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RESUMO

Avaliacao da Toxicidade, Atividade Antitumoral de 5-Fluorouracil

Incorporado a Redes de Coordenagédo Multifuncionais

Tese de Doutorado, Autor: FLAVIA RAQUEL SANTOS LUCENA. Orientadora:
Dra. Silene Carneiro do Nascimento. Programa de Pds-Graduacdo em Ciéncias

Biologicas, Universidade federal de Pernambuco, Recife, 2013.

Relatos na literatura vém utilizando nanoparticulas com o objetivo de carrear
drogas e diminuir seus efeitos colaterais. Dentro dessa perspectiva estdo as
redes coordenadas a metais organicos ou MOFs. Este trabalho teve como
objetivo realizar a incorporacdo de um farmaco antitumoral em uma rede de
coordenacao, visando melhorar sua biodisponibilidade para o organismo, bem
como avaliar a toxicidade deste sistema in vitro e in vivo. Para isso foi realizado
estudo tedrico-computacional que nos permitiu a escolher o melhor farmaco a
ser utilizado (5-fluorouracil) e a melhor rede de coordenagéo (Cu-BTC MOF),
levando em consideracdo os tamanhos das moléculas dos mesmos em relacéo
ao tamanho dos poros das MOFs Cu-BTC e MIL-53(Al). Os resultados das
caracterizagbes quimicas realizadas (UV-VIS, IV, CNHS, DRX, TGA/DTG e
DSC) indicaram uma incorporacao de 0,82 g de 5-fluorouracil para cada 1 g de
MOF Cu-BTC ap0s sete dias de agitacao. A cultura celular in vitro demonstrou
gue o sistema 5-FU + Cu-BTC MOF apresentou atividade citotoxica significante
quando comparado ao farmaco em solugdo. O teste de verificacdo do
mecanismo de morte celular utilizando a citometria de fluxo indicou ser a
apoptose 0 mecanismo de acdo responsavel para eliminacdo das células
tumorais. O estudo de dissolucado indicou uma liberacao lenta e controlada de
39% do farmaco nos primeiros 30 minutos seguida da liberacdo de 82% do
farmaco em 48 horas. Alteracdes histologicas s6 foram evidenciadas quando
utilizada a dose de 750mg/kg sendo esta, a dose letal (DL50) encontrada. O
teste da peritonite, verificacdo dos niveis de citocinas pro-inflamatorias e
producéo de 6xido demonstraram que o sistema 5-FU + Cu-BTC MOF reduziu
0 numero de leucdcitos, os niveis de citocinas pro-inflamatérias e oxido nitrico,
indicando que o sistema apresentou também atividade antiinflamatoéria para os

testes realizados. Os resultados indicaram ser o sistema 5-FU+Cu-BTC MOF



um excelente carreador de farmaco, com indicacdo de atividade anti-
inflamatoria, excelente atividade citotoxica via mecanismo de apoptose e
liberacdo lenta e gradual do farmaco, o que possibilitou a diminuicdo na

toxicidade do mesmo acompanhado de uma significante melhora terapéutica.

Palavras chaves: 5-Fluorouracil, Cu-BTC, apoptose celular, drug delivery.



ABSTRACT

Evaluation of Toxicity, Antitumor Activity of 5-Fluorouracil the Embedded
Multifunction Network Coordination

Doctoral Thesis, Author: FLAVIA RAQUEL SANTOS LUCENA. Advisor: Dra.
Silene Carneiro do Nascimento. Post-Graduate Program in Biological Sciences,
Federal University of Pernambuco, Recife, 2013.

Reports in the literature have used nanoparticles with the aim of carrying drugs
and reduce their side effects. Within this perspective the networks are
coordinated to metals or organic MOFs. This study aimed to accomplish the
incorporation of an antitumour drug in a coordination network, aiming to improve
its bioavailability to the body, and to evaluate the toxicity of this system in vitro
and in vivo. For this study was conducted theoretical and computational
allowing us to choose the best drug to be used (5-fluorouracil) and better
coordination network (Cu-BTC MOF), taking into account the molecules sizes in
relation to the MOFs pores sizes of Cu-BTC and MIL-53 (Al). The results of
chemical characterization (UV-VIS, IR spectroscoy, CNHS, DRX, TGA/DTG e
DSC) indicated an incorporation of 0.82 g of 5-fluorouracil for each 1 g of Cu-
BTC MOF after seven days of stirring. The in vitro cell culture system
demonstrated that 5-FU + Cu-BTC MOF showed significant cytotoxicity as
compared to the drug solution. The verification test of cell death mechanism
using flow cytometry showed apoptosis is the mechanism of action responsible
for the elimination of tumor cells. The dissolution study indicated a slow and
controlled release of the 39% of the drug within 30 minutes followed by the
release of 82% of drug in 48 hours. Histological changes were seen only when
used at a dose of 750mg/kg this being the lethal dose found (DL50). The
peritonitis test checked the levels of pro-inflammatory cytokines and production
of oxide system shown that 5-FU + Cu-BTC MOF reduced the leukocyte counts,
levels of pro-inflammatory cytokines and nitric oxide, indicating that the system
also showed anti-inflammatory activity for the realized tests. The results
indicated that the system 5-FU + Cu-BTC MOF an excellent drug catrrier,

indicating anti-inflammatory activity, excellent cytotoxicity and apoptosis



mechanism a slow and gradual release of the drug, which led to the decrease in
toxicity the same accompanied by a significant therapeutic improvement.

Key words: 5-Fluorouracil, apoptosis cellular, drug delivery.
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O progresso envolvendo estudos relacionados a biologia clinica do
cancer demonstra que a mesma, ndo acompanhou 0s avancos nos estudos
que relacionam a sua biologia fundamental. Insuficiéncia na capacidade de
administrar o agente terapéutico de modo seletivo e especifico tem causado os
danos colaterais relativos a alta toxicidade, que em parte sdo responsaveis por
essa discrepancia (MORENO-ASPITIA; PEREZ, 2009). O mais importante € o
reconhecimento de que apenas 1 entre 10 partes por 100.000 de anticorpos
monoclonais administrados por via intravenosa atingem seus objetivos no
parénquima vivo. Essas limitacbes sao similares quando considerados o0s

agentes de contraste para imagens (DUCAN, 2003).

Existem dois objetivos gerais que devem ser alcancados para levar a
eficacia por dose de qualquer agente terapéutico de contraste ou de imagem:
aumentar sua seletividade em relagdo ao alvo (ALLEN,2002) e dotar o agente
que inclui a formulagdo terapéutica com meios para superar as barreiras
biolégicas que previnem a chegada deste agente ao destino final (JAIN, 1998).
O sistema terapéutico ideal precisa ser diretamente seletivo contra as células
que estdo em estagio inicial da transformacgéo fenotipica maligna (SRINIVAS;

BARKER; SRIVASTAVA, 2002).

A realizacdo de um sistema ideal enfrenta grandes desafios, incluindo: a
identificacdo de marcadores tumorais, a compreensdao da biologia celular
neoplasica ao longo do tempo, implantacdo desses marcadores no
rastreamento de células tumorais, criagdo de protocolos para a deteccdo

precoce de tumores e desenvolvimento de tecnologias para o conjunto
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biomarcador-alvo utilizado para a entrega do farmaco, tendo ao mesmo tempo

a capacidade de evitar as barreiras biologicas (FERRARI, 2005).

No campo da nanotecnologia os sistemas de liberacdo controlada de
farmacos se destacam por apresentarem as caracteristicas citadas a cima e
tem apresentado um crescente avanco (EMERICH & THANOS, 2006). Entre
eles, as nanoparticulas com propriedades carreadoras que foram inicialmente
desenvolvidas em meados dos anos 70 com o objetivo de transportar
substancias no organismo vivo objetivando melhorar a eficacia terapéutica e
diminuir o efeito toxico das substancias nelas carreadas (MONTASSER et al.,

2000 ; FATTAL & VAUTHIER, 2002).

Visando aumentar a captacdo pelo tumor e melhorar as estratégias de
transporte do farmaco para o local especifico KUMAR (2000) relatou em sua
revisdo estudos sobre o desenvolvimento de métodos para reducdo da
captacdo de nanoparticulas poliméricas biodegradaveis pelas células do

sistema reticular endotelial.

Nas ultimas quatro décadas, a tecnologia polimérica de liberacéo
controlada proporcionou avangos positivos em varias areas de interesse
meédico; principalmente, a oftalmologia, a pneumologia, endocrinologia, a
cardiologia, ortopedia, imunologia e a neurologia, essas tecnologias visam
sobre tudo maximizar os efeitos terapéuticos e minimizar os efeitos colaterais

(FAROKHZAD & LANGER, 2006).

Dentre as nanoestruturas utilizadas devido as suas diversas funcoes
estdo as Metal Organic Frameworks (MOFs), representadas por estruturas

cristalinas constituidas por ions metalicos ou clusters coordenados por
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moléculas organicas, muitas vezes rigidas para formar estruturas uni, bi ou
tridimensionais porosas. Dentre suas aplicacfes estdo: o armazenamento de
gases, utilizacdo como sensores, catalise e mais recentemente como
carreadores de farmacos e agentes de imagem para diversos alvos como

células tumorais, nas busca de novas terapias contra o cancer (FEREY, 2008).
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2. REVISAO DA LITERATURA
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2.1 PANORAMA ATUAL DAS TERAPIAS ANTITUMORAIS

O cancer é definido como um grupo de doencas que se caracterizam
pela perda do controle da divisédo celular e pela capacidade de invadir outras
estruturas organicas. O surgimento de uma célula cancerigena se deve a
diversos fatores dentre estes podemos exemplificar alguns mais significativos
como fatores biologicos (psicolégicos, microbiolégicos, genéticos e
imunologicos) e quimicos (exposicdo a compostos reconhecidamente
carcinogénicos) e fisicos (mecanicos, radiacdes ionizantes), resultado de uma

cascata de reagfes de células anormais (NO; CHOI; KIM, 2009).

Os canceres se iniciam com uma unica célula que por algum motivo
passou a replicar seu erro, sendo assim a compreensdo das mutacdes
celulares e vias de sinalizagbes envolvidas na funcdo de células anormais
mutagénicas tém sido utilizadas através da genémica, protedmica e técnicas de
sinalizacdo no rastreamento de possiveis mecanismos das alteracdes celulares
para que novas drogas com mais eficacia e/ou menor toxicidade possam ser a

partir dai viabilizadas (ROBERT,2007).

Nos paises desenvolvidos, em média, cerca de uma pessoa em cinco
morre de cancer. Esta proporcdo nos paises em desenvolvimento é de uma
morte para cada quinze individuos, porém deve-se considerar a estrutura etaria

mais jovem das popula¢des destes paises (CURADO et al., 2009).

Como decorréncia da constante queda da mortalidade por doencas
cardiovasculares observadas em diferentes partes do mundo desde os anos
60, o cancer ja assumiu em alguns paises o papel de principal causa de morte

na populacdo (AUSTRASLIAN BUREAU OF STATISTIC, 1999).
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Segundo estudo realizado por FILHO-WUNSCH & MONCAL (2002)
visando estabelecer o panorama da mortalidade por cancer no Brasil entre os
anos de 1980 e 1995, os canceres de pulmao e o de mama foram as principais
causas de morte por cancer entre homens e mulheres respectivamente. As
taxas de mortalidade por cancer de pulmao e outros relacionados ao tabaco
foram mais altas no sul e sudeste. As populacbes femininas do norte e
nordeste apresentaram mortalidade alta por cancer do célon de uUtero em

relacdo as de outras regides, o0 inverso ocorreu com o cancer de mama.

Ainda segundo os autores, apesar das mortes por cancer serem
maiores nas regides sul e sudeste, observa-se um padréo de crescimento nas
taxas de canceres associado as regidées menos desenvolvidas, o que de fato
pode ser constatado nas estatisticas atuais publicadas pela Agéncia
Internacional para Pesquisa em Cancer (IARC), da Organizacdo Mundial de
Saude (OMS), mostrando que a maioria dos 12,7 milhdes de novos casos de
cancer e 7,6 milhdes de mortes pela doenca em todo o mundo ocorreram em

paises em desenvolvimento (CURADO, 2009).

Os tumores mais comumente diagnosticados em todo o mundo séo
pulméo (1,61 milh&o de casos ou 12,7% do total), mama (1,38 milh&o ou
10,9%) e colo-retal (1,23 milh&o ou 9,7%). As causas mais comuns de morte
por cancer ocorrem devido aos tumores de pulméo (1,38 milhdo ou 18,2% do
total), estbmago (740 mil ou 9,7%) e figado (690 mil ou 9,2%) (CURADO, 2009;
AUSTRALIAN BUREAU OF STATISTIC, 1999).

Em relagéo aos tratamentos utilizados no combate ao cancer, os tipos

mais utilizados e conhecidos sé&o: a radioterapia, quimioterapia, a
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horménioterapia e a cirurgia. A quimioterapia pode ser indicada antes ou apés
uma cirurgia e ainda isoladamente, sem que haja indicacdo cirargica. Em
certos casos ela é feita em conjunto com a radioterapia. Porém a indicacédo do
tipo de tratamento a ser feito depende de varios fatores, como o tipo de tumor,
localizacdo e estagio da doenca, sendo feito sempre de acordo com uma
programacao, que deve ser discutida com o meédico, quando do inicio do
tratamento (RAGAZ et al., 1997)

A duracéo do tratamento dependera da resposta do tumor as medidas
terapéuticas adotadas, indicado por meio de acompanhamento clinico das
condicBes gerais individuais do paciente. A resposta individual ao tratamento &
um dos fatores importantes na determinacdo do intervalo e de sua duracao

(RAGAZ et al., 1997).

