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Impacto esperado: Os resultados desta tese podem levar a uma terapia mais eficaz e segura
para o tratamento do cancer de mama, que é uma das principais causas de morte entre
mulheres portadoras de cancer no mundo. A utilizacdo de nanoestruturas como MOFs
revestidos com membranas de macréfagos ou quitosana pode melhorar as propriedades
biofarmacéuticas da piperina, reduzindo sua toxicidade e aumentando sua eficacia contra as
células cancerigenas. Portanto, o beneficio potencial desta pesquisa para a sociedade é a
possibilidade de oferecer um tratamento mais eficaz e seguro para o cancer de mama,
melhorando a qualidade de vida das mulheres afetadas por essa doenga.

Expected impact: The results of this these can lead to a more effective and safer therapy for
the treatment of breast cancer, which is one of the leading causes of cancer-related death
among women worldwide. The use of nanostructures such as MOFs coated with macrophage
membranes or chitosan can improve the bio-pharmaceutical properties of piperine, reducing
its toxicity and increasing its effectiveness against cancerous cells. Therefore, the potential
benefit of this research to society is the possibility of offering a more effective and safer
treatment for breast cancer, improving the quality of life of women affected by this disease.
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RESUMO

O céncer de mama é uma das principais causas de morte entre mulheres com cancer em todo o
mundo, levando a busca por tratamentos quimioterapicos mais eficazes. Entre 0s compostos
com potencial quimioterapéutico, destaca-se a piperina (PIP), que demonstrou atividade
antitumoral em linhagens de cancer de mama. No entanto, a utilizacdo desse composto em
estudos pré-clinicos tem sido limitada devido a sua toxicidade. Uma abordagem promissora
para melhorar as propriedades biofarmacéuticas da piperina € o0 uso de redes metalo-organicas
(MOFs), como o MIL-100 (Fe), como sistemas de liberacdo de farmacos. Além disso, a
modificacdo de nanoestruturas com materiais naturais, como as membranas de macréfagos
(MM) ou quitosana (QUI), pode proporcionar uma camuflagem contra o sistema imunitario,
resisténcia a degradacdo e liberacdo controlada. Inspirado por esses avancos cientificos e
tecnoldgicos, este trabalho tem como objetivo avaliar o potencial da piperina encapsulada em
MOFs revestidos com MM ou QUI para o tratamento do cancer de mama. Neste estudo,
foram sintetizados com sucesso 0s nanosistemas baseados no MIL-100(Fe) contendo piperina
revestida com MM (MM@PIP@MIL-100(Fe)) ou com QUI (QUI@PIP@MIL-100(Fe)) por
meio de sintese hidrotermal assistida por micro-ondas e método de impregnacdo. As analises
por difracdo de raios-X de MIL-100(Fe) e PIP@MIL-100(Fe) revelaram a cristalinidade dos
materiais e tamanhos de particula de 18,32 nm e 76,18 nm, respectivamente. A presenca de
proteinas na superficie das vesiculas de MM@PIP@MIL-100(Fe) foi confirmada por
eletroforese (SDS-PAGE), enquanto o revestimento de quitosana (QUI) no MOF foi sugerido
por espectroscopia de infravermelho. A quantificacdo da piperina nos MOFs foi realizada por
cromatografia liquida de alta eficiéncia (CLAE), mostrando uma eficiéncia de
encapsulamento de 95 + 3%. Os ensaios de citotoxicidade em células de cancer de mama,
como MCF-7, SKBR3, MDA-MB-231 e BT549, utilizando os materiais PIP@MIL-100(Fe),
MM@PIP@MIL-100(Fe) e QUI@PIP@MIL-100(Fe), revelaram um indice de citotoxicidade
maior em comparacdo com a piperina livre, com uma concentragdo inibitoria média (ICsp)
entre duas e dezessete vezes maior. Em conclusdo, este trabalho sugere potencial aplicacdo da
piperina nessas nanoestruturas no tratamento do cancer de mama.

Palavras chave: cancer de mama, metal-organic frameworks, MIL-100 (Fe), piperina,
membrana celular, quitosana.



ABSTRACT

Breast cancer is one of the leading causes of death among women with cancer worldwide,
triggering the search for more effective chemotherapy treatments. Among the compounds
with chemotherapeutic potential, piperine (PIP) stands out as promising due to its antitumor
activity in breast cancer cell lines. However, the introduction of this compound in preclinical
studies has been limited due to its toxicity. Metal-organic frameworks (MOFs), including
MIL-100 (Fe), represent an attractive platform as drug delivery systems and can be employed
to improve the bio-pharmaceutical properties of this molecule. Additionally, one engineering
strategy is the modification of nanostructures with natural materials, such as macrophage
membranes (MM) or chitosan (CHI), which are used as a camouflage system against the
immune system within the body, providing resistance to degradation and controlled release.
Inspired by these scientific and technological advancements, the present study aims to
evaluate the potential of PIP encapsulated in MOFs coated with MM or CHI for-breast cancer
treatment. In this research, we report the successful synthesis of nanosystems based on MIL-
100(Fe) containing piperine coated with MM (MM@PIP@MIL-100(Fe)) or with CHI
(CHI@PIP@MIL-100(Fe)) via microwave-assisted hydrothermal synthesis and impregnation
method. X-ray diffraction analysis of MIL-100(Fe) and PIP@MIL-100(Fe) revealed the
crystallinity of the materials, with particle sizes of 18.32 nm and 76.18 nm, respectively.
Coating of vesicles for MM@PIP@MIL-100(Fe) was confirmed by electrophoresis (SDS-
PAGE), demonstrating the presence of proteins on its surface. Chitosan coating on the MOF
was confirmed by infrared spectroscopy. High-performance liquid chromatography (HPLC)
was used to quantify PIP in the MOFs, showing an encapsulation efficiency of 95 + 3%.
Cytotoxicity assays on breast cancer cells such as MCF-7, SKBR3, MDA-MB-231, and
BT549, wusing the materials PIP@MIL-100(Fe), MM@PIP@MIL-100(Fe), and
CHII@PIP@MIL-100(Fe), revealed a higher cytotoxicity index compared to free piperine,
with two to seventeen times higher median inhibitory concentration (ICso). In conclusion, this
work undeniably demonstrates that these nanostructures hold promise for PIP-based therapies
for breast cancer.

Key words: Breast cancer, metal-organic framework, MIL-100 (Fe), Piperine, cell
membrane, chitosan.
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1 CAPITULO 1: INTRODUCAO

1.1 Cancer de mama

O cancer de mama € o segundo tipo de cancer mais frequente e a maior causa de morte
entre mulheres portadoras de cancer no mundo. De acordo com os dados da Organizagéo
Mundial da Satde (OMS), esta previsto que em 2030 havera 30 milhdes de casos novos e 13
milhGes de mortes relacionadas com este cancer, devido a sua elevada capacidade metastéatica.
De acordo com as estimativas realizadas pelo INCA (Instituto Nacional do Cancer), o0 nimero
de casos novos de cancer aumentard 22 milhGes nas duas décadas seguintes. No Brasil é o tipo
de cancer mais comum entre as mulheres, com estimativas de 66.280 novos casos para 0 ano
2023. O cancer de mama também acontece em homens, porém € raro, representando apenas
1% do total de casos da doenca (1).

Os carcinomas mamarios podem, ainda, ser chamados de adenocarcinoma quando, além
de apresentarem alteracdes nas células epiteliais ductal, também apresentam alteragdes no
padrdo de crescimento glandular. A maioria dos tumores de mama € classificada em
adenocarcinoma (2).

A classificacdo pode ser de quatro tipos de cancer: receptor do fator de crescimento
epidérmico tipo 2 (HER2), tipo basal enriquecido (sem expressdo do receptor de estrogénio
[ER]), luminal A e luminal B (que expressa 0 ER). As células de cancer de mama podem ter
um, ambos ou nenhum desses receptores e sdo sub-classificados da seguinte forma: i) cancer
de mama triplo negativo (TNBC) séo tumores que ndo expressam ER, HER2 ou receptor de
progesterona (PR) e ii) positivo os receptores hormonais (ER-positivos) sdo tumores que
expressam ER e/ou PR (3). No entanto, aproximadamente 70% dos canceres de mama sdo
classificados como ER-positivos, enquanto os TNBC representam 15% (4).

