdo
pode ser facilitada por estimulos fisicos, quimicos ou bioldgicos, tais como térmicos, pH e
enzimaticos (AYDIN; PULAT, 2012; LIU et al., 2014). O modelo de Korsmeyer-Peppas foi
utilizado para avaliar o mecanismo de liberacdo da DOX a partir das NPs expostas a
diferentes valores de pH. Para isto, a concentracdo acumulada de farmaco liberado para o
meio foi plotada versus tempo. Para sistemas de liberacdo de farmacos esféricos, o expoente
de liberagdo (n) < 0,43 indica difusdo Fickiana, enquanto 0,43 < n < 0,85 referem-se a difusao

ndo-Fickiana ou transporte anémalo e valores de n > 0,85 indicam transporte caso II
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(PEPPAS, 1985). A partir disto, difusdo Fickiana e ndo-Fickiana foram observadas como
possiveis mecanismos de liberacdo, sendo que os resultados obtidos variaram de acordo tanto
com a composicdo da NP, quanto com o pH do meio de liberacdo. Em resumo, pode-se
ressaltar que a liberagdo da DOX em pH 7,4 (independente das modifica¢cdes nas NPs) ocorre
por difusdo ndo-Fickiana, ou seja, mecanismo de liberacdo dependente de difusdo e
relaxamento das cadeias poliméricas, podendo ser a razdo para a lenta liberacdo do farmaco
em condicdes fisiologicas. Para as NPs em pH 6,6 e 5,4, verificou-se que a liberagdo da DOX
ocorre por difusdo Fickiana.

Com intuito de melhorar a estabilidade das NPs, estas foram liofilizadas (L-NPs) ap0s
otimizacdo inicial do processo conforme descrito no ARTIGO Il. As L-NPs foram
caracterizadas e os resultados sdo exibidos na tabela 1. Os resultados alcangados foram
satisfatorios, mas sugerem que o processo necessita de estudos futuros nos quais diferentes
crioprotetores e tempos de congelamento e/ou secagem podem ser deliberados e analisados
com maior profundidade.

Durante o estudo de estabilidade a baixa temperatura, verificou-se agregacdo do
sistema, com aumento de tamanho e PDI tanto das suspensGes de NPs, quanto das NPs
liofilizadas, sugerindo, assim, que mais estudos sdo necessarios no sentido de melhorar o
comportamento do sistema quanto a manutencdo de suas caracteristicas fisico-quimicas por
um periodo de tempo mais prolongado. Por outro lado, tanto as suspensfes de NPs, como as
L-NPs, apresentaram teor proximo ao inicial mesmo ap6s dois meses de armazenamento.
Além disso, as L-NPs apresentaram resultados positivos quanto a sua capacidade de proteger
a DOX da radiacdo UVA, com aumento de t;;, em até 15 vezes, quando comparadas com as
respectivas suspensdes. Portanto, pode-se dizer que a liofilizagdo das NPs aumenta a
fotoestabilidade da DOX.

Estudos de hemolise e citotoxicidade in vitro foram conduzidos com o objetivo de
aprofundar o conhecimento acerca do potencial terapéutico/téxico das NPs incorporando o
tensoativo 77KS, contendo ou ndo os modificadores PEG e poloxamer (ARTIGO I11). As
NPs objeto destes estudos foram preparadas conforme descrito no ARTIGO Il. Como parte
adicional da caracterizagdo fisico-quimica, mediu-se o diametro médio de particula e PZ das
NPs quando em contato com o meio de cultivo (DMEM 5% FBS), simulando as condi¢6es do
ensaio de citotoxicidade in vitro (figura 2). Essas medicOes sdo importantes para a
compreensdo das respostas obtidas nos estudos toxicologicos. Os resultados obtidos mostram
claramente o papel do meio na estabilidade das NPs, uma vez que uma tendéncia a agregacao

foi observada neste caso. O fato pode ser explicado pela presenca de proteinas no meio, que
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se ligariam a superficie das NPs através de interacdes de cargas, aumentando assim seu
tamanho hidrodinamico. Além disso, os valores de PZ que se aproximam do neutro acabam
favorecendo a agregacdo. No entanto, ap6s 24 h de incuba¢do no meio, a 37°C, pode-se
observar uma redugdo no tamanho hidrodinamico. A reduzida protonagdo da CS quando em
pH ~ 7,4 supbe uma reducao na interacdo deste polimero com o TPP e 0 77KS. Este processo
teria um equilibrio lento, que poderia justificar a reducdo no diametro médio de particula
observada apenas ao final do tempo de incubacdo (24 h). Considerando o comportamento das
NPs em meio de cultivo, destaca-se que NPs secundarias sdo também captadas pelas células
via endocitose (HORIE, 2012), o que mantém, portanto, a atividade farmacoldgica do
farmaco encapsulado.