As drogas quimioterapicas tém a vantagem de se distribuir por todos os
tecidos orgéanicos, atingindo desta forma, todas as células cancerosas. No
entanto, células sadias também serdo atingidas o que ira caracterizar os
eventos relacionados aos efeitos colaterais, que se apresentam diferente em
cada pessoa uma vez que dependera do tipo de droga utilizada e das

condi¢cBes imunoldgicas e fisiologicas do paciente (SCHEINBERG, 2010).

A imunoterapia € uma forma de tratamento baseado na estimulacdo do
sistema imunologico contra a célula tumoral por meio do uso de substancias
modificadoras da resposta biolégica, com o objetivo de induzir especifica ou
inespecificamente o0 ataque as células cancerigenas. As células tumorais
produzem alguns tipos de proteinas que passam ser reconhecidas pelas

células de defesa do organismo, ocorrendo assim a destruicdo das células do
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tumor. Como exemplo, podemos citar o uso de anticorpos monoclonais, contra
proteinas especificas, encontradas nas paredes das células neoplasicas, estas
carregam consigo toxinas que atingem apenas as ceélulas do cancer

(WALDMAN, 2003).

De acordo com os compostos utilizados e 0s seus mecanismos de acao,
a imunoterapia € classificada em ativa (especifica ou inespecifica) e passiva. A
ativa tem a finalidade de intensificar a resisténcia do crescimento tumoral, onde
substancias estimulantes e restauradoras da funcédo imunolégica (imunoterapia
inespecifica uso de BCG e derivados) e as vacinas de células tumorais
(imunoterapia especifica-vacinas e soros produzidos por cultura celular do

préprio paciente) sdo utilizadas (WALDMAN, 2003).

A imunoterapia passiva vai objetivar proporcionar capacidade
imunoldgica de combate a doengca com o0 uso de anticorpos antitumorais e

substancias como interleucinas e interferonas (WALDMAN, 2003).

Os hormobnios sexuais sdo de grande importancia na oncologia porque
estdo profundamente envolvidos no desenvolvimento de diversos tumores
malignos: cancer de mama, Utero, prostata dentre outros, devido ao alto grau
de dependéncia que estes tumores costumam manter em relacdo aos
horménios, o bloqueio a acdo hormonal permite inibir seu crescimento

(MAKAR, 2000).

A hormonioterapia raramente tem objetivo curativo quando usada
isoladamente, sendo assim usual sua associacdo com a quimioterapia (cancer
de mama e do sistema hemolinfopoético) com a cirurgia (cancer de

endométrio) e com a radioterapia (cancer de préstata). A hormonioterapia pode
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ser indicada para tratamentos paliativos de metastases 0sseas e de tumores

hormoniossensiveis (MAKAR, 2000).

Em relacdo as cirurgias, as mesmas sao classificadas em cirurgia
curativa, paliativa e preventiva. A cirurgia curativa € apropriada para tumores
iniciais e normalmente solidos, que consiste no conhecimento do mecanismo
de propagacao dos tumores e na retirada de 6rgdos ou das regifes afetadas
pela neoplasia. A cirurgia paliativa € indicada para diminuir o sofrimento do
paciente e proporcionar melhores condi¢cdes de vida, enquanto que a cirurgia
preventiva tem por finalidade impedir que a célula maligna se transforme,
destruindo-a ou evitando que entre em contato com agentes cancerigenos

(MARQUES, 2005).

Outra forma terapéutica indicada no combate ao cancer é a radioterapia
que se utiliza de radiacdo ionizante para o tratamento de certos tipos de
canceres e algumas doencas benignas. Junto com cirurgia e quimioterapia, a
terapia de radiacdo (radioterapia) € um dos mais importantes métodos de
tratamento do cancer. Pelo menos 50% dos pacientes com céncer receberao
radioterapia em algum estagio durante o curso de sua doenca. E atualmente
usada para tratar tumores solidos localizados, como os tumores de pele,
cérebro, da mama ou colo do utero, e também pode ser usado para tratar

leucemia e linfoma (TOBIAS, 1992).

A maioria dos tipos de radiagdo ndo atacam especificamente as células
cancerigenas e, portanto, causam danos aos tecidos normais ao redor do
tumor. Os efeitos adversos sdao um dos fatores limitantes do sucesso do

tratamento com radiacdo. A radioterapia pode ser basicamente dividida em
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duas formas: externa (teleterapia) e interna (braquiterapia). Na teleterapia um
feixe de radiacdo ionizante € apontado para a regido alvo do corpo (campo),
penetrando-lhe através da pele. A radioterapia externa, atualmente utiliza, além
das fontes radioativas de origem nuclear, aceleradores lineares que produzem

diferentes tipos de feixes e diferentes energias de raios X (FLINTON, 19982).

A braquiterapia, por outro lado, utiliza fontes radioativas para implantes
ou moldagens em regibes proximas ao leito tumoral. Sdo utilizadas fontes
radioativas com formas de sementes, tubos ou micro-fontes que séo aplicadas
por tempo determinado ou mesmo inseridas permanentemente no 0Orgao
liberando radiacdo a este durante um determinado tempo atil (NAKANO et al.,

2005).

Mesmo com todo o0 aparato de terapias acima citadas, o tratamento ideal
do cancer ainda € alvo de muita discussdo entre os pesquisadores da area,
uma vez que o principal objetivo da pesquisa quimioterdpica ainda néo foi
alcancado. Este objetivo visa principalmente a descoberta de novos agentes
capazes de inibir especificamente a multiplicacdo de células neoplasicas, sem

afetar a divisdo celular normal (HORCAJADA 2010).

Os tratamentos de primeira escolha discutidos até aqui e empregados na
terapia do cancer sdo destituidos de toxicidade seletiva, provocando efeitos
colaterais graves, dentre eles a inibicdo da resposta imunolégica, fator este
considerado critico para a recuperacdo do paciente. O conceito de intensidade
da dose, ou aumento da quantidade de quimioterapia aplicada por unidade de

tempo, tem sido alvo de intensa investigacao (FENG & HUANG, 2001).
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Neste sentido o emprego de tecnologia farmacéutica de sistemas
transportadores de farmacos vem ao encontro da necessidade de diminuicédo
da dose com otimizacéo dos efeitos terapéuticos, podendo assim, dentre outras
vantagens, aumentar a seletividade do agente antitumoral, minimizar sua
toxicidade e elevar as taxas de cura em diferentes tipos de cancer (MU &

FENG, 2003).

A nanoencapsulacdo constitui um importante campo para o0
desenvolvimento de novas formulac¢des, uma vez que possibilita, de maneira
racional e efetiva, aumentar a eficiéncia terapéutica de substancias ja utilizadas
no tratamento de grande variedade de doencas, além disso, torna possivel
a utilizacdo de farmacos potencialmente toxicos, como € o caso de muitos

antineoplasicos (MU & FENG, 2003).

2.2 NANOPARTICULAS E TERAPIA ANTITUMORAL

A nanomedicina surgiu como uma possivel solu¢cdo para muitos dos
problemas associados com o tratamento atual de cancer, que tem como
principais problemas a dificuldade de deteccdo precoce da doenca eo
tratamento seletivo das células tumorais, que submete paciente a compostos
extremamente toxicos e ndo especificos a estas células, acarretando sérios
efeitos colaterais 0 que inviabiliza o tratamento no tocante a expectativa e

qualidade de vida (FERRARI, 2005).

A evolucao do conhecimento cientifico a cerca dos estudos envolvendo
as nanoparticulas como alternativas para esses problemas é resultado,
principalmente, das propriedades desses compostos. O tamanho das mesmas

presta-se particularmente bem ao tratamento eficaz do céncer, pois particulas
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nesta ordem de grandeza possuem uma grande area superficial, 0 que as torna
ideiais para funcionalizacdo, através de ligacbes a anticorpos monoclonais e
considerando que essas particulas sdo menores do que a maioria das formas
terapéuticas atuais, elas sdo capazes de ter mais facil acesso aos lugares que
até antes do uso das nanoparticulas se encontravam inacessiveis

(RODRIGUEZ & FERNANDEZ-GARCIA, 2007).

As células cancerosas possuem um padréo diferenciado em relacdo as
células normais, pois as mesmas tem proliferacdo e diferenciacdo
descontrolados, além dissos essas células promovem alteracdes no sistema de
vascularizacdo e no sistema endotelial. Os tumores solidos quando atigem um
tamanho maior que 2mm precisam criar seu préprio sistema de vasos
sanguineos, a fim de entregar nutrientes e oxigénio para sustentar o seu
crescimento. As células cancerosas passam a produzir de maneira exacerbada
fatores de crescimento endotelial como o VEGF e outros fatores angiogénicos,
afim de provocar um aumento da microdensidade de vasos dentro do tumor

(JAIN, 2005).

Além da densidade vascular, devido a rapida producdo de vasos de
sangue, essa vasculatura tende a ser altamente permeavel. Isso resulta em
um aumento da presséao intersticial o que torna o carreeamento de drogas por
macroparticulas menos eficiente (MAEDA et al.,, 2007 ; NETTI et al., 1995).
Associado também ao aumento da producdo de vassos sanguineos no tumor,
esta a maior susceptibilidade dos mesmos a moléculas pequenas que

apresentam maior permeabilidade e efeito de retencdo, uma vez que a
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drenagem linfatica ndo é suficiente para livrar os tumores dessas pequenas

moléculas (MATSUMURA & MAEDA, 1986)

O carreamento de drogas por sistemas nanoparticulados é considerado
uma técnica valiosa para aperfeicoar a liberacdo controlada de drogas. A
miniaturizacdo de um sistema carreador de drogas até a escala nanométrica
permite boa estabilidade, absorcéo e transferéncia tissular quantitativa e assim,
a esperada atividade farmacodinamica. Além disso, os efeitos colaterais e as
reacdes por corpo estranho poderdo ser reduzidos, simultaneamente a

obtencéo de tolerancia local e sistémica (MAEDA et al., 2008).

Estas particulas funcionam como vetores circulantes in vivo dotados de
propriedades requintadas como controle de liberagcédo e direcionamento seletivo
ao alvo no tumor. Com a liberacdo da dose correta da droga especificamente
nos tecidos ou nas células-alvo, o organismo ndo é sobrecarregado com doses
massivas de drogas que apresentam efeitos colaterais graves, como acontece
com os quimioterapicos utilizados para o tratamento do cancer (PORTNEY &

OZKAN, 2006).

As tecnologias que estédo sendo utilizadas como alternativas promissoras
em relacdo aos desafios do tratamento do cancer incluem: nanosondas,
nanocristais, nanopolimeros, quantum dots, dendrimeros e mais recentemente
as redes de metais organicos, cada uma dessas tecnologias estdo submetidas
a extensas pesquisas para determinar o mecanismo pelo qual irdo agir na

inviabilizacdo do tumor (FERRARI et al., 2005).

BN

Nanovetores injetaveis por via intravenosa pertencem a classe dos

nano-objetos de maior interesse e aplica¢des relacionadas ao cancer. Seu uso
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como marcadores moleculares permite a deteccdo da doenca nos estagios
iniciais além de também serem utilizados como agentes terapéutico na
aplicacao de drug-delivery permitindo uma diminuicdo substancial dos efeitos
colaterais e deletérios e ainda podem ser utilizados como uma combinacédo das
duas formas, interceptando e contendo as lesGes antes mesmo da
apresentacdo do fendtipo maligno, com minima ou nenhuma perda na

qualidade de vida (FERRARI et al., 2005).

Vérios tipos de nanoparticulas estdo sendo utilizadas em ressonancia
magnética como agentes de contraste em protocolos clinicos dentre elas
nanoparticulas de gadolinio (OYEWUMI & MUMPER, 2004) e nanoparticulas
de ferro (SCHELLENBERGER et al., 2002; YAN; KOPELMAN; REDDY,
2002).Nanoparticulas lipidicas de baixa densidade estdo sendo utilizadas para

melhorar a imagem de ultrasons (MAY; ALLEN; FERRARA, 2002).

Para cada modalidade clinica atualmente é possivel desenvolver
nanoparticulas que podem melhorar os sinais de trasmissdo combinados com a
capacidade de segmentacdo biomolecular (BLOCH et al., 2004; SULLIVAN &
FERRARI, 2005). Nanovetores em geral possuem uma dupla constituicao,
caracterizada por um nucleo constituindo o material terapéutico e/ou agente de
imagem e modificadores de superficie bioldgica, que irdo ser responsaveis pela
melhora na distribuicdo e dispersdao das nano particulas no sitio tumoral

(Figura 1).
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AGENTES TERAPEUTICOS OU DE IMAGEM

Droga A
L@

Droga B

@ Agente de contraste

Permeabilidade aumentada

MODIFICADORES DE SUPERFICIE

U-)_Q} PEG- modificador de

T T superficie

Figura 1: Nanoparticula Multifuncional. llustragdo da capacidade de um ou
mais agentes terapéuticos; bioreconhecimento por conjugacdo a anticorpos;
modificadores de superficie que permitem o ndo reconhecimento pelo reticulo

endotelial; amplificacdo do sinal de imagem por agentes de contraste.
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A grande vantagem clinica do uso de nanovetores € a entrega especifica
de grandes quantidades terapéuticas de drogas ou agentes de imagem por um
processo de bioreconhecimento. Métodos que possibilitam esse
bioreconhecimento estdo sendo testados e o mais comum é a ligacao
covalente de anticorpos as nanoparticulas considerando o seu tamanho e suas

propriedades fisicas (DUCAN, 2003; NASHAT; MORONNE; FERRARI, 1998).