As células MCF-7, SKBR-3, MDA e BT549 sdo linhagens de células de céancer de
mama amplamente estudadas em pesquisas cientificas. Elas possuem diferencas significativas
em termos de expressdo de receptores hormonais, amplificagdo do gene HER2/neu e
caracteristicas comportamentais (5). As células MCF-7 sdo receptoras de estrogénio (ER+), e
tendem a crescer em agregados. As células SKBR-3 sdo caracterizadas pela amplificacdo do
gene HER2/neu e superexpressdo do receptor HER2. Elas sdo negativas para receptores
hormonais (ER-) e apresentam alta capacidade de proliferacdo. As células MDA séo triplo-
negativas ademais altamente invasivas e metastaticas, 0 que as torna mais agressivas e
resistentes ao tratamento hormonal. As células BT549 também s&o consideradas triplo-

negativas e exibem caracteristicas mesenquimais (6). Cada uma dessas linhagens celulares
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oferece um modelo valioso para o estudo de diferentes aspectos do cancer de mama, como
resposta hormonal, amplificacdo do HER2 e comportamento invasivo.

A OMS realiza e promove o controle do cancer de mama, o qual exige acdes maltiplas.
Essas acOes sdo acompanhadas de prevencdo, diagndstico precoce e tratamento. EXistem
quatro procedimentos principais para o tratamento do céncer, incluindo cirurgia, radiagéo,
terapia hormonal e quimioterapia. No entanto, a resisténcia multidrogas (MDR) é uma
condicdo em que as células cancerosas se tornam resistentes aos efeitos citotoxicos de varios
agentes quimioterapéuticos estruturais e nao relacionados mecanicamente. Este é um grande
problema no tratamento clinico do cancer (7). Durante tratamento prolongado, muitos
pacientes sofrem de MDR, o que pode reduzir a eficiéncia terapéutica e levar a uma falha no
tratamento e a uma chance de sobrevivéncia.

Por outro lado, a maioria dos quimioterapicos age tanto em células tumorais como em
células normais e isto causa toxicidade sistémica e efeitos indesejaveis ao organismo. Isto
ocorre porgque 0s quimioterapicos agem mais intensamente em células saudaveis do que em
células cancerigenas (8). Além disso, a rapida eliminacdo e ampla distribuicdo de
quimioterapicos em tecidos nao alvos requerem sua administracdo em grande quantidade, o
que é impraticavel devido a toxicidade inespecifica inerente dos agentes quimioterapicos (9).

A ineficiéncia e efeitos indesejaveis da quimioterapia atuais sdo causados,
principalmente, pela formulagdo e farmacocinética dos quimioterdpicos. Estes
qguimioterapicos por exemplo sdo: os taxanos (docetaxel e paclitaxel), antraciclinas
(doxorrubicina, doxorrubicina lipossdbmica peguilada e epirrubicina), agentes da platina
(cisplatina, carboplatina), entre outros. Por outro lado, seu sucesso depende da liberacdo
controlada destes farmacos dirigida especificamente as células cancerigenas, com uma dose
suficiente segura para os organismos por um longo periodo de tempo, podendo causar muitos
efeitos colaterais, dependendo dos medicamentos administrados e do tempo tratamento (10).

Sendo assim, a busca de novos agentes quimioterapéuticos, dentre eles 0s provenientes
de plantas, vem aumentando significativamente nos Gltimos anos. Varias plantas medicinais
tém servido como fonte de estudos de anticancerigenos e mais de 60% dos atuais farmacos
contra o cancer, como vimblastina, topotecano, etoteca e paclitaxel, sdo compostos derivados
de plantas (11, 12).
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1.2 Piperina

A piperina (PIP), também conhecida como (E, E) -1-piperoilpiperidina e (E, E) -1- [5-
(1, 3-benzodioxol-5-il) -1-ox0-2, 4-pentidenil] piperidina (Figura 1), é um alcaloide extraido
de sementes de plantas da familia Piperacea, como sdo, por exemplo, a pimenta preta (3-9%)
e a pimenta longa (3-5%) (13). Este composto tem sido utilizado como antimicrobiano,
antiparasitario (14), antidepressivo (15), e modulador do carcinégeno de estresse oxidativo
induzido (16). Sua estrutura quimica é dividida em trés partes: um anel heterociclico
aromatico, um anel piperidina e uma cadeia hidrocarbonada alifatica (17). O anel piperidina é
uma farmacoforo heterociclico com alta atividade anticancerigena que pode inibir a
telomerase, metaloproteases, topoisomerases e proteassomas, além de atuar em Varios
receptores nas células cancerigenas (18). Possui caracteristicas quimicas que a tornam
insollvel em &gua. Sua estrutura molecular hidrofébica, a auséncia de grupos hidrofilicos e
sua polaridade apolar dificultam a interacdo com a agua, tornando-a insoltvel. No entanto, a
piperina é solivel em solventes organicos apolares, como alcool e éter. Esses solventes
possuem caracteristicas semelhantes & PIP, o que permite sua dissolucéo (19).
Figura 1. Estrutura quimica da piperina (PIP)
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Fonte: (20)

A PIP pode inibir a proliferagdo de células do cancer de mama, por meio dos seguintes
mecanismos: a) reducdo dos fatores de transcricdo; b) indugéo de parada do ciclo celular e
apoptose; c) inibi¢cdo do crescimento do tumor; e d) alteracdo da expressdo da proteina de
sinalizacdo (Figura 2), conforme evidenciado em estudos in vitro e in vivo com linhagens
celulares de cancer de mama MCF-7 e MDA-MB-231 (21, 22).
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Figura 2. Alvos moleculares da piperina no cancer de mama. (23)

Nota: Fosfoinositideo 3-quinases (PI3Ks); Proteina quinase B (Akt); linfoma de células B-2 (Bcl-2); Receptor
do fator de crescimento epidérmico (EGFR); Proteina quinase ativada por mitdgeno (MAPK); proteina ativadora
1 (AP-1); inibidor de quinase dependente de ciclina (CDK); fator de crescimento endotelial vascular (VEGF);
Metaloproteinases de matriz (MMP); fator de necrose tumoral (TNF); quinases reguladas por sinal extracelular
(ERKS); Intensificador de cadeia leve de fator nuclear de células B ativadas (NF-xB); Poli(ADP-ribose)
polimerase (PARP); proteinas de apoptose (IAP); sintase de acido gordo (FAS); | Down-regulated targets; 1 Up-
regulated targets.

No entanto, o uso da piperina enfrenta algumas dificuldades em virtude de seu elevado
requisito de concentracdo, devido a sua natureza hidrofébica, causando problemas
relacionados a biodisponibilidade, imunotoxicidade e toxicidade (24, 25). Desta forma, a sua
incorporacdo em um sistema de liberacdo nanoestruturado pode ser uma alternativa viavel
para viabilizar o seu emprego.

Estes nanossistemas carregados com PIP devem ter diversas caracteristicas como: uma
alta capacidade de carga, liberacdo controlada de drogas e atividade anticancerigena
melhorada, em comparacdo com a PIP livre. Atualmente as nanoestruturas carregadas de PIP
contra cancer de mama ja foram relatados como nanoparticulas poliméricas, nanotubos de

carbono e lipossomas (Tabela 1).
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Tabela 1.- Diferentes nanosistemas carregados de piperina contra o cancer de mama.

Nanossistem  Eficiéncia Tempo Linha celular de Concentragdo inibitéria Referéncia
as de de cancer de mama meia maxima (I1Cso) bibliografica
encapsula liberacé
cao da o

PIP (%)
PIP-PLGA 36.23 + Sem MCF-7 128.2+11.3 pM (28)
5.6 informac
do
PIP-PEG- 37.82 + 16dias MCF-7 129.6 £ 9.2 uM
PLGA 6.8
APT-PIP- 33.4+34 Sem MCF-7 125.8+ 8.7 uM
PEG-PLGA informacg
do
PIP 56 +2.64 3dias MDA-MB-231 55.39 + 1.1 pg/mL (29)
Lipossomas
Piperine- Sem Sem MDA-MB-231 6 ng/mL (30)
MWCNTSs informa¢  informaca
do 0

Nota: PIP: Piperina; PEG-PLGA: Polietileno glicol-acido polilactico—-acido co-glicolico; APT: Aptamero;
MWCNTSs: nanotubos de carbono de paredes multiplas (23).

Lipossomas sdo vesiculas esféricas compostas por uma dupla camada de fosfolipidios e
colesterol, utilizadas como sistemas de transporte de farmacos. Eles sdo biodegradaveis,
biocompativeis e estaveis, protegendo os farmacos da degradacdo e reduzindo a toxicidade
ndo especifica. Lipossomas sdo amplamente aplicados no transporte de antibidticos,
fungicidas, vacinas e anti-inflamatorios.