Ao longo do ARTIGO III, através dos estudos de hemolise, conduzidos com o
eritrécito como modelo de membrana endossomal, verificou-se a capacidade litica de
membrana pH-sensivel das NPs (figura 3 e 4). Comparando-se os resultados obtidos para as
NPs com e sem 77KS, é possivel comprovar que as NPs incorporando o tensoativo séo
capazes de romper membranas bioldgicas de forma sensivel ao pH. Dessa forma, pode-se
predizer uma maior liberacdo do farmaco encapsulado no ambiente intracelular. Além disso,
os modificadores PEG e poloxamer ndo interferiram na capacidade litica das NPs. Ainda,
destaca-se que a atividade litica de membrana das NPs foi dependente do tempo de incubacéo
e da concentracdo da formulacdo. A partir destes dados, pode-se inferir que o comportamento
pH-sensivel das NPs &, claramente, conferido pelo 77KS. Tais dados sdo justificados pela
presenca de grupo carboxilico na molécula do tensoativo. Estes grupos tendem a protonar em
pH &cido, o que torna a molécula ndo-ibnica e, portanto, hidrofébica. Assim, a NP é capaz de
interagir com as membranas celulares solubilizando-as ou alterando sua permeabilidade.

Como uma etapa indispensavel durante o desenvolvimento de novas nanotecnologias,
realizou-se um estudo da atividade antitumoral in vitro das NPs. Os estudos in vitro sdo
importantes especialmente nas fases iniciais de desenvolvimento de uma nova formulacédo
como etapa prévia ao uso de animais, por questdes éticas, legais e econdmicas. Os
tratamentos (DOX livre e encapsulada) foram aplicados em duas linhagens celulares tumorais
(HeLa e MCF-7) e uma n&o-tumoral (fibroblastos 3T3), utilizada como controle da atividade
inespecifica das NPs. Os resultados demonstraram que a DOX nanoencapsulada foi mais
eficiente em inibir a proliferacdo das células tumorais em compara¢do com o farmaco livre
(figura 5c-h). A acentuada atividade citotoxica desses nanossistemas pode estar relacionada
ao seu reduzido diametro médio de particula, além da carga superficial positiva das NPs de

CS, que facilita a internalizacdo celular através de ligacdo com cargas negativas da membrana
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plasmatica (PARK et al., 2006). Cabe ressaltar que as NPs exibiram efeitos toxicos muito
baixos contra linhagem celular ndo-tumoral na faixa de concentracdo testada (figura 5b),
assim como as NPs sem DOX permitiram elevada viabilidade para os trés tipos celulares
(figura 5a). Além disso, em experimentos realizados em pH simulando o microambiente
tumoral (pHe ~ 6,6), verificou-se uma atividade citotoxica pH-dependente, pois uma menor
viabilidade celular foi detectada (figura 6) apos 24 h de incubacdo com as NPs. Nesse caso,
somando-se aos resultados obtidos nos estudos de liberagdo in vitro (ARTIGO I1), pode-se
dizer que a liberagdo da DOX ¢ facilitada a medida que se diminui o pH do meio, indicando
maior especificidade destas NPs para desencadear a liberacdo do farmaco encapsulado a nivel
do tecido tumoral extracelular e/ou endossomal, assim como menor liberacdo inespecifica em
pH fisioldgico.

Com intuito de verificar a compatibilidade das suspensdes de NPs desenvolvidas neste
trabalho com o0s componentes sanguineos, estudou-se sua hemocompatibilidade utilizando
ensaio de hemolise (figura 7). As NPs mostraram-se levemente hemoliticas em 1 h de
incubacdo nas menores concentragOes testadas (10 e 20 pg/mL), apresentando taxas de
hemolise inferiores a 10%. No entanto, com o mesmo tempo de incubagdo, a concentracéo
mais alta (40 pg/mL) exibiu hemolise consideravel (> 15%). Os resultados sugerem, entéo,
que as suspensdes de NPs sdo hemocompativeis até a concentracdo de 20 pg/mL. Nesse caso,
cabe ressaltar que esta concentracao € superior aquelas que demonstraram atividade citotdxica