Nanovetores séo projetados com o intuito de reduzir a metabolizacdo do
farmaco e posterior eliminacdo dos metabolitos do mesmo pela urina
(clearance), proteger os principios ativos da degradacdo enzimatica e evitar
obstaculos no processo de direcionamento ao alvo especifico, como por
exemplo: a exclusdo da protecdo exercida pela barreira hematoencefalica ou
do endotélio vascular, bem como o sequestro das nanoparticulas pelo reticulo

endotelial (KLIBANQV et al., 1991; PARK, 2002).

Os desafios envolvendo a nanotecnologia no céancer teriam como
cenario ideal, a deteccao precoce do processo de transformacdo celular, por
processos ndo invasivos que funcionariam como um screening da doenca, por
exames rotineiros através de técnicas como, por exemplo: andlise dos padrdes
protedmicos de amostras de sangue, imagens dos contornos de lesfes e ainda

analise do perfil molecular in vivo (FERRARI, 2005).

A biologia do hospedeiro e suas doencas seriam determinadas com
precisdo, o que de certa forma facilitaria a formacdo de um plano de
intervencdo, que envolveria a contencdo ou erradicagcdo das populagdes
celulares malignas e a protecdo simultdnea dos tecidos saudaveis em uma

rotina que poderia ser repetida varias vezes. A eficacia do tratamento poderia
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ser acompanhada em tempo real e a terapéutica seria suplantada por uma

prevencgao personalizada (FERRARI, 2005).

Através da integracdo da nanotecnologia com as pesquisas relacionadas
a biologia do cancer, esses aspectos jA comecam a se tornar realidade como
demonstram os varios estudos na literatura cientifica que apontam os
polimeros de coordenacdo como eficientes carreadores de farmacos e
ferramenta de imagem e diagndéstico (KLIBANOV et al.,1991; KOBAYASHI et

al., 2004; PARK, 2002).

2.3POLIMEROS DE COORDENACAO E MOF(s) METAL ORGANIC
FRAMEWORK

Durante a Ultima década uma grande quantidade de soélidos tem sido
descritos por conter ions metdlicos ligados a espécies moleculares. Essa
colecdo de compostos tem sido denominada de metal organic framework
(MOFs), polimeros de coordenacdo, materiais hibridos orgénicos-inorganicos
(EDDAOUDI et al.,, 1998; JAMES, 2006). Cada termo carrega sua propria
conotacdo em relacdo as quais compostos estdo englobados de modo que
algumas tentativas de diferenciagdo dos termos tém sido encontradas na

literatura (BIRDHA; RAMANAN; VITTAL, 2009).

N&o ha consenso na literatura sobre a diferenciacdo de polimero de
coordenacao e rede de metais organicos (MOFs). Alguns autores sugerem que
0s termos sdo sindnimos (CHRISTOPH, 2003) e outros propdem definicbes
baseadas nas ligagbes quimicas (TRANCHEMONTAGNE & MENDOZ-

CORTES, 2009).
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Para BIRADHA, RAMANAN & VITTAL (2009), MOFs sdo compostos
cristalinos constituidos de ions metélicos ou clustres coordenados
frequentemente a moléculas organicas rigidas que formam estruturas uni, bi ou
tridimensionais porosas. Essa definicdo parece ser muito especifica para
cristalinidade e dimensionalidade, estando restrita apenas a extensdo da rede
por ligacdes covalentes ou coordenadas e ndo por outras interacdes nao-
ligantes ou fracas. Além disso, a porosidade € uma caracteristica adicional ndo

sendo especifica para a classificacao.

De fato foi YAGHI (1995) quem primeiro introduziu o termo metal organic
framework (MOF) para o complexo 4,4-bipiridil que exibiu uma extensa
interacdo entre metais organicos. De acordo com o0 mesmo, o termo polimero
de coordenagédo € sem duvida o mais “nebuloso”, pois significa simplesmente a
extensa conexdo do metal e ligantes através de ligacbes coordenadas sem

levar em consideracdo a morfologia ou estrutura final.

O termo coordenacédo de polimeros € muito amplo e abrange todas as
estruturas baseadas em ions metdlicos ligados a uma cadeia infinita com
arquitetura uni, bi ou tridimensional por ligantes geralmente contendo atomos
de carbono. Considerando que o termo MOF é muito utilizado para redes de
trés dimensobes, acaba por ser ndo usual o uso deste termo para longas redes

uni ou bidimensionais (STEED & ATWOOQOD, 2009).

O termo framework tem sido definido como uma estrutura no estado
sélido-cristalino, onde hé& fortes ligacdes interatbmicas que ndo estdo
confinadas em um Unico plano, em contraste com uma estrutura em camada.

Seguindo esta definicdo estruturas em camadas ndo devem ser consideradas
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“frameworks structures” ou estruturas em rede, por isso estruturas uni e
bidimensionais sédo descritas por alguns autores como polimeros de
coordenacao enquanto que estruturas tridimensionais sdo denominadas metal-

organic framework (STEED & ATWOOD, 2009).

Essa classificacao e diferente daquela descrita por
TRANCHEMONTAGNE et al.,, 2009 que propuseram recentemente que esta
diferenciacdo deveria se basear nos tipos de ligacdo metal-ligante e que o0 uso
do termo MOF ndo deveria ser restrito apenas a tridimensionalidade da

estrutura, porosidade ou a propriedade de adsorgéo de gases.

Sendo assim, para um sélido ser denominado de Metal-Organic
Framework (MOF), o mesmo deve apresentar algumas caracteristicas dentre
elas: ligacdo forte, que ser& responsavel pela robustez da estrutura formada
pelas conexdes das unidades que deverdo esta disponivel para modificacdes
através de sinteses orgéanicas e pela estrutura geometricamente bem definida;
a outra propriedade é que esses solidos devem ser altamente cristalinos,
critério importante para o estabelecimento preciso da sua estrutura (YAGHI &

LI, 1995; JANIAK, 2003; TRANCHEMONTAGNE et al., 2009).

Segundo FEREY (2008) as MOFs sdo materiais que tem recebido
grande atencdo como um adsorvente molecular de alto desempenho, devendo-
se isso em parte as suas propriedades: grande area superficial interna, baixas
densidades e alta microporosidade. Além disso, outro atrativo € sua estrutura
altamente cristalina que permite uma uniformidade dos seus canais porosos,
além da determinagcdo da posicdo de cada um dos atomos que compdem a

rede (FEREY, 2008).
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Com base nos estudos experimentais e computacionais, tornou-se cada
vez mais claro que a modificacées nos centros coordenados metélicos, podem
melhorar e muito o desempenho das MOFs nas aplicacbes acima citadas

(TAYLOR-PASHOW et al., 2009).

Em relacdo a obtencdo desses nanomateriais a forma mais comum de
preparacdo dos mesmos € através de sinteses solvotermais, dentre elas a
hidrotermal, processo que utiliza a agua como solvente propiciando a
ocorréncia de modificacBes estruturais no material em questdo, acompanhadas
ou nao de reacdes quimicas com o solvente (solvatacdo ou solvolise) onde os
cristais sao crescidos lentamente em uma solucao contendo o metal e o ligante
sob altas temperaturas e pressdes (YAGH & LI, 1995; TAYLOR-PASHOW et

al., 2009).

Esta rota produz pdés com alta pureza e cristalinidade, tamanho médio de
particulas, desde nanométricas até micrométricas com estreita distribuicdo das
mesmas, além do controle estequiométrico. E uma técnica rapida quando
utilizado o microondas com alto rendimento de produto, podendo controlar o
tamanho e morfologia das particulas se alterada as variaveis do processo

(CHEETHAM; FEREY; LOISEAU, 1999).

O objetivo primordial de uma boa sintese € a obtencdo de monocristais
de boa qualidade que permita uma andlise estrutural eficaz. O design da MOF
esta relacionado as forcas intermoleculares que limitam a previsibilidade das
mesmas, por isso muitos esforcos véem sendo aplicados com o intuito de
tentar identificar e modificar as condi¢cbes de sintese de forma a se obter a

estrutura desejada e um protocolo de sintese reproduzivel, isso muitas vezes
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requer mudancas na concentracdo e/ou polaridade do solvente, pH,
temperatura. A variacdo de apenas um desses parametros pode levar a
mudancas no cristalito, alterar o rendimento da reacdo ou mesmo provocar o

surgimento de novas fases (WANG ET al., 2002).

Objetivando o melhor aproveitamento das utilidades das MOFs como
adsorventes, catalisadores e mesmo com o objetivo de funcionalizar essas
particulas, tem-se percebido na literatura o crescente numero de artigos

envolvendo pés-sinteses dessas nanoparticulas (MULFORT et al., 2009).

TAYLOR-PASHOW et al.,, 2009 sintetizaram uma MOF de ferro
carboxilado com a estrutura da MIL-101 (MIL= Material Institut Lavoisier). Eles
demonstraram uma nova estratégia envolvendo altas taxas de carreamento de
drogas e agentes de contraste para diagnostico de células tumorais utilizando
modificacdes pos-sintéticas nas MOFs através de ligacdes dos componentes

de imagem e da droga nos pontos de conexao metal-ligante.

MULFORT et al., 2009 propuseram alteracbes poés-sintéticas com o
objetivo de aumentar a adsorcdo de H, para isso eles introduziram uma
hidroxila funcionalizada e trocaram os prétons da hidroxila por cations de litio e
magnésio metais que melhoram a adsorcdo de H,, através de métodos de
solucédo. Os autores também sugerem que esta estratégia também pode ser

empregada para metais que facilitam a catélise quimica

2.4 METAL ORGANIC FRAMEWORK (MOFs) COMO CARREADORES
DE FARMACOS E OUTRAS APLICACOES PARA O CANCER
A sintese de novos compostos bioativos com atividade terapéutica de

alto peso molecular e baixa solubilidade em agua tornam-se cada vez mais
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complexas e 0s processos para sua comercializacdo ainda sdo considerados
lentos. Isto requer a utilizacdo de sistemas de suporte para melhorar a
atividade dessas moléculas. Esses sistemas geralmente permitem um melhor
controle dos niveis plasmaticos da droga, aumentando a eficiéncia e
diminuindo a toxicidade, bem como aumentando a estabilidade da droga devido
a protecao da biodegradacao. Sistemas poliméricos mistos tém sido propostos
como uma alternativa para melhorar o carreamento de farmacos (FREIBERG &

ZHU, 2004).

Uma rota alternativa utilizando as MOFs, estrutura metal-organica tem
sido proposta como novos sistemas de liberacdo controlada de farmacos. Estes
sélidos sdo dotados de um grande volume de poros regulares, juntamente com
grupos organicos altamente sintonizados que permitem uma modulacdo do

tamanho dos poros (HORCAJADA et al., 2006).

O primeiro exemplo levando em consideracgédo foi o modelo de adsorgéo
que envolve a MOF MIL-100 e MIL-101 na adsorcdo de ibuprofeno. Esses
sistemas exibiram uma alta capacidade de armazenamento da droga até 1,4 g
por grama de sélido poroso, e uma liberagcdo controlada do farmaco em

condicdes fisiologicas de 3-6 dias (HORCAJADA et al., 2006).

Segundo UEMURA et al., (2002) o esqueleto das MOFs podem ser por
vezes flexiveis, aumentando o tamanho de seus poros cerca de 50 a 230%
sem quebras de ligagcbes aparentes dependendo da estrutura do ligante
(MELLOT-DRANZNIEKS et al., 2005; SERRE et al., 2007) a primeira estrutura

gue obedeceu a essas caracteristicas foi a familia das MOFs MIL-53 que
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modulava o tamanho do seu poro na presenca dos gases (BOURRELLY et al.,

2005).

HORCAJADA et al., (2006) demonstraram que a MOF MIL-101(Cr) pode
adsorver 138%wt de ibuprofeno e que a MOF MIL-53(Al) pode adsorver 20%wt
de ibuprofeno. A liberacdo do ibuprofeno a partir dessas MOFs também foi
avaliada e os autores constataram que MIL-101(Cr) liberou o farmaco
lentamente e em varios estagios, completando a liberacao apos seis dias. Ja a
MIL-53 mostrou uma liberacdo ainda mais lenta, sendo a mesma completada

apos 21 dias.

Diante dessa propriedade, HORCAJADA et al.,, (2008) resolveram
estudar a adsorgéo e liberacdo do Ibuprofeno nas MOFs MIL-53(Cr) e MIL-
53(Fe). Eles observaram que a quantidade de droga adsorvida ndo depende do
metal que constitui a estrutura, ambas as MOFs adsorveram cerca de 20%wt
de ibuprofeno e em relacdo a cinética de liberacao, foi observado que a total

liberacdo da droga ocorreu de forma lenta em até 3 semanas.