Nanolipossomas, formados a partir de fosfolipidios TPGS, tém se mostrado eficazes no
tratamento de varias doencas, como o cancer de mama. Eles sdo utilizados como veiculos para
quimioterapicos lipossomais, como o Doxil, usado no tratamento do céncer de mama
recorrente. O cetuximabe, um anticorpo monoclonal que blogueia o antigeno EGFR, é
frequentemente combinado com nanolipossomas para tratamento do cancer de mama triplo-
negativo (TNBC), que é mais dificil de tratar devido a auséncia de expressdo dos genes ER,
PR e HER2. Além dos lipossomas, as nanoparticulas poliméricas também sdo amplamente
utilizadas na entrega de farmacos. O acido polilatico-co-glicélico (PLGA) é um copolimero
biodegradavel e biocompativel com capacidade de liberagdo controlada de farmacos (27).
Estudos demonstraram que o PLGA pode ser usado para encapsular a rapamicina (RA), um
composto que inibe a proliferacdo celular e o crescimento tumoral. A presenca do
fosfatidilinositol-3-fosfato (PIP) em nanoparticulas de PLGA aumentou a absorcéo oral da

RA, melhorando sua eficacia no tratamento do cancer (26).
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1.3 Nanossistemas

Os nanossistemas sdo categorizados como nanomateriais inorgénicos (por exemplo,
nanoparticulas de oxido de ferro, nanoparticulas de ouro e zeo6litos), nanomateriais organicos
(por exemplo, nanoparticulas poliméricas, micelas, dendrimeros e lipossomas) e finalmente
uma terceira categoria, que sdo chamados de redes metalorganicas ou polimeros de
coordenacdo porosos (MOFs) (29).

1.3.1 Redes Metalorganicas

Os MOFs sdo materiais porosos construidos a partir da cristalizacdo controlada de ions
metalicos ou aglomerados de metais de maior nuclearidade (clusters) com ligantes organicos
multitépicos (30), os quais sdo capazes de superar as limitacGes dos sistemas
nanoestruturados, como a baixa capacidade de carga e liberacdo de farmaco (31).

Os diversos métodos que sdo utilizados para a sintese de MOFs proporcionam a
oportunidade de projetar e controlar as propriedades quimicas e fisicas desses materiais (32).
Os MOFs sdo construidos a partir da montagem, exclusivamente por fortes ligacOes
covalentes, subunidades inorganicas e ligantes organicos, que podem ser quimicamente
ajustaveis (por exemplo, carboxilatos, fosfonatos e imidazolatos), levando a estruturas
cristalinas com porosidades, por vezes, muito altas e regulares (33). Além disso, a alta
flexibilidade estrutural de alguns MOFs porosos permite a adaptacdo da sua porosidade a

forma da molécula hospedada (34).

1.3.1.1 MIL-100(Fe)

Um exemplo destes MOFs é o MIL-100 (Fe) (MIL: Materials of Institute Lavoisier),
gue tem uma forma de um po policristalino, sendo formado a partir de ions ferro(ll1) e o &cido
1,3,5-benzenotricarboxilico (35). As caracteristicas do MIL-100 (Fe), como a presenca de
porosidade caracteristica de materiais mesoporosos (25 e 29 A), alta area superficial (Sget ~
2.000 m?.g?, Vp ~ 1,2 cm®.g?), estrutura regular e a combinagdo com seu microambiente
anfifilico interno (metal polar anfifilico e ligante ndo polar), permitem o carreamento de
grandes quantidades de farmacos (hidrofilico, hidrofobico e anfifilico) e também possibilita a
cinética de liberagcdo controlada (29, 36-39). O encapsulamento dos farmacos nestes MOFs
tem duas vantagens importantes: (i) eliminar qualquer possibilidade de complexacéo,
protegendo-os de ions e protegendo os sitios de coordenacdo disponiveis e (ii) aumentar a

solubilidade do farmaco (40).
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1.3.1.2 Citotoxicidade de MIL-100(Fe)

O MIL-100(Fe) ndo apresenta citotoxicidade em alguns tipos de células, como cancer
de pulméao humano (Calu-3), adenocarcinomas epiteliais alveolares basais humanos (A549),
carcinoma de figado humano (HepG2) (concentragdo < 0,064 mg mL™) (41),
adenocarcinomas colorretais epiteliais humanos heterogéneos (CACO-2) e cancer de mama
(MCF-7) (concentragdo < 1,2 mg mL™?) (29). Esta baixa citotoxicidade pode estar relacionada
com a reducao do ion ferro na estrutura do MIL-100 (Fe) (na superficie interna e externa),
gerando radicais hidroxila ou outras espécies reativas (Haber-Weiss e reacdo de Fenton)
dentro da célula (41).

1.3.1.3 Meétodos de sinteses do MIL-100(Fe)

O MIL-100(Fe) pode ser sintetizado por varios métodos, incluindo as técnicas
hidrotermal assistida por micro-ondas, eletroquimica, mecanoquimica, sonoquimica, entre
outras (42). No entanto, a sintese assistida por micro-ondas apresenta vantagens sobre as
demais, como tempos de reacdo mais curtos, aquecimento homogéneo e menor
polidispersidade, além de rapida formacéo, crescimento e tamanho de cristais em nanoescala.
Além disso, estruturas em nanoescala tém sido amplamente utilizadas devido a sua
capacidade de superar drogas e barreiras bioldgicas de forma eficiente ao microambiente
tumoral (36, 43-46).

1.3.1.4 Estratégias de encapsulacédo

Diversas estratégias de encapsulamento de farmacos tém sido relatadas para MIL-100
(Fe), como os métodos de impregnacéo, de alta pressdo ou mecanoquimico (47). Um estudo
realizado por Singco, Liu (48) utilizou uma nova estratégia de encapsulamento in situ durante
a formacdo do MIL-100 (Fe) para a incorporacdo de &cido acetilsalicilico. Esta estratégia
implica que algumas moléculas ou pro-drogas estejam diretamente ligadas através da
coordenacdo disponivel (49). Desta forma, o carreamento de farmacos com estruturas
menores poderia ser realizado, evitando o vazamento do farmaco antes da degradacdo do
carreador. No entanto, uma forte interagdo entre os farmacos e MOFs é essencial para
alcancar um comportamento de carga e liberacdo de farmaco satisfatorio, como a utilizacéo de
grupos funcionais especiais (COOH, SOsH, C=0, etc.) ou carga oposta que ajuda com

sucesso no encapsulamento in situ com o MOF (50).
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1.3.1.5 ModificacGes de superficie de MOFs

Estratégias de modificagdo de superficie de nanoparticulas de MOFs tem sido
desenvolvida recentemente, cujo objetivo € melhorar a estabilidade quimica e coloidal dos
materiais. Além disso, estd funcionalizacdo poderia ser adequada para administracdo
intravenosa, 0 que permitiria um aumento das interacdes do MIL-100(Fe) com receptores
especificos (targeting) e/ou escape do sistema imunitario associado com tempos de circulacao
mais prolongados.

Dentro desse contexto, o biopolimero quitosana (QUI) poderia proteger a matriz e
permanecer maior tempo em circulagédo e ser lentamente eliminado pelo organismo. Outras
propriedades biologicas como a biocompatibilidade, baixa toxicidade e imunoestimulante,
fazem atrativo o revestimento do MIL-100(Fe) por esse biopolimero.

Outra estratégia que vem sendo investigada na engenharia de materiais é a combinacéo
dos sistemas de liberacdo de farmacos com materiais naturais. Dentro dessa perspectiva, as
membranas de revestimento celular séo um novo tipo de nanoestruturas biomiméticas que
combinam as fungdes da membrana celular e a engenharia de nanomateriais sintéticos,
objetivando melhor entrega de agentes quimioterapéuticos (51). Uma delas consiste na
utilizacdo de membranas de macrofagos. Estas células sdo um tipo de glébulos brancos que
encontram e fagocitam detritos celulares, células cancerosas e quaisquer substancias estranhas
que ndo possuem os biomarcadores especificos das células do corpo saudaveis em sua
superficie.

Desta forma, a vantagem de recobrir nanoestruturas com membranas de macréfagos ou
quitosana é a potencialidade de camuflagem, de forma a se evitar a depuracao dos sistemas de
fagécitos mononucleares e ter maior circulacdo sanguinea prolongada (52). Se as
nanoestruturas podem ser camufladas com membranas de macr6fagos ou quitosana, torna-se
possivel utilizar esta adesao célula-célula no combate ao cancer (52-54).