contra as linhagens celulares tumorais.
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8. CONCLUSOES

e Desenvolveram-se NPs de CS pH-sensiveis incorporando o tensoativo 77KS, como
sistema carreador do farmaco antitumoral DOX, visando ao direcionamento deste
especificamente ao microambiente do tumor e/ou ao interior da célula cancerosa;

e O método de gelificacdo idnica mostrou-se adequado para a preparagdo das NPs, as
quais apresentaram tamanho médio nanométrico de particulas, baixo indice de
polidispersdo e valores positivos de potencial zeta. A eficiéncia de encapsulacéo
manteve-se em torno de 65%, assim como o teor de fA&rmaco mostrou-se préximo ao
tedrico;

e A incorporacdo dos copolimeros PEG e poloxamer formou NPs com tamanhos
adequados, dentro da faixa nanométrica, e sem promover alteracdes significativas na
atividade citotoxica das NPs, representando, assim, um esfor¢o no sentido de melhorar
a eficiéncia do sistema em alcancar o alvo desejado;

e O método por cromatografia a liquido de alta eficiéncia desenvolvido foi validado e
mostrou-se especifico, linear, preciso, exato e robusto para identificacdo e
quantificacdo de doxorrubicina em NPs de CS. O método foi adequado para a
determinacdo de eficiéncia de encapsulacao, analise de teor, estudos de estabilidade e
liberacdo in vitro;

e O metodo por espectrofotometria no UV-Vis foi desenvolvido para identificacdo e
quantificacdo de doxorrubicina em NPs de CS e foi e validado cumprindo parametros
de especificidade, linearidade, precisdo, exatiddo e robustez. A aplicabilidade do
método foi demonstrada para analise de teor de DOX nas NPs;

e As NPs desenvolvidas exibiram perfil de liberacdo pH-dependente, sendo que a
liberacdo ocorreu de forma mais lenta em pH simulando condicdes fisioldgicas,
enquanto que em pH simulando o microambiente do tumor e os compartimentos
endossomais alcangou-se 100% de liberacdo da DOX em um menor tempo de teste;

e As suspensBes de NPs mostraram-se estaveis quanto as suas caracteristicas fisico-
quimicas durante o periodo de duas semanas em baixas temperaturas. Por outro lado,
as NPs ndo foram capazes de melhorar a fotoestabilidade da DOX em comparacgéo
com o farmaco livre em solugdo. No entanto, as formulac@es liofilizadas mostraram-se

apropriadas para este fim;
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Em estudo de hemolise, utilizando o eritrocito como modelo de membrana
endossomal, as NPs incorporando o tensoativo 77KS apresentaram capacidade
significativa de romper as membranas celulares de modo pH-dependente. Por outro
lado, as NPs sem 77KS ndo demonstraram atividade litica de membrana em condic¢Ges
acidas, comprovando o papel deste adjuvante para a obtencdo das NPs pH-sensiveis;
Os sistemas nanoparticulados desenvolvidos provaram ser hemocompativeis,
confirmando sua seguranca para administragdo intravenosa, com ressalva para a maior
concentracgdo testada em 1 h de contato com as células sanguineas;

Atraveés dos estudos de citotoxicidade in vitro comprovou-se que as NPs pH-sensiveis
contendo DOX sdo mais eficazes em inibir o crescimento das células tumorais em
comparacdo ao farmaco livre. A atividade antitumoral das NPs foi especialmente
pronunciada quando em pH simulando condi¢Ges levemente acidificadas do
microambiente tumoral (pH. ~ 6,6). Além disso, baixo potencial citotoxico foi
observado em linhagem celular ndo-tumoral (3T3) submetida ao mesmo tratamento,
indicando um certo indice de seletividade das NPs pelas células tumorais;

Portanto, o conjunto de resultados obtidos na presente dissertacdo demonstrou a
viabilidade da preparacdo de NPs poliméricas pH-sensiveis como potenciais
carreadores para melhorar a eficacia do tratamento antitumoral com o farmaco DOX.
Destaca-se que a incorporagdo do tensoativo pH-sensivel 77KS as NPs tem potencial
para possibilitar a reducdo dos efeitos adversos associados ao tratamento com DOX,
especialmente devido ao direcionamento deste farmaco a regido tumoral e/ou ao

interior das células cancerosas.
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