Horcajada et al., (2010) sintetizaram uma gama de nanocarreadores
com fins de carreamento de drogas e agentes de imagem. O grupo tem
sintetizado algumas MOFs em meio aquoso e etandlico, biologicamente e
ambientalmente ndo toxicas dentre estas estdo as MOFs (MIL-53, MIL-88 A,
MIL-88Bt, MIL-89, MIL-100 e MIL-101_NH,). Essas MOFs foram analisadas em
relacdo a sua biocompatibilidade, perfil de degradagéo, e propriedades de

imagem.

A eficiéncia dessas MOFs como carreadores de farmacos foi testada

utilizando farmacos antivirais e antitumorais: bulsufan (BU), trisfofato de
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azidotimidina (AZT-TP), cidovir (CDV) e doxorrubicina (DOXO). Para as
aplicacoes biologicas as MOFs foram recobertas por um polimero
biocompativel, o polietilenoglicol (PEG), onde os autores observaram que 0S
mesmos evitaram a agregacdo das particulas (HORCAJADA et al., 2008;

HORCAJADA et al., 2010).

Segundo HORCAJADA et al., (2010) a incorporacdo do bulsufan (BU),
farmaco antitumoral utilizado para canceres como leucemias e mielomas na
MOF MIL-100 foi considerada extremamente alta uma vez que incorporacéao da
mesma foi 5x maior do que o melhor polimero testado e 60x maior do que em
lipossomos. Esses achados indicam uma boa perspectiva para a terapia
utilizando o bulsufan, uma vez que com o uso das MOFs em questdo foram

conseguidas Gtimas taxas de incorporacéo do farmaco.

Em relacdo ao uso dessas nanoestruturas como agentes de contraste,
para diagnéstico, HORCAJADA et al., (2010) observaram que a eficiéncia do
agente de contraste através da espectroscopia de Mossbauer onde ambos os
gradientes eco e spin demonstraram que os érgaos tratados se apresentaram

mais escuros do que 0s normais.

Considerando ainda o uso das MOFs como agentes de contraste, foi
demonstrado por TAYLOR-PASHOW et al.,, (2009) que modificacdes pos-
sintéticas, através da introducdo de ligantes radioativos, tém permitido uma
melhora na qualidade de imagem fornecida para diagndstico, como também

tem influenciado diretamente nas taxas de adsorcao e liberacdo de drogas.
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Resultados envolvendo MOFs em terapia do cancer vém abrindo novas
perspectivas em relacdo a melhoria dos tratamentos para essa patologia.

NanoMOFs carboxiladas tém apresentado muitas vantagens quando utilizadas

como carreadores de farmacos nao toxicos e biocompativeis, de facil obtencao
através de métodos de sintese solvotermais principalmente, que possibilitam
ainda uma funcionalizacdo especifica dessas estruturas por processos pos-
sintéticos cada vez mais presentes na literatura (UEMURA et al.,, 2002;

HORCAJADA et al., 2006 ; HORCAJADA et al., 2010).

2.5 UTILIZACAO DE 5-FLUOROURACIL E NANOPARTICULAS NAS

TERAPIAS ANTITUMORAIS

Pesquisas relacionadas a cura do cancer compreendem um dos campos
mais desafiadores da comunidade cientifica, principalmente quando se leva em
consideracdo a dificuldade de se obter um tratamento eficaz de baixa
toxicidade e alta especificidade. A quimioterapia é o tratamento mais utilizado
como alternativa de cura de cénceres localizados e metastéaticos, porém a
mesma apresenta os entraves ja discutidos em relacdo a distribuicdo seletiva

de droga, toxicidade e efeitos colaterais (SCHEINBERG, 2010).

Os nanocarreadores tém representado uma ferramenta que vem sendo
cada vez mais utilizada para minimizar os problemas associados com a
liberag&o controlada do farmaco. Estudos vém demonstrando que a incluséo de
farmacos nessas particulas nano ou micromeétricas tem apresentado eficacia no
controle de sua liberagcdo (YASSIN et al., 2010) Uma das drogas mais

utilizadas nas quimioterapias atuais € o analogo de pirimidina de largo
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espectro, o 5-Fluorouracil aplicadomem tratamentos de canceres de mama
glioblastomas e cancer de colon (PANDOLFO et al., 2005). Este farmaco
interfere na sintese do DNA, atuando principalmente como inibidor da timidilato
sintetase, através da ligacdo do seu metabdlito fluorodeoxiribonucleotideio
monofosofato (FAUMP) a esta enzima inativando a mesma e inibindo a sintese

das timinas.

Um segundo mecanismo € a incorporacao de outro metabdlito da droga,
ao RNA mensageiro no momento de sua transcricdo, no lugar da uracila
formando assim, um falso RNA. Entretanto, sua meia-vida curta, larga
distribuicdo tecidual e sua alta toxicidade limitam sua aplicabilidade médica

(PANDOLFO et al., 2005).

Tentando minimizar os problemas relacionados a toxicidade desta droga,
HAGIWARA et al., (1996) estudaram o efeito farmacolégico de 5-Fluorouracil
encapsulados em microesferas compostas de poli(glicosideo-co-lactideo)
contra carcinomatose peritoneal em animais. Estes autores estudando a sua
toxicidade verificaram que a dose letal da droga encapsulada foi reduzida pela

metade quando comparado com a droga administrada em solucao.

Desde entdo alguns estudos relacionados a diferentes tipos de
encapsulacdo desta droga, a fim de diminuir sua toxicidade e melhorar sua
biodisponibilidade, vém sendo reportados na literatura. SINHA et al., (2004)
verificaram a liberagdo controlada in vitro de 5-Fluorouracil para cancer de
coélon utilizando um revestimento por compressao, o objectivo dos autores foi 0
de conceber uma formulagédo com um peso de revestimento consideravelmente

reduzido e as concentracdes de goma para entrega colbnica de 5-fluorouracil
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para o tratamento do cancro colo-rectal. Os autores verificaram ainda um perfil
de dissolucdo lento da droga quando a mesma estava comprimida a um
revestimento contendo um mistura de goma xantana e goma guar que Sao
polissacarideos utilizados na industria farmacéutica como emulsificantes,

espessantes e estabilizantes.

YASSIN et al., (2010) estudaram a otimiza¢do do uso de 5-fluorouracil
para o tratamento de cancer de coldn utilizando nanoparticulas sélidas-
lipidicas. Os autores sintetizaram diferentes tipos de nanoparticulas e avaliaram
o grau de incorporacao e perfil de liberacdo da droga em relacdo ao tamanho
de particula, os autores conseguiram uma eficiéncia de 59% de encapsulacéo,
seguida de um perfil de liberacdo de cerca de 28,8% da droga na primeira hora
de experimento e de mais 52% de liberacdo ap6s 48 horas de experimento

para uma das formulacdes sitetizadas.

Blanco et al., (2010) estudaram a liberac&o de 5-Fluorouracil a partir de
um hidrogel de aplicacdo subcutanea. Os autores concluiram que a liberacdo
de 5-fluorouracil a partir destes hidrogéis permite que a droga permaneca no
plasma de 1 a 5 dias, tempo este considerado bastante longo quando
considerada seu curto tempo de meia-vida plasmatica (15min). Estes
resultados demonstraram uma melhoria de até 98 vezes em comparacdo com

a administragédo do farmaco por via intraperitoneal.

A administracdo de 5-Fluorouracil por implantacdo de hidrogéis
poliméricos pareceu ser uma boa alternativa para a terapia com este farmaco,
uma vez que quando liberado, o mesmo resultou em uma concentracao

plasmatica terapeuticamente adequada do farmaco durante um longo periodo

28



Lucena, F.R.S. Avaliacdo da Toxicidade, Atividade Antitumoral de 5-Fluorouracil Incorporado a Redes de
Coordenac¢ao Multifuncionais

de tempo. Recentemente AYDIN & PULAT (2012) realizaram o estudo do 5-
Fluorouracil encapsulado a nanoparticulas de quitosana para a verificacdo do
perfil de liberacdo dependente da variacdo do pH. Os autores verificaram um
perfil de liberacdo controlada e sustentada do farmaco, variando
suas quantidades de 29 - 60,8% de acordo com a variagdo do pH. Os
resultados demosntraram que particulas de quitosana dependentes do pH,
podem ser usados como uma alternativa inteligente para a entrega especifica e
localizada da droga no sitio tumoral, uma vez que estas nanoparticulas séo pH

dependentes.

O 5-Fluorouracil encapsulado a nanoparticulas de quitosana nédo so
ofereceu vantagens sobre as terapias de drogas convencionais em relagcéo ao
perfil de liberagdo do farmaco, como também apresentou caracteristicas que
podem contribuir para melhorar os efeitos secundarios em relagdo a dosagem
para a obtencdo do efeito terapéutico com diminuicdo da toxicidade, como
demonstrado em varios estudos da literatura que apotam a nanoencapsulacao
como uma inteligente alternativa pra o tratamento do cancer (HORCAJADA et
al., 2006 ; HORCAJADA et al., 2010; YASSIN et al.,2010 ; ADYN & PULAT,

2012).
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3. OBJETIVO
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3.1 OBJETIVO GERAL

Incorporar farmacos antitumorais utilizados em neoplasias humanas em
redes de coordenacao (MOFs), a fim de melhorar sua biodisponibilidade para o
organismo, bem como avaliar o desempenho dessas estruturas em relagéo a
sua capacidade de incorporar o farmaco escolhido, de realizar liberagédo

controlada do mesmo e verificar sua toxicidade in vitro e in vivo.

3.2 OBJETIVOS ESPECIFICOS

e Realizar o estudo teorico-computacional para a verificacdo dos
tamanhos das moléculas dos farmacos: cisplatina, doxorrubicina,
carboplatina, oxaliplatina e 5-fluorouracil em relagdo ao tamanho dos
poros das redes de coordenacdo MOFs (A-100) - MIL-53(Al) e (Basolite
C300) — Cu-BTC;

e Caracterizar o sistema escolhido através das técnicas de difratometria
de raio-x de pé, espectroscopia de infra-vermelho, analise elementar
(CNHS), andlise termogravimétrica (TGA) e colorimetria de varredura
(DSC);

e Incorporar o farmaco indicado pelo estudo teo6rico nas redes de
coordenacao e determinar a melhor taxa de incorporacéo;

e Avaliar o tempo de degradacao do carreador;

e Realizar o estudo de dissoluc¢do do farmaco a partir do carreador;

e Realizar a atividade citotoxica frente as linhagens tumorais humanas
MCF-7 (cancer de mama), HT-29 (cancer de colon), NCI-292 (carcinoma

de pulméo), e HL-60 (leucemia promielocitica);
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Determinar a toxicidade in vivo (DL-50)
Realizar o estudo histopatologico (figado, rins e baco) dos animais;
Verificar o mecanismo de morte celular associado ao sistema;

Quantificar os niveis de citocinas pro-inflamatérias e de éxido nitrico,
para avaliar uma possivel atividade anti-inflamatoria do sistema farmaco-

carreador.
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5. ANEXOS
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COMPLEMENTARY MATERIALS

| - THEORETICAL STUDY OF ANTICANCERS

DRUGS INCORPORATED INTO CU-BTC

MOF CAVITIES
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1. Backgrounding
Theoretical study was performed in order to re select which of the drugs
used have molecular size compatible with the pore size provided by Cu-BTC

and MIL-53 (Al) MOFs in order to improve our experimental protocol.

2. Methodology

Theoretical section

Theoretical tools were used to evaluate the possibility of incorporating
antitumor drugs into the Cu-BTC MOF. Initially, we used B3LYP/6-31G* model
to determine the three-dimensional structure of each drug and compared them
with the pore sizes of Cu-BTC MOF. The B3LYP/6-31G* calculations were

carried out using the Gaussian 2003 software [1].

The pore sizes of the Cu-BTC MOF were also measured. However,
semiempirical PM6 method was used in this case due to the high computational
cost of the DFT methodology [2]. This choice can be justified by the fact that the

PM6 is the only semiempirical method that possesses parameters for copper.

We also chose to apply periodic conditions to calculate the solid state
structure using translation vectors to repeat the unit cell in all directions. This
procedure was detailed by Stewart in 2007 [2]. The semiempirical calculations
were performed using the MOPAC 2009 package. The keywords used were:
PM6 - the PM6 Hamiltonian to be used; MERS (n1,n2,n3) — instructions for
replication of the unit cell;, GRAPHF — generate file for graphics; T = 20D — time
of 30 days requested; XYZ — Cartesian coordinate system used; and AUX —

output auxiliary information.
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The solid state calculations present some advantages when compared to
the vacuum calculations [3]. The principal advantage is that the solid state
calculations provide better predictions of the borders of the solid. Another
advantage is the higher computational efficiency of the process. In short, the

solid state calculations are faster and more accurate.
3. Results and Discussion

The dimensions of each drug in the three space directions were
calculated and the results are presented in (table 1). It is possible to observe
that as 5-fluorouracil has a planar structure it has only two measurable
dimensions, making this drug the smallest in the group of molecules chosen for
this study. We may also notice that the doxorubicin is the largest one, featuring

two dimensions larger than 10 A.

Table 1: Dimension of the drugs calculated using BLYP/6-31G*

methodology.