Inspirados por esses avancos cientificos e tecnoldgicos, no presente trabalho, foram
obtidas vesiculas de membrana de macréfagos naturais juntamente com suas proteinas de
membrana; além disso, o biopolimero quitosana também foi utilizado para revestir o MIL-100
(Fe). Previamente estes MOFs foram encapsulados com a PIP in situ mediante sintese em
micro-ondas (PIP@MIL-100 (Fe)). Foram também realizados nesse trabalho estudos de
eficacia destes sistemas nanoestruturados in-vitro contra células do cancer de mama.
Pretende-se obter um sistema que seja estavel em fase aquosa, que aumente a

biodisponibilidade da piperina e reduza a toxicidade ndo especifica deste farmaco.



22

1.4 OBJETIVO

Avaliar o potencial da piperina encapsulada em metal-organic frameworks revestidos

com modificacdes de superficie no tratamento do cancer de mama.

1.5 OBJETIVOS ESPECIFICOS

Encapsular a piperina (PIP) no MOF de ferro, MIL-100(Fe), mediante sintese in situ
por micro-ondas, obtendo o material PIP@MIL-100(Fe);

Avaliar a eficiéncia de encapsulacdo da PIP na matriz PIP@MIL-100(Fe) por
cromatografia CLAE;

Produzir as vesiculas derivadas da membrana dos macréfagos RAW 264.7 (vesiculas
MM) mediante o0 método citdlise hipotonica;

Revestir as membranas de células de macréfagos RAW 264.7 (MM), via impregnacéo,
no material PIP@MIL-100(Fe), obtendo o nanosistema MM@PIP@MIL-100(Fe);
Determinar e comparar as proteinas das vesiculas MM das células de macréfago RAW
264.7 com aqguelas nas nanoestruturas MM@PIP@MIL-100(Fe) empregando ensaios
de SDS-PAGE e disperséo de luz dindmica (DLS);

Revestir a matriz PIP@MIL-100(Fe) com quitosana (QUI) por impregnagdo, com a
preparacao do biocomposito QUI@PIP@MIL-100(Fe);

Caracterizar as diferentes MOFs por meio de microscopia eletronica de varredura,
microscopia eletronica de transmissdo, medidas de dispersdo de luz dindmica (DLS),
difracdo de raios X (XRD), analise térmica (TGA), porosidade por isotermas de
adsorcéo de nitrogénio, espectroscopia no infravermelho (IR) e analises elementar;
Determinar a estabilidade da matriz PIP@MIL-100(Fe) em presenca de PBS a 37 °C
por meio de difracdo de raios X e microscopia eletronica de transmissao;

Analisar a estabilidade da nanosistema MM@PIP@ MIL-100(Fe) por meio de DLS;
Avaliar o perfil de liberagdo da piperina a partir das diferentes nanoestruturas por
CLAE;

Avaliar a citoxicidade dos diferentes tratamentos por método de ensaio colorimétrico

em diferentes linhagens celulares de cancer de mama.
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ABSTRACT:

Piperine (PIP) is a natural alkaloid that has strong activity against breast cancer. However,
due to its low solubility and bioavailability, it is unfeasible for clinical applications. Herein,
we proposed an in-situ method for PIP encapsulation into the Materials of the Institut
Lavoisier (MIL-100 (Fe)) using microwaves technique for fabricating novel drug delivery
nanocarriers. The PIP-loaded MIL-100 (Fe) (labeled PIP@MIL-100 (Fe)) exhibited a
hydrodynamic diameter of 98 + 27.83 nm, zeta potential of +7 £ 0.6 mV, and polydispersity
index of 0.03 = 0.006. Morphological analysis of the nanosystems revealed a rhombohedral
shape and particle size up to 120 nm. PIP encapsulation efficiency (EE) was found to be 95 +
3% and PIP loading capacity was 11.02 % by weight (0.12 g g*), according to high-
performance liquid chromatography (HPLC) and thermogravimetric analysis (TGA) data,
respectively. Cytotoxicity studies on breast cancer cell lines (MCF-7 and 4T1) displayed
cytotoxicity (1Cso) approximately three times higher than that of the free PIP within 48 h. The
PIP@MIL-100(Fe) fabrication comprises a simple and cheap method for designing novel
drug delivery nanosystems for further clinical assays and breast cancer treatment.

Keywords: Metal-organic framework-based, nanoparticles, MCF-7 cells, 4T1 cells, breast

cancer treatment.
1. INTRODUCTION

Metal-organic frameworks (MOFs) are built exclusively by inorganic subunits, strong
bonds of covalent ions, and easily adjustable organic ligands (e.g. phosphonates, carboxylates,
imidazolates, etc.), leading to crystal structures with sometimes very high and regular
porosities [1]. In recent years, these MOFs have attracted considerable attention in the field of
biomedical applications [2]. This interest in MOFs is due to their structure, pore-volume, high

porosity, and large surface area for drug encapsulation, chemical-thermal stability, and easy
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chemical functionalization. These attributes enhance MOFs ability to transport various types
of drugs and facilitate controlled release [3].

Ferey et al. synthesized for the first-time chromium (I1l) carboxylate, called MIL
(MIL: Materials of the Institut Lavoisier) [4]. Currently, the most widely studied MIL has
been mesoporous iron (I1) carboxylate, or MIL-100 (Fe), with molecular formula
Fe3O(H20).0H(BTC).. These MOFs have received much attention in the last years as drug
carriers due to their high specific surface area (S~2000 m? g%, V~1.2 cm® g%), high porosity
(smaller cages [25 A] accessible through larger cages [29 A] and windows pentagonal
microporous [5.6 A] also delimited by hexagonal openings [8.6 A]) and stability in a

biological environment [5].

These MOFs have an internal amphiphilic microenvironment (non-polar linker and
amphiphilic polar metal) that allows the loading of large drugs amount (hydrophilic,
hydrophobic, or amphiphilic) and controlled release kinetics. This behavior is assigned to the
numerous coordinatively unsaturated (open) metal sites (CUS) available, which can act as a

strong bond between coordination sites and therapeutic drug molecules [6].

MIL-100(Fe) does not show cytotoxicity in some cell types such as human lung cancer
(Calu-3), human alveolar basal epithelial adenocarcinomas (A549), human liver carcinoma
(HepG2) (concentration < 0.064 mg mL™) [7], heterogeneous human epithelial colorectal
adenocarcinomas (Caco-2), and breast cancer (MCF-7) (concentration < 1.2 mg mL™?) [8].
This low cytotoxicity could be related to the reduction of the iron in the framework of the
MIL-100 (Fe) (on the internal and external surface), generating hydroxyl radicals or other

reactive species (Haber-Weiss and the Fenton reaction) within the cell[7].

In vivo studies conducted by Simon-Yarza et al. employed Wistar rats (235 + 15 g kg
1y ‘and administered MIL-100(Fe) intravenously. This study reported the progressive
degradation in the constitutive components, iron and organic linker (BTC), of the MIL-100
(Fe) in contact with the blood. The degradation allowed the direct removal of the precursors

by the urine and feces without any biotransformation [9].

These MOFs have been synthesized using several methods, including the microwave-
assisted hydrothermal technique, electrochemistry, mechanochemistry, sonochemistry, among
others [10]. However, microwave-assisted synthesis has advantages over the others, such as
shorter reaction times, homogeneous heating, and lower polydispersity, as well as rapid

crystal formation, growth, and size at the nanoscale. Furthermore, nanoscale structures has
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been widely used due to their ability to overcome deliver drugs and biological barriers
efficiently to the tumor microenvironment [11-16].

Various drug encapsulation strategies have been reported in MIL-100 (Fe) such as
impregnation method, high pressure, and encapsulation assisted by mechanochemistry [1].
The impregnation method is the most widely used, but it often turns out to have a low drug
loading capacity, due to its slow diffusion process. According to studies realized by Horcajada
et al., encapsulation/entrapment efficiency can increase with the contact time, the nature of
the solvent, and the ratio of drug to MOF [17]. In addition, this method is employed for drugs
with a size smaller than the pores in MOFs. The latest studies have shown low encapsulation
efficiency of hydrophobic drugs such as ibuprofen, doxorubicin [18], and docetaxel [8] (11,
11.2, and 10%, respectively).

In anti-cancer drugs loaded in MIL-100(Fe), efficacy has been observed against some
cell lines such as those in cervical cancer (Hela) [19], adenocarcinoma human alveolar basal
epithelial cells (A549), human epithelial colorectal adenocarcinoma cells (Caco-2), lung
cancer (Calu-3) cells[7], human colorectal cancer cells (SW480) [16], and brain glioma cells
(C6) [20].

Singco et al. used the in situ encapsulation strategy during the formation of MIL-100
(Fe) for the release of aspirin [21]. This strategy implies that some molecules or prodrugs are
directly linked through available coordination sites [22]. In this way, the loading of drugs with
smaller structures could be carried out, avoiding the leakage of the drug before carrier
degradation. However, a strong interaction between drugs and MOFs is essential to achieve
satisfactory drug loading and controlled release behavior. This interaction can be performed
by functional groups (COOH, SOH, CO, etc.) or opposite charges that successfully help the in
situ drug encapsulation with the MOF [23].

Breast cancer is the second most common type of cancer and the leading cause of
death among women with cancer worldwide. According to data from the World Health
Organization (WHO), it is predicted that by 2030 there will be 30 million new cases and 13
million deaths related to this cancer, due to its high metastatic capacity [24]. The inefficiency
and undesirable effects of current chemotherapy are mainly caused by the formulation and
pharmacokinetics of chemotherapy. These chemotherapeutics for example are taxanes
(docetaxel and paclitaxel), anthracyclines (doxorubicin, pegylated liposomal doxorubicin, and
epirubicin), platinum agents (cisplatin, carboplatin), etc.



33

On the other hand, its success depends on the controlled release of these drugs
specifically aimed at cancer cells, with a sufficient dose safe for organisms for a long period,
which can cause many side effects, depending on the drugs administered and the time of
treatment [25]. Therefore, the search for new chemotherapeutic agents, including those from
plants, has increased significantly in recent years. Several medicinal plants have served as a
source of anticancer studies and over 60% of current cancer drugs such as vinblastine,

topotecan, etoteca, and paclitaxel are plant-derived compounds. [26, 27].

Piperine (PIP) is the alkaloid responsible for the pungency of long pepper (Piper
longum) and black pepper (Piper nigrum). This hydrophobic drug has shown several
therapeutic biological properties such as anticancer, antidiabetic, antidiarrhea, antibacterial
activity, and among others [28]. Recent studies have shown that PIP can inhibit the
proliferation of breast cancer cells, through the following mechanisms: a)reduction of
transcription factors; b) apoptosis and induction of cell cycle arrest; ¢) inhibition of tumor

growth; and d) alteration of the expression of the signaling protein [29].

However, PIP poor water solubility and bioavailability make its application
challenging. Therefore, strategies, such as nanotechnology, have been used to overcome this
problem. The use of nanotechnology in breast cancer therapies aims to increase the solubility
of drugs and the bioavailability within the body [30]. PIP-loaded nanosystems must have a
high loading capacity, controlled drug release, and improved anticancer activity, in
comparison with free PIP, while being non-toxic to normal cells. PIP-loaded nanosystems
against breast cancer have been reported to include polymer nanoparticles, carbon nanotubes,

and liposomes and to have biological efficacy in breast cancer. [31-34]

Relying upon these premises, this study aimed to apply an in-situ microwave method
for the manufacture of PIP-encapsulated MIL-100 (Fe), designated PIP@MIL-100 (Fe). We
also investigated the encapsulation efficiency, release behavior in a physiological medium,

and cytotoxic activity on breast cancer cells (MCF-7).

2. EXPERIMENTAL SECTION
2.1. Materials

Piperine (Sigma Aldrich, St. Louis, MO, USA), Trimesic acid (BTC) (Sigma Aldrich,
St. Louis, MO, USA), Iron (I1I) chloride hexahydrate (Sigma Aldrich, St. Louis, MO, USA),
Ethanol 99% (Neon, Brazil), Methanol HPLC grade (Sigma Aldrich, St. Louis, MO, USA),
Resazurin (Sigma Aldrich, St. Louis, MO, USA), RPMI-1640 supplemented with 10% fetal
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bovine serum (FBS) and 1% antibiotic (10,000 Ul of penicillin and 10 mg of streptomycin per
mL solution) (Sigma Aldrich, St. Louis, MO, USA) were used as received.

2.2. Synthesis of MIL-100(Fe)

The synthesis of MIL-100(Fe) was based on a previous procedure with some
modifications [35]. This procedure consisted in dissolving iron (I11) chloride hexahydrate
(0.081 mg; 0.29 mmol) and BTC (0.028 mg; 0.13 mmol) in distilled water (1 mL). The
reaction was heated to 130 °C for 30 s and kept at this temperature for 7 min (300 W) (Mars-
5, CEM, US: power maximum output 300 W, the frequency at full power 60 Hz). The MIL-
100 (Fe) obtained was recovered by centrifugation at 5600 g for 8 min. Then, the activation of
the solid consisted in redispersing in absolute ethanol (1 mL) and centrifuging at 5600 g for 8
min, and 4 cycles were carried out under the same conditions. An orange solid was thus

recovered (40 mg, 98%). Finally, the nanostructure was stored in absolute ethanol at 4 °C.
2.3. In situ of PIP@MIL-100(Fe)

In-situ microwave synthesis of PIP@MIL-100(Fe) was performed as described above,
except that different concentrations of PIP were introduced into the initial synthesis solution
(1; 4; 18; 38 mg). Then the PIP@MIL-100(Fe) obtained was recovered by centrifugation at
5600 g for 8 min, and the best chemical performance was chosen for subsequent studies.
PIP@MIL-100(Fe) was then redispersed in absolute ethanol (1 mL) and centrifuged at 5600 g
for 8 min, and 4 cycles were performed under the same conditions. An orange solid was thus
recovered (40 mg, 96%). Finally, to maintain the nanostructure until its use, it was placed in
absolute ethanol at 4 °C (Fig. 1.).

In-situ microwave synthesis of PIP@MIL-100(Fe)

FeCL* 6 H:O Trimesic acid Piperine (PIP)
(0.081 mg; 0.29 mmol) (0.028 mg; 0.13 mmol) (1ordor18or38 mg)

|~ —

| - D -

L

—d 5 «
—_ —_ —- @ —
A4V T\ PIP@MIL-100(Fe) .
N was redispersed in —
Water ,W absolute  ethanol »
| Microwave conditions: 130 °C and centrifuged.
| S g 7wl - -

300w PIP@MIL-100(Fe) PIP@MIL-100(Fe)
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Figure 1. In-situ microwave synthesis of PIP@MIL-100(Fe) consisted in dissolving iron (I11)
chloride hexahydrate (0.081 mg; 0.29 mmol), BTC (0.028 mg; 0.13 mmol) and different
concentrations of PIP (1; 4; 18; 38 mg) in distilled water (1 mL). The reaction was heated to
130 °C for 30 s and kept at this temperature for 7 min (300 W). PIP@MIL-100(Fe) was then
redispersed in absolute ethanol (1 mL) and centrifuged at 5600 g for 8 min, and 4 cycles were
performed under the same conditions. An orange solid was thus recovered (40 mg, 96%).

To determine the entrapment efficiency of the drug (EE), the previously extracted
supernatant was quantified in triplicate by high-performance liquid chromatography (HPLC)

analysis. The EE was calculated from the mass balances using equation 1 [36], as follows:
0 —

m mf
— x 100
my

Entrapment ef ficiency (%) =

Equation 1.

where ms is final mass (mg) of PIP present in the final supernatant and mo is the initial mass

(mg) of PIP in the solution.

2.4. In vitro PIP release kinetics

PIP release experiments were carried out at 37 °C under two-dimensional agitation
(stirring frequency = 150 rpm), using phosphate-buffered saline (PBS, pH=5 or pH=7.4) with
Tween 20 ( 5% v/v) and ethanol (5% v/v) [37]. Initially, 10 mg of PIP@MIL-100(Fe) was
dissolved in 5 mL of the receptor medium. After selected time intervals (1 — 180 h), the
samples were centrifuged and 1 mL aliquot of the supernatants was removed to determine the
PIP concentration. Subsequently, 1 mL of receptor medium was added to the replacement
medium.

The extracted aliquots were subjected to HPLC analysis to determine the amount of PIP
released. An add-in program (DDSolver) in Microsoft Excel was used to evaluate the drug

release Kinetics of the acquired dissolution curves by fitting the data to various equations [38].