Drug X (A) Y (A) Z (R N#
5-Fluorouracil 5.40 4.51 0.00 12
B-lapachone 9.03 8.98 3.83 32
Cisplatin 5.00 5.00 2.40 11
Carboplatin 8.03 6.00 4.82 25
Oxaliplatin 10.43 5.82 2.80 29
Doxorubicin 15.06 13.45 5.52 68

%N = number of atoms in the structure.

45



Lucena, F.R.S. Avaliacdo da Toxicidade, Atividade Antitumoral de 5-Fluorouracil Incorporado a Redes de
Coordenac¢ao Multifuncionais

Figure 1 show the crystallographic and PM6 structures of the Cu-BTC
MOF. The PM6 calculation agrees closely with the crystallographic one,
although a slight distortion of the coordinated water molecules in the PM6
structure is observed. (Table 2) shows a comparison between the
crystallographic and PM6 cell parameters. The calculated cell parameters are
similar to the crystallographic quantities. For instance, the errors in the a, b and
c cell parameters were 0.4 A (about 1.5%) while errors of 0.3 degrees in a, B
and y cell parameters were observed (about 0.3 %). If we analyze the volume of

the calculated Cu-BTC structure the error is about 4%.

A better view of the good results obtained with PM6 semiempirical model
is provided by the overlap of the crystallographic and PM6 structures presented
in figure S1 of the supplementary material. The good agreement between the
two structures is clear. The RMSD (Root-mean-square deviation), calculated

using the Cache software was only 0.0044 [4].

Table 2. Comparison between crystallographic and theoretically calculated cell

parameters for Cu-BTC.

Cell Parameters

Structure a(A) b)) c(A) a (%) B () v(®)  volume (A%
X-Ray 26.3 26.3 26.3 90.0 90.0 90.0 18280
PM6 26.0 26.0 25.9 90.2 89.7 89.7 17530
Unsigned 0.3 0.3 0.4 0.2 0.3 0.3 750

error
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Figure 1: Representation of the main pore based on the crystallographic

structure of Cu-BTC MOF

The largest pore, visible in (figure 1) measures 8.90 A in the
crystallographic structure and 8.95 A in the PM6 calculated structure. It can be
noted that the slight distortion in the water molecules does not affect the pore
size. Moreover, according to TGA analyses, water molecules originally present
in the pores are eliminated during the incorporation process (see discussion on
thermal analyses results article 1). Although this orientation shows only one

pore, the Cu-BTC presents three different pores.

(Figure 2) shows the same crystallographic structure in a different
orientation. In this figure, the two other pores are visible. The crystallographic
diameters of these pores are 7.50 A and 6.00 A while the PM6 values are 8.30
A and 5.10 A. Once again, PM6 dimensions are similar to the experimental

values.
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Figure 2: Orientation showing the dimensions of the two smaller pores of Cu-

BTC MOF based on crystallographic structure.

Based on a comparison of drug dimensions and pore sizes we can
suggest that only doxorubicin, B-lapachone and oxaliplatin present at least
these dimensions larger than 8.9 A. Therefore probably only these drugs will not
fit into the Cu-BTC MOF. Analysis of the DFT drug dimensions (see table 1)
indicates that 5-flourouracil and cisplatin can be inserted simultaneously into

two different pores of Cu-BTC.
4. Conclusion

From the above mentioned results, we chose 5-flourouracil to perform

experiments to determine the incorporation efficiency into Cu-BTC pores.
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ABSTRACT

In this article, the possibility of associating anticancer drugs with the MOFs and
cytotoxicity against human cancer cells was evaluated, we choose 5-flourouracil
(5-FU) to perform experiments to determine the efficiency of drug association
with the Cu-BTC MOF pores. Structural characterization encompasses
elemental analysis (CHNS), Differential scanning calorimetry (DSC),
thermogravimetric analysis (TG/DTG), Fournier transform infrared (FT-IR) and
X-ray diffraction (XRD) . The chemical characterization of the material indicated
the presence of drug associated with the coordination network. The cytotoxicity
tests were carried out against four cell lines: NCI-H292, MCF-7, HT29 and
HL60. The MOF-associated drug was extremely cytotoxic against the human

breast cancer adenocarcinoma (MCF-7) cell line and against human acute
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promyelocytic leukemia cells (HL60). The drug demonstrated a slow release
profile where 82% of the drug was released in 48 hours. This improvement of
cytotoxic activity suggests that the association between the 5-fluorouracil and

the Cu-BTC MOF modulates the cytotoxic activity of the drug.

Keywords: Anticancer drugs; MOFs; Cytotoxic Activity
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Introduction

Cancer is a group of diseases characterized by loss of control of cell
division and by the ability to invade other organic structures. The process
begins with a single cell that develops a mutation in a gene responsible for
either cell cycle control or apoptosis and replicates uncontrollably. The problem
with current cancer therapies is that they lack selectivity. The ideal therapeutic
system must directly target the cells that are in the early stages of malignant

transformation.

Polymeric controlled release technology has had an impact on different
areas of medicine, having been incorporated into several different products
already present in medical practice [1]. Among the nanostructures employed in
this technology, Metal Organic Frameworks (MOFs) is one of the most exciting
recent developments. These structures are crystalline solids formed by metal
ions or clusters coordinated by organic molecules to create one-dimensional or

three-dimensional rigid structures [2].

Some potential applications for MOFs include gas storage containers,
sensors, catalyst and more recently, drug carries and imaging agents for
several tumor cell targets [3], [4]. In 2009, Taylor-Pashow and co-workers
synthesised an iron-carboxylated MOF with the structure of MIL-101,
suggesting that MOFs can be used as novel carriers for drugs and diagnostic
contrast agents, as they have high rates of incorporation. Another important
feature that should be emphasized is that MOFs can be modified post-

synthetically by linking different groups to the metal-ligand complex [5], [6].
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Horcajada et al (2008) studied the adsorption and release of ibuprofen by
the MOFs MIL-53 (Cr) and MIL-53 (Fe). They observed that the amount of drug
adsorbed is independent on the metal that constitutes the structure. Both MOFs
adsorbed approximately 20 wt % of ibuprofen. Analysis of the release kinetics
revealed that total drug release occurred within three weeks [7]. The same
group synthesized biologically and environmentally non-toxic MOFs (MIL-53,
MIL-88, MIL- 88 Bt, MIL-89, MIL-100 and MIL-101-NH,). These MOFs were
analyzed with respect to their biocompatibility, degradation profile and imaging
properties. The efficiency of these MOFs as drug carriers was tested using the
following antiviral and antitumor drugs: bulsufan, azidothymidine triphosphate,

cidovir and doxorubicin [8].

For biological applications, the MOFs were coated with biocompatible
polymer, polyethylene glycol, wich prevented aggregation of particles [8].
Studies involving MOFs in cancer therapy have opened new perspectives for
improving treatments. Non-toxic, biocompatible carboxylated nano-MOFs are

easy to obtain and have exhibited many advantages as drug carriers.

In this paper we initially carried out a study to evaluate the possibilities of
associate 5-Fluorouracil with the Cu-BTC MOF to perform experiments to
determine the efficiency of drug association with the Cu-BTC MOF pores and
evaluate the improvement of cytotoxic activity of the drug and the slow release

of the drug.
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2. Methodology

2.1 - Experimental section

The association was performed using 5-FU 99% (Sigma Aldrich) and the
Cu-BTC MOF - Basolite™ C300 (688814) produced by BASF. The drug (300
mg) was dissolved in 150 mL of Milli-Q ultrapure water and 100 mg of Cu-BTC
were added, in a proportion of 3:1 (w/w - drug/MOF).The resulting suspension
was kept under stirring at room temperature for seven days. Aliquots were
removed after one, three and seven days, then centrifuged (4500 rpm) for 20
minutes and the supernatant was analysed by UV-Vis spectroscopy to
determine the amount of drug present in the metal organic framework. The
analysis was performed in triplicate.

Elemental analysis (CHNS) measurements were performed in a CE
Instruments elemental analyser, model EA1110. FT-IR spectra were collected
from KBr discs utilizing a Bruker spectrophotometer (IFS-66) with Fourier
transform (spectral range 4,000 to 400 cm™). The results were analysed using
the OPUS Spectroscopic Software from Bruker. TG/DTG curves were obtained
in the temperature range between 20-900°C, using a Shimadzu TGA 50
thermobalance under a dynamic nitrogen atmosphere (50 mL min™); a heating
rate of 10°C min™*; and an alumina crucible containing approximately 3 mg of
the sample. The instrument calibration was performed before the tests using a
calcium oxalate monohydrate standard, according to the American Society for
Testing and Materials. The DSC data were recorded in a DSC 50 cell
(Shimadzu) in the 25-600°C temperature range under a dynamic nitrogen
atmosphere (100 mL min™) in an alumina crucible containing 2.0 mg of the

sample; a heating rate of 10°C min™ was used. The powder patter XDR were
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obtained in a Bruker D8 Advance X-Ray diffractometer (Ka(Cu) 1,54 A), in the
range 5 ° to 50 °, step 0.02 ° and acquisition time 1 second.

For in vitro release study, were used transparent hard gelatin capsules
containing 110.97 mg of incorporation, which was equivalent to 50 mg of 5-FU.
Dissolution (dissolutor, Varian, model VK-7000/7010/750D) was performed in
PBS (pH: 6.8), volume of 500 mL at 37 °+ 0.5 and screw speed of 100 RPM.
The collections were performed on days 0.5, 1.5, 5.5, 15, 20, 24, 39, 44 and 48
hours. At every given time, a sample was collected from 2.5 mL to be analyzed
on HPLC, followed by replacement of the dissolution medium. The samples
were filtered on Millipore ® membrane 0.22 mm in pore size, 13 mm (Millex). All
analyzes were performed in triplicate. The samples obtained from dissolution
studies were individually subjected to analysis by HPLC - DAD using isocratic
mobile phase 85 % of acetonitrile: 15 % of water (v/v) with a 2mL/min flow, the
oven temperature was 25°C, with a stationary phase C18 column (250
X 4.6 mm /5 um), and 20 pL injection volume of the samples. The LC system
used was a high performance liquid chromatograph  (HPLC)
Shimadzu® equipped with a quaternary pump model LC - 20ADVP, powered
by helium degasser model DGU - 20A, PDA detector model SPD - 20AVP, oven
model CTO-20A SVP, auto sampler model SIL - 20A DVP and controller model
SCL - 20AVP. The data were processed by

software Shimadzu® LC solution 2.0.

2.3 - Biological section

The cytotoxicity tests were carried out against four cell lines: NCI-H292

cells (lung mucoepidermoid carcinoma), MCF-7 cells (breast adenocarcinoma),
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HT29 cells (colon adenocarcinoma) and HL60 cells (promyelocytic leukemia).
The cells were maintained in DMEM — Dulbecco’s Modified Eagle Medium (see
Supporting Information). Drugs were considered cytotoxic when the rates of cell
growth inhibition exceeded 40%, according to the protocol established by

Geran, 1972 [9].

2. Results and Discussion

Drug loadings, expressed in g 5-FU per gram Cu-BTC after one, three
and seven days of stirring were 0.2884, 0.6391 and 0.8221 respectively. Longer
contact times did not improve drug loading. This result shows that owing to the
high surface area of the host structure it takes relatively long times for the drug
molecules to reach the metal-organic framework. This result also allowed us to

choose an optimal contact time of seven days.

Cu-BTC contains C, O and H atoms but lacks N atoms. Therefore, the
presence of the drug on this structure was indicated by the appearance of N
atoms in the elemental analysis. The theoretical and experimental results are
represented in table 1 conform to the proportions demonstrated in the TGA

analysis.
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Table 1. CNHS Elementar analysis.

Sample %N  %C %H %S

THEORETICAL

(Cu-BTC) 00 258 43 0.0
(CuBTC/5-FU) 24 302 3.0 0.0
EXPERIMENTAL

(Cu-BTC . 12 H,0) 00 263 37 0.0

(Cu-BTC.6H,0+0.82 2.5 30.7 238 0.0
5-FU)

CU-BTC — C1gHsCu30;, / 5-FU- CoH3FN,0,

Figure 1 shows the FTIR spectra of the precursors and the product
obtained. In the infrared spectrum of Cu-BTC, there is a very strong band
centered at 3450 cm™ assigned to the OH stretching from water molecules. The
broadness of this band is consistent with extensive hydrogen bonding from both
coordinated and non-coordinated water molecules. Bands at 1644 cm™ and
1373 cm™ are assigned to asymmetric and symmetric (OCO") stretching from

carboxylate groups.

Additional bands at 1587 and 1450 cm™ are due to C=C stretching from
the aromatic rings. The FTIR spectrum for 5-FU is characterized by a broad
band at 3133 cm™, assigned to NH stretching, in addition to bands at 1724 cm™
and 1660 cm™ arising from the two distinct carbonyl groups in 5-FU structure.
The spectrum for Cu-BTC/5-FU sample shows bands from both host and guest

species, some of them shifted due to the occurrence of intermolecular

interactions.

The spectrum exhibits the NH stretching band centered at 3150 cm™ and

at higher wavenumbers an envelope of OH stretching bands (centered at 3550,
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3498, 3460 and 3388 cm™). Those bands are probably due to the coordinated
water molecules which were partially resolved after removal of the non-
coordinated ones during the association process, as shall be discussed on the
basis of thermal analysis. At lower wavenumbers we can observe the carbonyl
bands from 5-FU at 1708 and 1660 cm™ in addition to the carboxylate bands
from Cu-BTC at 1631, 1617 and 1382 cm™. Bands from both species in this

region are slightly shifted as mentioned [10].

Cu-BTC/5-FU 7
a’é‘ 5-FU
3
c
2
e
2
o
=
Cu-BTC
4000 3500 3000 2000 1500 1000 500

Wavenumber {cm'1)
Figure 1: FTIR spectra of Cu-BTC MOF

Thermal analysis data complemented characterization allowing us to
make a picture of the sample Cu-BTC/5-FU. Figure 2 shows DSC curves for the
drug 5-fluorouracil, showing that the free drug starts to decompose at nearly
260 °C with a peak in DTG at 303 °C. DSC for 5-FU shows that actually the

solid drug melts at 279 °C and decomposes subsequently after melting.
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Figure 2: DSC curves Cu-BTC/5-FU ; Cu-BTC; 5-FU

Analyzing the thermal analysis curves TG/DTG (Figure 3) and DSC
(Figure 2) for Cu-BTC we see that the sample starts to lose adsorbed and non-
coordinated water molecules below 100 °C. After losing nearly 30% of the
whole mass the TG curve shows a plateau from 150 °C which is disturbed by
very discrete mass losses at 160°C and 225 °C, followed by a major mass loss
starting from 320 °C (peaked at 352 °C and 381 °C in the DTG curve), assigned
to decomposition of the framework structure.

This event can be assigned to both decomposition of the organic
ligands and release/decomposition of the coordinated water molecules. In the

Cu-BTC DSC curve these events are observed as a broad endothermic event
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centered at 77 °C along with two exothermic ones at 344 and 354 °C. Finally for

the Cu-BTC/5-FU sample the thermal analysis curves show interesting features.

TG curves shows that the initial thermal event observed for the original
MOF is absent which suggests that the non-coordinated water molecules
originally present in the pores are probably replaced for 5-FU molecules during
the association process [11]. This is also consistent with observations made
from FTIR analysis. A very small mass loss is observed at 163 °C, which can be
related to trace residual non-coordinated water molecules, followed by a
significant loss at 286 and 294 °C.

The last event is probably related to decomposition of 5-FU and
considering that the peak is broad and shows two unresolved minima, it
suggests two structural situations for this molecule (see DSC discussion).
Another mass loss is observed at 370 °C due to the decomposition of the MOF.
Both the decomposition of the host and of the guest are shifted in comparison
with the free samples.

From DSC curve for Cu-BTC/5-FU (see figure 2) we can observe the
presence of several endothermic events (108, 177, 233, 279 °C) along with an
exothermic event at 352 °C. The sharp endothermic event at 279 °C (drug
melting) suggests that despite a careful isolation procedure, some 5-FU crystals
may have remained some free molecules (possibly physical adsorbed) in Cu-

BTC/5-FU sample.

Although previous works with other MOFs having larger pores suggested
that several molecules could occupy the pores and the surface area. Thus we

propose here that our sample contains a slight fraction of 5-FU crystals,
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probably as a result of the equilibrium between the free and associated species
which makes difficult a complete purification. Despite this, it is clear that drug
association with the metal organic framework (Cu-BTC) occurs to a great extent
as can be inferred from significant changes in the DSC curve, in special in the

interval of water release and MOF decomposition.
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Figure 3: Thermal analysis curves TG (A) and DTG (B) for 5-FU; Cu-BTC and Cu-

BTC/5-FU.
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The adsorption process results from the interaction between the guest
molecule and the adsorbent material, in our case, the Cu-BTC and 5-FU. Those
interactions, in general, are very week (physisorption), but, in some cases, the
host-gest interactions affinity is strong and due the chemisorption and structural
changes may occur. In this perspective, the X-ray powder diffraction becomes a

powerful tool to investigate those crystalline transformations.

The Figure 4 (in black) shows the experimental powder pattern of the Cu-
BTC used in the 5-FU incorporation. This diffractogram, as expected, shows all
peaks corresponding to the [Cuy(BTC)3(H20)3] structure (cubic, space group
Fm-3m) synthetized by Williams and co-workers [12]. The most intense peaks
are located in 11.6°, 9.5° and 6.7° related to the [222], [220] and [200] diffraction

plans, respectively.

After the drug incorporation, the samples was collected the powder
pattern, and the result (Figure 4, in red) shows different diffraction peaks
regarding to the Cu-BTC. Although the sample still has strong crystalline
character, this result suggests that there was a structural change in the Cu-BTC
during the incorporation process, probably due to the supramolecular

interactions between the drug and the MOF.

The drug incorporation is confirmed by the intense signal located in
28.8°, related to the [220] diffraction plane of the 5-FU, in agreement with the
literature [13, 14]. This observation is in good agreement with IR-spectroscopy,

TGA and elementary analysis results.

After the dissolution test, the incorporated 5-FU was released and, again,

was collected the powder pattern, shown in the Figure 4 (in blue). As expected,
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was not observed the diffraction peak of the drug, which is in good agreement
with the dissolution test results, and once again, was detected structural

changes in the Cu-BTC, experiencing a slight amorphization in the

—— After released
—— Incorporated
— (C300

3,0

2,54

0,5

0,0~

10 20 30 40 50
20

structure.
Figure 4: Powder pattern XDR (black- C300) — Cu-BTC MOF; (red-
incorporated) — Cu-BTC/5-FU and (blue- after release) — sample after

dissolution test.

The release profile was conducted in order to ascertain whether the drug
is output from the system in the physiological environment. The experiment
demonstrated during the prolonged drug release 48 hours. Initially, 39.4% of the
drug was released from the MOF in the first 30 minutes, this can be attributed to
the drug in its free form as indicated in DSC curve. Then, the release proceeded
more slowly being released about 60% in 15 hours of study, the dissolution

reached 82.0% at 48 hours.
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The release of 5-FU "in vitro", found in our system resembles the one extended
release "in vivo", which are offered two doses of the drug (Figure 5). The first,
called immediate-release initial dose required to produce the desired
pharmacological effect without causing damage to the body. The second, called
maintenance dose is released gradually, in order to prolong the extent of

pharmacological response™®

Graphic 1. Dissolution profile of 5-fluorouracil from Cu-BTC MOF

80
70

60

Drug dissolution (%)

40 .

. . . . .
0 10 20 30 40 50
Time (hours)

Table 2 shows the IC50 values for inhibition of cellular activity of at least
70%. We observed that 5-fluorouracil exhibited cytotoxic activity against MCF-7
and HL-60 cells. The IC50 value for the MCF-7 cells was very low (1.735
pMg/mL) when the drug was associated with the MOF, this can be attributed to
prolonged drug release as indicated in dissolution study, allowing the
maintenance of the biological effect, since the active principle of the drug being

released slowly and continues.
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The same was true for the HL-60 cells. The IC50 values decreased
significantly when the drug was associated with the network, suggesting that the
association between the 5-fluorouracil and the Cu-BTC MOF are responsible by

the modulation of the cytotoxic activity of the drug (see table 2).

Table 2. IC50 (ug/mL) compared to the human tumor lines.

Cell Line CU-BTC 5-FU Cu-BTC/5-FU

MCF-7 3.49* 20 1.735**
HT-29 >25 >25 > 25
HL-60 >25 8.601 4.615
NCI-H292 >25 >25 > 25

** \/ery toxic * Toxic

2. Conclusions
All characterization and the dissolution tests techniques evidenced that
the drug has been associated with the metal organic framework Cu-BTC
forming an incorporation system. Despite the presence of the drug in the pores
of the coordination network have produced changes in its structure it became
clear that there was a controlled release of the same as shown in dissolution

study.

The technology of controlled release of drugs represents one of the
frontiers of science, which involves different aspects multidisciplinary and can
contribute greatly to the advancement of human health. Delivery systems, often
described as "drug delivery systems”, offer numerous advantages when

compared to other conventional dosage. In fact, numerous studies in the
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literature provide evidence of the following: greater therapeutic efficacy, with
gradual and controlled release of the drug from the matrix degradation,
significant decrease toxicity and increased length of stay in the circulation,
nature and composition of vehicles varied and, contrary to what one might
expect, there was a predominance of instability and decomposition mechanisms

of drug (bio premature inactivation).

The coordination network was considered nontoxic against most cell
lines used (Cu-BTC was toxic against MCF-7 cells) The system Cu-BTC/ 5-Fu
were extremely cytotoxic against the human breast cancer cell line MCF-7 and

against human acute promyelocytic leukemia cells (HL60).

This improvement of cytotoxic activity and the slow liberation of the drug
from the Cu-BTC network suggests that the association of the 5-Fluorouracil
with the Cu-BTC metal organic framework modulates the cytotoxic activity of the
drug. Additional studies are needed to understanding of the mechanisms
involved in this modulation, seeking post-synthetic modifications that may result
in specificity for these systems.
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ABSTRACT

The determination of LD50 of the drug 5-Fluorouracil (5-FU) incorporated into
the metal organic framework Cu-BTC MOF was determined and
histopathological studies were conducted using doses of 325 and 750 mg/kg.
The results indicated that there was a significant reduction of LD50 of the
drug incorporated in the network in relation to the drug solution. No alterations
were observed in organ weights or in the photomicrographs of animals
belonging to the group treated with 325mg/kg of the system Cu-BTC MOF +
5-FU. The LD50 for the system 5-FU + Cu-BTC MOF was determined at 750
mg/kg.

Key Words: Cu-BTC MOF, 5-Fluorouracil, toxicity
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Introduction

In the field of nanotechnology systems for drug delivery were initially
developed in the mid-70s in order to carry substances in organisms, tissues
or even cells, to improve the therapeutic efficacy and decrease the toxic effect
of these drugs™?. In order to increase the uptake by the tumor and improve
the transport of the drug strategies for the specific location, Kumar et al
(2000), reported on their review studies about development of methods to
reduce the uptake of biodegradable polymer nanoparticles by cells of the
endotelial reticular system®. In the last four decades, the technology of
controlled release polymer had an impact on different areas of medicine with

different products already present in medical practice®.

Among the nanostructures used due to its various functions are the
Metal Organic Frameworks or MOFs are crystalline structures consisting of
metal ions or clusters coordinated by organic molecules, often rigid structures
to form one, two or three-dimensional porous. Among its uses are the storage
of gases, used as sensors, catalysis and more recently as carriers of drugs
and imaging agents for many of them targeting tumor cells, new therapies
against cancer’. The first example considered was the model that involves the
adsorption of ibuprofen into the cavities of MOF MIL-100 and MIL-101 (MIL=
Material Institut Lavoisier). The systems exhibited a high storage of capacity
up to 1.4 g drug per gram of porous solid and a controlled release of the drug

in physiological conditions, around 3 to 6 days®

Horcajada et al (2010) have synthesized a variety of purposes-carrying

nanocarriers drugs and imaging agents. This group has some MOFs
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synthesized in aqueous and ethanol extracts, biologically and environmentally
non-toxic, among these are the MOFs (MIL-53, MIL-88 A, MIL-88Bt, MIL-89,
MIL-100 e MIL-101_NH,). These MOFs were analyzed in relation to their
biocompatibility, degradation profile, and properties of image. The efficiency
of these MOFs as carriers of drugs was tested using antiviral and antitumor
drugs: bulsufan (BU), trisfofato of azidothymidine (AZT-TP), cidovir (CDV)

and doxorubicin (DOXO).

Busulfan (BU) antitumour drug used for cancers such as leukemia and
myeloma into the MIL-100 MOF was considered extremely high since
incorporation of the same was 5X higher than the best polymer tested and

60x higher than the liposome®®.

In our study we used the antitumour drug 5- fluorouracil (5-FU) that is
one of the major anticancer agents used clinically for the treatment of
stomach, colorectal, head, and neck cancers' 5-FU is poorly selective toward
tumor, so its therapy causes high incidences of toxicity in the bone marrow,
gastrointestinal tract, central nerve system and skin®®. To optimize the
efficacy of 5-FU, it is often administrated by continuous infusion as well as in
combination with other cytotoxic with biochemical modulations'**2. Our study
aimed to evaluate the possible improvement of 5-FU toxicity and it's
therapeutic effects after the incorporation of the drug in the Cu-BTC metal-

organic framework.
2. Materials and Methods

2.1 5-fluorouracil incorporation
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For this study we used the drug-carrier system (MOF Cu-BTC + 5 -
Fluorouracil) where in each 1g of MOF contained 0.82 g of drug. All studies
on the chemical characterization of the material were carried out in the
Chemical Departament of Pernambuco Federal University, as described in

another study conducted by our group (see supplementary material).

2.2 Animals used in the pharmacological tests:

Swiss albino female mice (Mus musculus) were used, weighing
between 30-35 grams, with an average age of two months. The animals were
monitored according to the norms of the National Institute of Health Guide for
Care and Use of Laboratory Animals and separated into batches of six
animals each. The experiments were conducted according to the National

1
| 3

Cancer Institute protoco and approved by the UFPE- Animal

Experimentation Ethic Committee: 23076.024149/2012-48.
2.3 Toxicity verification and DL50 determination

LD50 was determined by using used the formula DL50 = DF-E(a.b)/n ***°

where:
DF- minimum dose capable of killing all animals;
a- Difference between the two consecutive doses administered;
b- Average of died animals between two consecutive doses;

n- number of mice per lot.
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The initial dose of 325mg/kg was tested using a factor of 1.2 until the dose
of 2000mg/kg. Sample containing MOF 5-FU/Cu-BTC was diluted in
water and administered to animals orally. The animals were observed for
1 hour uninterrupted, where was observed and recorded the signs and

toxicity displayed by these animals.