2.5. HPLC assay for PIP

The experiments were carried out in high-efficiency liquid chromatography (HPLC)
(Perkin Elmer, Brazil), equipped with a diode array detector (DAD), detection at 340 nm,
with an LC-20A pump. Separation was performed on a C18 column (Zorbax Extend 150 x 4.6
mm; 5 um). The mobile phase consisted of methanol and deionized water (75:25 v/v), with a
mobile phase flow of 0.8 mL min and an injection volume of 10 pL, and the run time was 5

min for each sample [39].
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2.6. Powder X-ray diffraction (XRD)

The diffractograms were obtained using a Rigaku Rint 2000 diffractometer, at room
temperature, under Cu-Ko radiation (A = 1.5406 A), with a power of 40 kV and an electrical
current of 50 mA. The spectra of the samples were obtained with 20 open-angle X-ray
scanning between 2° and 30° and using 2.5 s per step in continuous mode and step size of
0.02° [40]. The patterns were then normalized with respect to the most intense peak (plane
(022)) in the pattern [0-1].

2.7. Thermogravimetric analysis (TGA)

TGA was performed using TGA-Q500 (TA instruments). Approximately 5 mg of each
sample was placed on a platinum pan (maximum volume 50 pL) and heated from 30 to 600
°C at a heating rate of 10 °C min. The measurements for PIP@MIL-100(Fe) were performed
under a dry nitrogen flow of 40 mL min! to guarantee complete decomposition of the PIP and
accurate PIP loading determination.

The PIP loading was calculated from the TGA plot analysis according to the equation
2 [41]:

Mioss(PIP@MIL-100(Fe)) — Mioss(MIL—100(Fe)) .

wt% = 100

Mioss(PIP@MIL—100(Fe))

g _ Mioss(PIP@MIL-100(Fe)) — Mioss(MIL—100(Fe))

) Mioss(MIL-100(Fe))

Equation 2.
2.8. Dynamic Light Scattering, Particle Size, and Zeta Potential

The polydispersity index (Pdl) and particle size (hydrodynamic diameter) were measured
using dynamic light scattering technique, zeta potential was carried out through
electrophoretic mobility method using Zetasizer software (Malvern Instruments 7.1). Samples
were prepared by dispersing at 50 pug mL™ by the use of an ultrasound tip (30% amplitude for
2 min; Digital Sonifer 450, Branson). All analyses were performed three times at room

temperature and a detection angle of 173° was used during particle size and Pdl analysis.
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2.9. Field emission gun-scanning electron microscopy (FEG-SEM)

FEG-SEM micrographs were obtained from a JEOL JSM-7000F microscope with
acceleration voltage of 2 kV. The samples 3 pL were added to the stubs containing a carbon

thin film and then covered with sputtered gold layer.
2.10. High resolution-transmission electron microscopy (HR-TEM)

The nanosystems were diluted and then 3 pL were added to the copper grids. The sample
excess was drained with a paper and then stained with aqueous uranyl acetate (2% w/v). The
grids were kept with aqueous uranyl acetate for 3 min. After that, uranyl acetate excess was
drained with paper and dried at room temperature. The grids were subjected to analysis on a
JEOL JEM-2100 (LaBes emission gun) with acceleration voltage of 100 kV, available at LME
IQSC-USP, Séo Carlos (Brazil).

2.11. Nitrogen Adsorption Porosimetry

The activated nanoparticles (= 40 mg) were then recovered by centrifugation at 2500 g
for 10 min and dried at room temperature. N2 adsorption measurements were obtained at 77 °%k
using nitrogen sorption—desorption experiments and nano MOFs were outgassed at 100 °C for
6 hours (ASAP 2020- Micrometrics) [42]. Pore volume and pore size were calculated by a

non-local density functional theory (NLDFT).
2.12. Cell Viability Assay

Cells were seeded in 4x10° cells/well in 96-well plates with overnight incubation in
DMEM supplemented medium. Then, the treatments were prepared at a 3-fold higher
concentration (due to a direct 1/3 direct dilution in the well, as 50 pL of MOFs solutions were
added to a final volume of 200 pL per well), and exposed to certain concentrations of MIL-
100 (Fe) (3000-300 pg mL™Y), PIP, and PIP@MIL-100 (Fe) (250- 25 puM) for 48 h of
incubation. Then, the nanosystems were removed and the plates were washed with PBS.
Finally, 20 pL of resazurin (0,1 mg mL™*) was added to each well, followed by incubation for
4 h. Fluorescence was read on a SpectraMax microplate reader (570 nmex/595 nmem). The
concentration needed to kill 50% of MCF-7 and 4T1 cells (ICso) was calculated by nonlinear

regression in GraphPad Prism version 7.0 (GraphPad Software, San Diego, CA, USA).
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2.13. Statistical analyzes

All experiments were performed in triplicate (n=3). Results were expressed as mean *
standard deviation. For data comparison, ANOVA with post-test was used, or t-student in all
cases, significance will be considered when p<0.05. In addition, all these analyzes were
performed using the GraphPad Prism® statistical software version 7.0.

For other analyses, their respective statistical tests will be carried out, such as:

e To determine the modal diameter of the nanostructures, the distribution of their
diameters was obtained using the best fit for polydispersity according to a log-normal.

e The inhibitory concentration (ICso) values and their 95% confidence intervals were

derived from a linear regression model, based on a dose-response curve.

3. RESULTS AND DISCUSSION
3.1. Characterization of MOFs

The MIL-100 (Fe) and PIP@MIL-100 (Fe) powder samples were analyzed by X-ray
diffraction (XRD) patterns as shown in Fig. 2. The results confirm the successful synthesis of
crystalline MOFs through in situ microwave synthesis (Fig. 2.). The diffraction peaks of the
synthesized and simulated MIL-100 (Fe) (obtained from the CIF file No. 640536), indicated a
consistent pattern of diffraction intensity at 20 = 3.34°; 3.94°; 4.72°; 6.2° 10.26° and 10.9°
[42-45]. However, the peak intensities of the PIP@MIL-100(Fe) (Fig. 2, green line)
decreased suggesting the partial loss of crystallinity resulting from the filling of the pores with
PIP.
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Figure 2. XRD of the simulated (Black line) and synthesized pattern of MIL-100(Fe) (Blue
line) and PIP@MIL-100(FE) (Green line), angle (2 0) 2-30°.

The crystalline structure of MIL-100 (Fe) is cubic and the size of the crystallite can be
calculated from the Debye-Scherrer according to the equation 4 [46]:

D 0.94 4
"~ B cos6

Equation 4. Debye-Scherrer

where 0 is the angle between the incident ray and the dispersion, A is the incident X-ray
irradiation wavelength, D is the size of the crystallite (nm), and B is the total width at half the
maximum. The average crystallite size of MIL-100 (Fe) and PIP@MIL-100(Fe) was

calculated to be between 18.3 and 76.2 nm, respectively.

Fig. 3 exhibited zeta potential and particle size of MIL-100 (Fe) and PIP@MIL-100
(Fe). With respect to MIL-100(Fe), the positive zeta potential is similar to what was
previously reported. [13, 47] MIL-100 (Fe) and PIP@MIL-100 (Fe) did not show significant
changes in their shape and size with hydrodynamic diameter of 128 + 44.6 nm (Pdl = 0.10 £
0.11) and 98 £ 27.83 nm (Pdl = 0.03 = 0.006) for MIL-100 (Fe) and PIP@MIL-100 (Fe),
respectively. The outer surface of MIL-100 (Fe) may contain organic ligands composed of
free pendant protonated carboxylate groups showing a positive zeta potential of + 30.7 + 0.5
mV. However, when the MOF was impregnated with PIP (sample PIP@MIL-100 (Fe)), the

material showed a decrease in { potential to + 7.69 = 0.6 mV, probably due to a fraction of
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PIP being located close to the MOF outer surface, affecting and reducing its positive surface

charge value.

180
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128 £ 44,6

98 £ 27,8

Particle size (nm)

I MIL-100(Fe) 180
I PIP@MIL-100(Fe)
- 160

- 140

Zeta potential (mV)

Figure 3. DLS size and Zeta potential of aqueous suspension of MIL-100 (Fe) and
PIP@MIL-100 (Fe) (blue and green columns, respectively).

The morphology and particle size of the MIL-100(Fe) and PIP@MIL-100 (Fe) were
examined using FEG-SEM and HR-TEM analysis. Fig. 4 revealed the predominance of

crystalline particles with irregular octahedral morphology of the MOF at nanoscale, with an
average size of 29.67 £ 22.88 nm and 46.27 £+ 32.80 nm for MIL-100 (Fe) and PIP@MIL-100

(Fe), respectively. These results are in agreement with previous study reported by Tamames-

Tabar et al. (2014) [19]. The histograms of particle size distribution values (n = 100 particles)
obtained from FEG-SEM images of

images.
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Figure 4. HR-TEM of (A) MIL-100 (Fe) and (B) PIP@MIL-100 (Fe); FE-SEM of (C and E)
MIL-100 (Fe) and (D and F) PIP@MIL-100 (Fe) and the histograms of particle size
distribution (n = 100 particles) of (G) MIL-100 (Fe) and (H) PIP@MIL-100 (Fe) obtained
from FEG-SEM images (C and D, respectively).

3.2. PIP-loaded MIL-100(Fe)

Two drug-loading strategies were presented here. First, the ex-situ method was carried
out by impregnation in a saturated ethanolic solution of PIP for 24, 48, and 72 h (Table S1).
This method exhibited an encapsulation efficiency of up to 15%, probably because MOFs
need a high pore volume to achieve large amounts of trapped PIP [17]. For this reason, we
focused on the in situ encapsulation of PIP in MIL-100 (Fe) synthesis.
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The in situ PIP encapsulation in MIL-100(Fe) was evaluated using distinct values of
PIP concentration (Table S2). The yield of PIP-loaded MIL-100 (Fe) was analyzed using
HPLC method. A high nanosystem yield of 96% was achieved at the PIP concentration of 1
mg. The higher PIP concentration, lower the nanosystems yield, which suggests that by
increasing PIP concentration the ability of trimesic acid to coordinate with the metal may be

reduced [21], in agreement with results in Table S2.

Furthermore, Fig. 5a displayed differences in the N2 adsorption isotherms profiles of
PIP@MIL-100 (Fe) in comparison with the MIL-100 (Fe). In situ PIP-loaded MIL-100 (Fe)
exhibited a higher surface area than MIL-100 (Fe) (Fig. 5). It is suggested that for the
formation of the composite PIP@MIL-100(Fe), there is a non-covalent interaction of the z-z
stacking type, between the hydrophobic parts of ligands (aromatic rings of 1,3,5-benzene
tricarboxylic) and the 7 electronic clouds of PIP. Besides, the pore size distribution was also
different for both MIL-100 (Fe) and PIP @ MIL-100 (Fe). (Fig. 5b). This feature is similar to
that reported by Singco, Liu et al. (2016) during the in situ encapsulation of this same MOF
with acetylsalicylic acid, whose results also pointed to a higher surface area (2358 m? g*) for
the material encapsulated with the drug than that obtained for MIL-100(Fe) (1774 m? g).
Also, it revealed that the incorporation of PIP did not affect the porosity of the MOF matrix
[48].
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Figure 5. (a) Adsorption-desorption N2 curves and (b) pore size distribution by non-local
density functional theory (NLDFT) of MIL-100(Fe) and PIP@MIL-100(Fe) (blue and green
lines, respectively).

The PIP EE (%) determined by HPLC analysis was 95 + 3%, which suggests a strong
interaction between PIP and trimesic acid during the encapsulation process. The main
advantage of this method does not rely on the pore size of the nanosystem besides better drug

loading than the impregnation method [49]. This result showed an efficiency of drug



43

encapsulation in MIL-100 (Fe) greater than 75% compared to other studies, for example: urea,
benzophenone 4, Cidofovir, ibuprofen, benzophenone 3[18], docetaxel[8], and doxorubicin
(DOX) [18], resulted in 2.1%, 22.8%, 46.2%, 11%, 74%, 10%, and 88.2 % respectively. In
addition, studies carried out with other nanosystems showed less than 70% encapsulation
efficiency, such as polymerics[33], multiwalled carbon nanotubes[50], and nanoparticles [51],
which resulted in 36.23 %, 62.8 %, and 70 %.

Table S3 and Fig. 6 showed TGA results of PIP, MIL-100(Fe), and PIP@MIL-
100(Fe) (dashed, blue and green lines, respectively). An increase in the percentage of weight
loss was observed for the PIP@MIL-100(Fe) (mioss = 22.58 %) in comparison with MIL-
100(Fe) (mioss = 20.09 %). This difference corresponds to the encapsulated PIP into the
nanosystem. In addition, the PIP loading capacity was determined to be 11% by weight (0.12
g gt MOF), according to TGA data.

—— MIL-100(Fe)
RES i ——PIP@MIL-100(Fe)
S - - -PIP

T T T T T T
100 200 300 400 500 600
Temperature (°C)

Figure 6. Thermogravimetric curves of MIL-100(Fe) (blue line); PIP@MIL-100(Fe) (green
line) and PIP (blue, green and black dashed lines, respectively).

3.3. Release study

The PIP release profile was studied in PBS, at pH 5.0 and pH 7.4 to simulate
physiological conditions, such as blood circulation or acidic microenvironments in tumor
sites, respectively. The pH 5.0 was chosen because most of the nanostructures are
internalized through endocytosis in cancer cells and are trapped within the endosomal and
lysosomal compartments, these are usually in the range of 4.5 to 5.5. [52]. Therefore, pH-
sensitive delivery systems are valuable for controlling drug delivery in breast cancer. Tween
20 (5% v/v) and ethanol (5%v/v), at 37 °C [42], were also used. [53].
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The PIP release from PIP@MIL-100(Fe) was more controlled in the PBS solution at
both pH values. Approximately 51% of PIP was released within 300 min (Fig. 7), indicating
that a certain amount of PIP was easily released due to the simple diffusion method of loosely

bound PIP and the dissolution of the PIP molecules in an aqueous solution.
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Figure 7. PIP release profiles of PIP@MIL-100(Fe) at pH = 5 (orange trace fit) and at pH =
7.4 (blue trace fit), revealing the cumulative release within 180 h.

On the other hand, the rest of the PIP (99%) was released after 7 days, which
demonstrates that part of the PIP molecules performs a remarkable interaction with the MOFs
structure (Fe*®and BTC) [54]. Furthermore, previous studies have shown that MIL-100(Fe) is
degraded in the presence of PBS, losing their constituent trimesate linkers, transforming into
inorganic buildings, and becoming amorphous. PIP release data were fitted using the
Korsmeyer-Peppas Model, zero-order model, and first-order model, which are summarized in
Table 1. The values of the correlation coefficient R? for the Korsmeyer-Peppas model were
higher than those for the zero-order model and the first-order. Therefore, it is evident that PIP
was released from MIL-100 (Fe) by a non-swelling porous matrix drug delivery system. The
kinetic constants determined from the Korsmeyer-Peppas model were 32.85 and 34.56 for pH

7.4 and 5, respectively.
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Table 1. Fitting results of equation

Model Equation R?
Zero-order equation M=0.4658t + 46.472 0.649
pH 5 First-order equation M=-0.0132t + 1.7816 0.969
Korsmeyer-Peppas M= 34.56*t%2 0.981
Model
Zero-order equation M=0.4742t + 44.436 0.680
pH 7.4 First-order equation M=-0.0129t + 1.8107 0.954
' Korsmeyer-Peppas M= 32.85*t%2 0.981
Model

M, t represents the % cumulative release and release time (h), respectively

3.4. Cell Viability Assay
The cellular toxicities of PIP, MIL-100 (Fe), and PIP@MIL-100 (Fe) were investigated on the
MCF-7 and 4T1 cell lines at concentrations from 50 to 250 uM. Untreated cells served as a
control. As shown in Fig. 8, MIL-100 (Fe) did not cause any cytotoxic effect on cells;
however, at 250 UM, it revealed cell viability of 89% for both cells, which proved to be an
appropriate nanocarrier at the concentrations examined to administer anti-drugs for breast
cancer, as previously reported [8, 55]. The ICso of PIP@MIL-100 (Fe) and PIP was measured
by GraphPad software at 48 h. The PIP showed ICso = 183.1 + 19.2 uM, and PIP@MIL-100
(Fe) exhibited ICso = 69.49 + 14.63 uM to MCF-7 and The PIP showed ICso = 130.1 + 11.2
UM, and PIP@MIL-100 (Fe) exhibited ICso = 96.43 + 12.63 UM to 4T1. Statistical analysis
Student's t-test compared to ICso confirmed that PIP@MIL-100 (Fe) had more significant
toxic impact (p <0.05) on both tumor cells than PIP. In addition, the release of PIP from
MOFs exhibits a Fickian diffusion in the first 48 hours at both pH 5 and 7.4, this controlled
release probably contributes to toxicity against cancer cells. [56] In addition, This cytotoxic
effect can be caused by the acidic pH of lysosomal enzymes, which affects the cytoplasm by
releasing PIP into the cytoplasm, ultimately resulting in cell death. [57] Compared to other
nanosystems against MCF-7 cancer cells, the polymeric nanoparticle showed an ICso greater
than 100 uM, [33] concluding that MOFs are much more cytotoxic and promising for