We counted the number of deaths in 48 hours and the weight
variation of animals followed for 14 days. On the 15th day the organs
(liver, kidneys and spleen) of the surviving animals were taken to the
histopathological analysis. The control group received a saline solution

(0.1mL/10g) of bode weight.

2.4 Histopathological Analysis

Tissues samples (liver, spleen and kidney) were removed and were
fixed immediately in 10% neutral-buffered formalin. They were processed in
5um thick paraffin blocks, sectioned and stained with mayer’'s hematoxylin
and eosin. The microscopy analysis was performed with video microscope

system (MOTIC BA200 microscope, MOTIC video-camera)®®.

2.5 Statistical Analysis

The results are presented as mean * standard deviation (SD). Data were
analyzed using the software graph pad prism v. 5.0. One-way ANOVA
followed by the Newman-Keuls test were used to evaluate the differences

among the treatments. P<0.05 values were considered statistically significant.
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3 Results and Discussion

3.1 Toxicity acute and LD 50 determination

The LD50 was determined in 750mg/kg and the signs of toxicity
presented by animals were: piloerection, writhing and intense agitation. In
relation to body weight of the animals received doses of 325 mg/kg and
750mg/kg was found that there was no significant difference between
treateds groups compared to control group. But when considering the organs
weight, it was found significant differences when comparing the liver and the
kidneys of treated animals when compared to the animals of control group
(table 1). These differences of the organs weights between groups
corroborate the results observed in the photo-micrographs of the
histhopatological study, which also demonstrated structural changes to these

organs after the treatment with 750mg/kg doses.

Table 1: Body and organs weight of animals subjected to acute toxicity

Results (mean + SD)  Control (g) Treated*(g) Treated**(g)
Body weight (g) 38.96 + 2.03 35.18+ 2.74 32.15+ 2.75
Organs weight (g)

Liver 2.27+0.15 1.67% + 0.28 1.67"+0.11
Spleen 0.24 + 0.03 0.22 +0.03 0.15+0.01
Kidneys 0.27 +0.02 0.197+ 0.09 0.19%+0.01

*dose 325mg/kg ** dose 750mg/kg

# statistically significant difference compared to control (p<0,05.
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These results indicate that the metal organic framework could be acted
like a system for controlled of drug, modulating the drug toxicity and
improving its bioavailability, reducing their systemic toxicity when compared to
the drug solution. The slow release of the drug from the Cu-BTC MOF may be
one mechanism related with the reduction of the toxicity of this drug since
during the incorporation process of the drug may have occurred formation of
hydrogen bond between the carrier structure and the group fluoride of 5-FU
molecule (see supplementary information).

Similar results regarding the reduction of toxicity of 5-fluorouracil were
observed when 5-fluorouracil was encapsulated into the microspheres to
verify the pharmacological effect of the drug in relation to the treatment of
peritoneal carcinomatosis in mice. The authors achieved an improved LD50
incorporating the drug into microspheres. The LD50 was around 535 mg/kg
when compared to the LD50 of drug solution (241 mg/kg).*” In our study was
found a significant further improvement when the drug incorporated into the

coordination network (750 mg/kg).

3.3 Histopathologycal analysis

Liver and spleen photo-micrographs to control group and the treated
group (325 mg/kg) showed no significant differences between the groups. In

both groups there was preservation of structures visualized without changes.

When considering the dose of 750mg/kg (figure 1B) was verified the

presence of cytoplasmatic vacuoles in liver parenchyma in relation to control
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group (figure 1A), which is in agreement with the results In relation to the

body weight difference when compared treated with control group (table 1).

Figure 1

Liver photomicrography control group (saline): A) central vein (v), hepatocytes preserved
(middle arrow) and capilary sinusoids (thin arrow) preserved. Bile duct (DB) no change. B)
Liver photomicrography treated group (750mg/Kg Cu-BTC/5-FU): central vein (v), bile duct
(BD) and sinusoids capillary (thin arrow) no changes. Vacuolated evident in the hepatic

parenchyma (arrow heads) H.E.: 400X.

In the Kidneys was observed a reduction in the subcapsular space
of some glomeruli at a dose of 325mg/kg compared to the control, which
also is in agreement with the (table 1) also evidenced a significant
difference in the weight of kidneys in the control group compared to

animals of treated groups.

Considering the dose of 750mg/kg (figure 2 B) it was found that
besides reducing the subcapsular space of the kidneys glomeruli, blood

congestion was evident between the tubules in relation to control group
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(figure 2 A) The spleen showed a significant increase of the lymph nodes,
and also verified the presence of per capsular inflammatory infiltrates
(figure 3 B) in relation to control group (figure 3 A), corroborating the

results described above in relation to the toxicity of this doses.

Figure 2

Kidney photomicrograph control group (Saline) A) cortical region, the presence of renal
glomeruli with preserved subcapsular spaces (asterisk). B) Kidney photomicrograph
treated group (750mg/kg Cu-BTC/5-FU): Reduction of subcapsular glomeruli spaces

(asterisk). Blood congestion beteween the tubules (arrow) (400X) H.E.

Figure 3
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Spleen photomicrograph control group (Saline) A) apparently preserved spleen showing giant
cells (arrow). Spleen photomicrograph treated group (750mg/kg Cu-BTC/5-FU) B) presence

of giant cells (arrow) and clear leukocyte infiltrate (asterisk). 400x. H.E.

4. Conclusions

The nanoencapsulation is an important field for developing new
formulations, since it allows, in a rational and effective to increase the
therapeutic effectiveness of substances already used in the treatment of
variety of diseases in addition makes possible the use of drugs potentially

toxic, as is the case of many antineoplastic*®

5-FU is one of the most efficacious anti-cancer drugs against many
cancers, however intraperitoneal 5-FU is readily absorbed into the systemic
circulation, causing a rather steep decline in its concentration in the tissues
and the further doses are required to maintain the effect which contributes to

increasing its systemic toxicity™®

These results indicated that Cu-BTC MOF is a good alternative like a
new drug carrier because was observed a relevant reduction of 5-Fluorouracil
(5-FU) toxicity when compared to the toxicity of the drug in solution, these
results are according to the literature which showed a reduction in toxicity when
the drug is encapsulated in carrier structures, small particles, such as

microspheres®®

Comparing with the literature our studies demonstrated that DL50 of 5-Fu
associated with Cu-BTC MOF (750mg/kg) reduced by almost three times the

DL50 value found for 5-FU in solution (241mg/kg) and reduced by two times the
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LD50 determined by Hagiwara et al (1996) (535mg/kg), without causing severe
damage as demonstrated in photomicrographs where changes were not seen in

the organs when was used the dose of 325 mg/kg body weight’

Nanoparticles are gradually absorbed selectively through milky spots,
which are a kind of lymphatic apparatus located on the peritoneal surface It
means that intraperitoneal microspheres and other particles like metal organic
frameworks containing anti-cancer drug can target the malignant cells and

presenting a lower systemic toxicity.

Another study realized by our group demonstrated that the drug showed
a controlled release from this nanocarrier (cu-BTC MOF), where 82% of the
drug was released within 48 hours of the experiment, these results is consistent
with the decrease of the toxicity because the slow release of drugs can act by
modulating the toxicity of the drug since this allows the user maintenance
delayed release of the therapeutic effect without exposing the body to new

dosages of the drug at a much reduced time'’*°.

These results indicate that metal organic framework Cu-BTC MOF acted
as an efficient nanocarrier of 5-fluorouracil decreasing the systemic toxicity of

the drug used in our studies.
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Table 1. CNHS Elementar analysis.

Sample %N %C %H %S

THEORETICAL
(Cu-BTC) 0.0 258 43 0.0
(CuBTC/5-FU) 24 30.2 3.0 00
EXPERIMENTAL

(Cu-BTC . 12 00 263 3.7 0.0
H,0)

(Cu-BTC . 6H,0 25 30.7 2.8 0.0
+0.82 5-FU)

CU-BTC - C18H6CU3012 [ 5-FU- CgHgFNzOz

Cu-BTC/5-FU
ga_“ 5-FU
8
c
2
e
)
c
S
=
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Wavenumber (cm'1)

Figure 1. FTIR spectra of Cu-BTC MOF
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Figure 4: Powder pattern XDR (black- C300) — Cu-BTC MOF; (red-

incorporated) — Cu-BTC/5-FU and (blue- after release) — sample after

dissolution test.
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ABSTRACT

This study aimed to evaluate the mechanism associated with cytotoxic activity displayed by
the drug 5-Fluorouracil incorporated and Cu-BTC MOF. Studies realized by our group have
demonstrated great advantages in using this systems. Flow cytometry was done to indicated
that apoptosis is the mechanism responsible for the cell death. Also, the anti-inflammatory
activity was evaluated by the peritonitis testing and the production of nitric oxide and pro-
inflammatory cytokines was measured. The results indicated that the drug incorporated in
Cu-BTC MOF decreased significantly the number of leukocytes in the peritoneal cavity of
rodents as well as reduced levels of cytokines and nitric oxide production. These results
suggest that 5-Fluorouracil incorporated in Cu-BTC MOF promotes tumor cell death by
apoptosis and has anti-inflammatory activity associated, which is extremely important in

antitumor therapies.

Key Words: Cu-BTC MOF, 5-Fluorouracil, apoptosis, anti-inflammatory and citotoxyc

activities.
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1. Introduction

5-Fluorouracil (5-FU) a pyrimidine analog, is one of the broad spectrum
anticancer drugs™™ used in the treatment of malignancies like glioblastoma* and
breast cancer® Since 5-FU interferes with DNA synthesis, it principally acts as a
thymidylate synthase inhibitor.®’ However, short half-life, wide distribution, and
various side effects®™ limit its medical applicability. To overcome the above
mentioned limitations, an ample number of studies has been carried out on

sustained drug delivery systems for 5-fluorouracil.

Rahman et al (2006) prepared and evaluate the colon-specific
microspheres of 5-fluorouracil for the treatment of colon cancer. The authors
observed that the results clearly indicate that there is great potential in delivery of

5-FU to the colonic region as an alternative to the conventional dosage form**

Lekha Nair et al (2011) studied the Biological evaluation of 5-fluorouracil
nanoparticles for cancer chemotherapy and its dependence on the carrier, PLGA
(poly(lactic-co-glycolic acid). 5-FU-entrapped PLGA 50-50 nanoparticles showed
smaller size with a high encapsulation efficiency of 66%. Nanoparticles with PLGA
50-50 combination exhibited better cytotoxicity than free drug in a dose-time-

dependent manner against both the tumor cell lines?.

Horcajada et al (2010) reported the efficiency of these MOFs (Metal
Organic Framework) as carriers of drugs was tested using antiviral and antitumor
drugs: bulsufan (BU), trisfofato of azidothymidine (AZT-TP), cidovir (CDV) and
doxorubicin (DOXO). According to Horcajada et al (2010) the incorporation of

(BU), antitumour drug used for cancers such as leukemia and myeloma into the
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MIL-100 MOF was considered extremely high since incorporation of the same was

5X higher than the best polymer tested and 60 x higher than the liposome®®

Extensive research within the last two decades has revealed that most
chronic illnesses, including cancer, diabetes, and cardiovascular and pulmonary
diseases, are mediated through chronic inflammation. Thus, suppressing chronic
inflammation has the potential to delay, prevent, and even treat various chronic
diseases, including cancer, several drugs including: dexamethasone and
doxorubicin have been packaged as nanoparticles and proven to be useful in

“nano-chemoprevention” and “nano-chemotherapy”***

Given this perspective our group has been checking out the advantages
gained by drugs known in the literature in relation to their therapeutic effects when
incorporated in these nanocarriers. Recent studies realized by our group showed
5-Fluorouracil incorporated into the Cu-BTC MOF had an excellent rate of
incorporation of the drug 0.82g of drug per 1 g of MOF. This system showed an
excellent cytotoxic activity against human cancer cell lines, breast cancer cells
(MCF-7) and promyelocytic leukemia cancer cells (HL-60). Regarding the profile of
drug release in vitro result reported a slow and gradual release of the drug, 82% of

drug in 48 hours of observation (supplementary material)

Another study by our group showed a significant reduction of in vivo toxicity
of the drug 5-Fluorouracil incorporated into Cu-BTC MOF compared to the drug in

solution (supplementary material), similar results were observed in literature™

Thus in this perspectives this study aimed to evaluate the action

mechanism associated with the antitumor activity of the 5-Fluorouracil
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incorporated into Cu-BTC and a possible anti-inflammatory activity, since studies
in the literature show a close relationship between inflammation and the

appearance of new cancers.

2. Materials and Methods

2.1 System Drug-MOF used

For this study we used the drug-carrier system (MOF Cu-BTC + 5 -
Fluorouracil) where in each 1g of MOF contained 0.82 g of drug. All studies on the
chemical characterization of the material were carried out in the Chemical
Department of Pernambuco Federal University as described in an article published

by (supplementary material).

2.2 Animals used in the pharmacological tests

For the tests, swiss albino female mice (Mus musculus) were used,
weighing between 30-35 grams, with an average age of two months. The
animals were monitored according to the norms of the National Institute of
Health Guide for Care and Use of Laboratory Animals. The experiments were

1
| 6

conducted according to the National Cancer Institute protocol™ and approved by

the UFPE- Animal Experimentation Ethic Committee: 23076.024149/2012-48.
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2.3 Apoptosis tests verification

Previews results from our group indicated that MOF-Cu-BTC possesses an
ICso of 5 pg/mL on HL-60 cells after 72 h incubation (see supplementary
material). Thus, we perform an apoptosis test at 5ug/mL and 10pug/mL. HL60
(3 x 10° cells/mL) were plated onto 24-well tissue culture plates and treated with
(MOF Cu-BTC, 5 — Fluorouracil and 5-FU incorporated into the Cu-BTC) for
72 h at 5 and 10 yg/mL. After the 72 h incubation period, cells were pelleted and
ressuspended in 1x Binding Buffer. The pellet was incubated for 10 minutes with
5 uL of the annexin-V and 10 pL of the propidium iodide (Annexin V-FITC

Apoptosis Detection Kit-SIGMA).

Cell fluorescence was determined by flow cytometry in a FACS Calibur
cytometer (Becton,Dickinsonand Company, NewJersey, USA) using the Cell
Quest software. Ten thousand events were evaluated per experiment and

cellular debris was omitted from the analysis.

2.4 Peritonitis induced by carrageenan

In this assay, were used 6 groups of 6 animals, treated groups received
orally 25, 50 and 75 mg/kg of Incorporation. The others group received orally
saline vehicle (0.1mL/10g) was used as negative control or dexamethasone
(0.5mg/kg) as positive control. One hour after the treatment, the inflammation
was induced by intraperitoneal (i.p) application of 0.1mL/10g carrageenan (1%

in saline solution).
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After 4 hours the animals were euthanized in a chamber of CO, so were
injected into the peritoneal cavity 3 mL of phosphate buffered saline PBS
containing EDTA to collect the peritoneal fluids. The total leukocyte count was
determined in hematology analyzer Micros 60®. The exudates were centrifuged
and the supernatant stored at - 20 ° C for analysis of nitric oxide and citokines

levels!’

2.5 Analysis of Nitric oxide production

The nitrite accumulated in the samples was measured as an indicator of
NO production using the Griess reaction. Briefly, the samples were mixed with
an equal volume of Griess reagent in a 96-well microtiter plate and incubated at
room temperature for 10 min. The absorbance was read at 540 nm using an
ELISA reader and the nitrite concentrations were determined by comparison

with a standard curve of sodium nitrite.’

2.6 Measurement of cytokines
The concentrations of TNF-a and IL-13 were measured using sandwich
ELISA kits, specific for mice, according to the manufacturer’s instructions
(eBioscience, SanDiego, California, USA). The detection limit used was 8-1000

pg/mL. The experiments were done in triplicate™®

2.7 Statistical Analysis

The results are presented as mean * standard deviation (SD). Data were

analyzed using the software graph pad prism v. 5.0. One-way ANOVA followed
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by the Newman-Keuls test were used to evaluate the differences among the

treatments. P values < 0.05 were considered statistically significant.

3 Results and Discussion
3.1 Cytotoxic activity and Apoptosis tests

As observed in another study done by our group, (see supplementary
material) 5-fluorouracil exhibited cytotoxic activity on MCF-7 and HL-60 cells.
The IC50 values for the MCF-7 and HL-60 cells were very low when the drug
was associated with the MOF, suggesting a modulation of cytotoxic activity,
since the coordination network enabled a good cytotoxic activity combined with
a reduction in LD50. The Apoptosis test realized in this study demonstrated that
5-fluorouracil incorporated into Cu-BTC MOF induced cell death by apoptosis

mechanism to the dose of 10ug/mL (graphic 1).

These results are according with the peritonitis test that showed a
decrease in levels of TNF-a and NO in the tumor site, which may have
contributed to the maintenance of the required levels of these substances in the
activation of caspases that activate apoptosis. Experience since then has
indicated that when expressed locally by the cells of the immune system, TNF-a
has a therapeutic role, however when dysregulated and secreted in the

circulation, TNF-a can mediate a wide variety of diseases, including cancer®

TNF-a has itself been shown to be one of the major mediators of
inflammation is also produced by tumors and can act as an endogenous tumor

promoter. The role of TNF-a has been linked to all steps involved in
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tumorigenesis, including cellular transformation, promotion, survival,

proliferation, invasion, angiogenesis, and metastasis.

Considering this information the results found in our experiments
demonstrated that 5-fluorouracil associated with MOF Cu-BTC may have

favored the process of induction of cell death by apoptosis.

Graphic 1: checking mechanism necrosis x apoptosis by flow cytometry

1009 _ :
B ] ] 3 Viable
80 @8 Apoptosis
< +~ B Necrosis
= 60-
g *
o
© 404
o
O
204
ollm. 1R lim L
U
&,\0\ o~ <O —_—
S “ R 5-FU+ CU-BTC
O X
* p<0.05.

3.2 Peritonitis test

Currently inflammatory processes are rather taken into consideration
when one wants to get success in antitumor therapies, chronic inflammation
that because of some organ, like the liver increases the number of cell divisions
and thus the risk of mutations. Tumor cells produce various cytokines and
chemokines that attract leukocytes®. The direct evidence for the association of
chronic inflammation with malignant diseases is in colon carcinogenesis in

individuals with inflammatory bowel diseases?. The concept in clinical trials
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reveals that inflammation is a potential therapeutic target in cancer treatment

and antiinflammatory drugs are thereby potentially useful as adjuvant therapy™®.

This test was conducted in order to verify the process of secondary
mechanism of action by which the drug embedded in coordination network has
its cytotoxic activity which may be enhanced by modulation of immune cells
such as polymorphonuclear leukocytes. Through this test we suggest that the
cytotoxic and antitumor activity of the drug is related to the route of leukocyte
activation or suppression of the inflammatory process, which is closely related to
the processes related to tumor angiogenesis, parallel production of inflammatory

interleukins and TNF-a, IL-6 among others®.

The results showed that a possible way of action of the drug incorporated
in the network to coordinate the performance of this system is as an anti-
inflammatory agent, since it caused a reduction of inflammation in 43.7, 64 and
66.8% respectively for doses of 25, 50 and 75 mg/kg when compared to
negative control group with inflammation induced by carrageenan 1% in saline.

The inhibition of leukocyte data is described in (graphic 2).

Graphic 2: Peritonitis test leukocytes number x doses of 5-FU+Cu-BTC
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3.3 Analysis of Nitric oxide production and cytokines levels determination

Tumor-associated macrophages are a significant component of
inflammatory infiltrates in neoplastic tissues and are derived from monocytes
that are recruited largely by monocyte chemotactic protein (MCP) chemokines.
The proinflammatory cytokines, including tumor necrosis factor-alpha (TNF-a)
and interleukin-6 (IL-6), induce direct effects on stromal and neoplastic cells in

addition to their roles in regulating leukocyte recruitment™,

The direct evidence for the association of chronic inflammation with
malignant diseases is in colon carcinogenesis in individuals with inflammatory
bowel diseases®. The emerging concept in clinical trials reveals that
inflammation is a potential therapeutic target in cancer treatment and

antiinflammatory drugs are thereby potentially useful as adjuvant therapy?>.

The exudates removed from the abdominal cavity of the animals subjected
to the test of carrageenan induced peritonitis were analyzed and levels of nitric
oxide and pro-inflammatory cytokines have been shown in table 2 and 3. It was
observed that there was a statistically significant and dose dependent NO
production and cytokine treated groups when considered by doses of 25 and

75mg/kg body weight.

These results being in agreement with the results on the number of white
blood cells found in the peritoneal cavity animals, indicating a possible anti-

inflammatory action of this system (tables 2 and 3).
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Table 2: Effect of 5-FU+ CuBTC on the NO production in the carrageenan test.

Treatment NO (uUM)
Control group 21.30+3.62
Dexamethasone 1.77+0.44

25mg/kg (5-FU+Cu-BTC)  0.78+0.07"
75mg/kg (5-FU+Cu-BTC)  0.63+0.02"

*Statistically significant difference compared to control (p <0.05)

Data are expressed by mean standard deviation (Mean + standard deviation).

Table 3: Effect of 5-FU+ CuBTC on the TNF-a e IL-18  productions in the

carrageenan test induced peritonitis.

Compound TNF-a(pg/mL) IL-1B(pg/mL)
Control 502,11+3,31 751,00+15,04
Dexamethasone 126.39+13.15° 289.35+18.62"
75mg/Kg 117.39+37.86°  238.70+5.62"

(5-FU+Cu-BTC)
25 mg/Kg 300.9+26.11°  617.18+12.62
(5-FU+Cu-BTC)

* Statistically significant difference compared to control (p <0.05)

Data are expressed by mean standard deviation (Mean + standard deviation).
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4. Conclusions
As noted in the results obtained by our group, 5-fluorouracil incorporated
into the Cu-BTC MOF appears to be a great tool in the treatment of cancer,
since we obtained a rate optimal encapsulation (0.82g of the drug for every 1 g
of Cu-BTC MOF), together with a reducing drug toxicity and controlled release

of drug from the carrier (supplementary material).

Nanoparticle therapeutics is an emerging treatment modality in cancer
and other inflammatory disorders. The National Cancer Institute has recognized
nanotechnology as an emerging field with the potential to revolutionize modern
medicine for detection, treatment, and prevention of cancer?’. More selective
therapies, such as angiogenesis inhibitors, vascular disrupting agents, and
estrogenan HER-2-targeted therapies have been developed to treat cancer,
these approaches have increased patient survival because of treatment

efficacy®.

Most solid tumors possess unique features, including enhanced
angiogenesis, defective vasculature and lymphatics, increased vascular
permeability, which stimulate their growth. Rationally designed nanoparticles
can take advantage of these tumor features to deliver chemotherapeutics

selectively and specifically™*.

These results together the death of cancer cells through the mechanism
of apoptosis and anti-inflammatory activity associated with decreased levels of
the proinflammatory cytokines, directly related to the maintenance of chronic
inflammation processes, indicate this system as a viable alternative when

considering an ideal system for cancer treatment, since it showed the controlled
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release properties, low toxicity to normal cells and also an indication of anti-

inflammatory activity which could act as an adjuvant treatment®.
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6. CONCLUSOES
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6. Conclusodes

Em relacdo aos resultados obtidos nos experimentos de quimica tedrica-
computacional péde-se concluir que o farmaco 5-Fluorouracil e cisplatina foram
os farmacos que apresentaram as menores dimensdes compativeis com 0s

poros apresentados por ambas as MOFs estudadas MIL-53(Al) e Cu-BTC.

Os resultados de incorporacéo/insercdo do farmaco nos poros das
redes de coordenacdo o protocolo apresentou a taxa de 0,829 de farmaco para

cada 1 g de MOF utilizada apds sete dias de agitacao.

Considerando as caracterizacdes quimicas dos materiais, 0s resultados
indicaram que o0 processo de incorporacdo provavelmente ocorreu por
processos de fisisorcdo e quimisorcdo como discutido nos resultados
apresentados pela difratometria de raio-X, apesar da mudanca estrutural que
ocorreu na rede de coordenacdo, experimentos como a analise elementar,
Infra-vermelho e analises térmica demonstraram a presenca do farmaco na

rede de coordenacao.

O Perfil de dissolucdo do farmaco demonstrou que o mesmo apresentou
uma liberacdo lenta, com dois perfis de liberacdo, sendo uma parte liberada
nos primeiros 30 minutos podendo ser atribuida a droga adsorvida na
superficie da MOF Cu-BTC, responsavel pelo efeito farmacolédgico e o segundo
perfil de liberacdo que ocorreu dentro de 48 horas, provavelmente do farmaco

contido nos poros responsavel pela manutencéo desse efeito.

Considerando os experimentos in vivo foi verificada uma reducao na DL-

50 do farmaco livre em relagédo ao farmaco incorporado na MOF Cu-BTC, a
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mesma foi determinada em 750mg/kg de incorporacdo. Este efeito
provavelmente esta relacionado com o perfil de dissolucao lento da droga, que
possibilita a manutencéo do efeito terapéutico pela liberacéo lenta do farmaco a

partir da MOF Cu-BTC.

Os estudos que verificavam o numero de leucocitos na cavidade
peritoneal, producdo de Oxido nitrico e citocinas pré-inflamatorias
demonstraram que houve uma reducéo significativa desses parametros o que
contribui para a melhora da atividade antitumoral do farmaco, uma vez que 0s
processos de inflamag&o cronica estdo intimamente relacionados com a

tumorigénese.

Experimentos in vitro demonstraram que o farmaco incorporado a MOF
Cu-BTC apresentou atividade citotéxica frente as células MCF-7 e HL-60. A
citometria de fluxo indicou ser a inducdo da apoptose celular o mecanismo
responsavel pela morte das células tumorais, sendo o sistema em questdo uma
alternativa promissora nos estudos relacionados as terapias anti-cancer que
visam a obtencdo de um sistema seletivo, de baixa toxicidade para as células
sadias e liberacdo controlada dos principios ativos que permite a manutengao

do efeito terapéutico.
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