applications with other types of breast cancer.
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Figure 8. Cell viability of MCF-7 and 4T1 for 48 h. Piperine (250—25 pM); MIL-100 (Fe)
concentration was 3000—-300 pg/mL; and PIP@MIL-100(Fe) loading was 2.5 wt% (3000—300

pg/mL).
4. CONCLUSION

PIP drawbacks such as low stability and bioavailability in biological media can be
overcome using in situ PIP-loaded MIL-100 (Fe) synthesis via microwave method, The
nanosystem was successfully prepared and characterized by physicochemical techniques.
High values of PIP encapsulation efficiency and loading capacity of 95 and 11% were
achieved, respectively. In comparison with the traditional method of encapsulation ex-situ in
the MOF that showed an EE of less than 15%. The slow diffusion of PIP from MIL-100 (Fe)
would improve the therapeutic activity in the transport of large amounts of drugs in the blood.
Furthermore, our results demonstrated high cytotoxicity of PIP@MIL-100 (Fe) against MCF-
7 cancer cells compared with PIP, which suggests that this nanosystem improved the PIP
anticancer activity in vitro. Relying upon these premises, in situ PIP-loaded MIL-100 (Fe) is
an effective strategy to avoid low drug loading by using the impregnation method besides
establishing a novel method for designing efficient drug delivery nanosystems for in vivo

evaluation and further clinical assays.
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Encapsulate PIP ex situ (PIP@MIL-100 (Fe)), MIL-100 (Fe) (1 mg) was suspended in
1 ml of ethanol solution and various concentrations of PIP (1; 2; 3 mg) were evaluated. The
reaction mixture was kept under stirring at room temperature for 24, 48, and 72 h.
Subsequently, the nanosuspension were recovered by centrifugation at 10,000 rpm for 8 min.
To determine the PIP entrapment efficiency (EE), the previously extracted supernatants were
quantified in triplicate by HPLC method for determining the concentration of unencapsulated
PIP.

Table S 1. PIP EE (%) detected in PIP@MIL-100 (Fe)

Concentration (w/w) Time
MIL-100(Fe) PIP 24h  48h 72h
1 1 15% 14% 0%
1 2 10% 5% 0%
1 3 4% 0% 0%

Table S2. Yields of PIP@MIL-100(Fe) as a function of the PIP concentration.

Nanosystems Yield

(%)
MIL-100(Fe) + PIP (1 mg) 96
MIL-100(Fe) + PIP (4 mg) 45
MIL-100(Fe) + PIP (18 mg) 5
MIL-100(Fe) + PIP (38 mg) 0

Table S3. Thermal decomposition analysis of MIL-100 (Fe) samples

Initial Final residue (at 600 °C) Weight 10ss (Mioss)*
decomposition
temperature
MIL-100(Fe) 120°C 48 % 20.09%
PIP@MIL-100(Fe) 120°C 55 % 22.58%

*The drug loading was measured in the temperature range corresponding to the
decomposition of PIP (270-380 °C).
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HPLC assay for PIP

The calibration curve was linear by analyzing a series of PIP concentrations in ethanol
from 6.25 t0100 pug mL™ with a correlation coefficient of R?=0.990 (Figure S1). The limit of
detection (LOD) and limit of quantification (LOQ) were found to be 0.25 and 0.77 pg mL™,
respectively. Standard samples were prepared and injected in triplicates on three successive

days.
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Figure S1. (a) Chromatogram of PIP (concentration = 6.25 to 100 pg mL™) in mobile phase
(methanol/water (75:25)) and (b) calibration curve of PIP quantified by HPLC.
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Abstract:

Piperine (PIP), a compound found in Piper longum, has shown promise as a potential
chemotherapeutic agent for breast cancer. However, its inherent toxicity has limited its
application. To overcome this challenge, researchers have developed PIP@MIL-100(Fe), an
organic metal-organic framework (MOF) that encapsulates PIP for breast cancer treatment.
Nanotechnology offers further treatment options, including the modification of nanostructures
with macrophage membranes (MM) to enhance evasion of the immune system. In this study,
the researchers aimed to evaluate the potential of MM-coated MOFs encapsulated with PIP
for breast cancer treatment. They successfully synthesized MM@PIP@MIL-100(Fe) through
impregnation synthesis. The presence of MM coating on the MOF surface was confirmed
through SDS-PAGE analysis, which revealed distinct protein bands. Transmission electron
microscopy (TEM) images demonstrated the existence of a PIP@MIL-100(Fe) core with a
diameter of around 50 nm, surrounded by an outer lipid bilayer layer measuring
approximately 10 nm in thickness. Furthermore, the researchers evaluated the cytotoxicity
indices of the nanoparticles against various breast cancer cell lines, including MCF-7, BT-
549, SKBR-3, and MDA. The results demonstrated that the MOFs exhibited between 4- and
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17-times higher cytotoxicity (ICso) in all four cell lines compared to free PIP (IC5=193.67
0.30 pM). These findings suggest that MM@PIP@MIL-100(Fe) holds potential as an
effective treatment for breast cancer. The study's outcomes highlight the potential of utilizing
MM-coated MOFs encapsulated with PIP as an innovative approach for breast cancer therapy,
offering improved cytotoxicity compared to free PIP alone. Further research and development
are warranted to explore the clinical translation and optimize the efficacy and safety of this

treatment strategy.
Keywords: metal-organic framework; vesicle; cytotoxicity; nanostructures.

Introduction

Nanotechnology is a rapidly developing field that brings promising opportunities to human
cancer diagnosis and treatment. Nanoparticles can play a significant role as a drug delivery
system for cancer treatment [1]. This system can be classified into three groups: inorganic
nanomaterials (including iron oxide, gold nanoparticles, and zeolites), organic nanomaterials
(such as polymeric nanoparticles, micelles, dendrimers, and liposomes), and a third type
known as metal-organic frameworks or porous coordination polymers (MOFs) [2]. MOFs are
porous materials composed of metal ions or clusters of higher nuclearity and multifunctional
organic ligands, enabling them to overcome the limitations of other nanostructured systems,
such as low drug loading and release capacity [3]. MOFs can be synthesized using various
methods that allow them to control their chemical and physical properties. The assembly of
inorganic subunits and organic ligands through strong covalent ion bonds creates MOFs with
high and regular porosities and adaptable porosity structures that can host molecules of
different shapes [4].

Piperine (PIP) is an alkaloid extracted from seeds of plants in the Piperaceae family that has
been used as an antimicrobial, antiparasitic, and antidepressant agent, and as a modulator of
oxidative stress-induced carcinogen [5]. Piperine has been demonstrated to inhibit the growth
and survival of numerous different cancer cell types as well as to cause cell cycle arrest and
apoptosis. It is especially potent against breast cancer and can target a variety of signaling
pathways, oxidative stress, autophagy, and the activation of detoxifying enzymes [6, 7].
However, its use presents difficulties related to its hydrophobic nature and high concentration
requirement [8, 9]. The incorporation of PIP into a nanostructured release system may help to
overcome these difficulties. Various PIP-loaded nanostructures have been reported, such as

carbon nanotubes, liposomes, and polymeric nanoparticles [10-12].
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In a recent study conducted by Quijia et al. (2022) [13] PIP was encapsulated in MIL-100
(Fe). This MOF is a polycrystalline powder composed of iron (Ill) ions and 1,3,5-
benzenetricarboxylic acid [14]. The main characteristics of this MOF (PIP@MIL-100 (Fe))
include particles measuring up to 120 nm in size and having a rhombohedral shape. It has a
low polydispersity index of 0.03 and a hydrodynamic diameter of 98+ 27.83 nm. Its zeta
potential is +7+ 0.6 mV. The nanosystem has a high loading capacity for PIP of 11.02% by
weight (0.12 g g*) and a high encapsulation efficiency of 95+ 3%. MCF-7 and 4T1 breast
cancer cell lines were used in cytotoxicity tests, which revealed that PIP@MIL-100 (Fe) had
roughly three times the cytotoxicity (ICso) of free PIP.

The surface modification strategies of MOF nanoparticles and materials engineering, such as
the use of macrophage membranes, have the potential to improve the efficiency and
selectivity of delivering chemotherapeutic agents and other biomedical applications. The
functionalization of MOF nanoparticles improves their chemical and colloidal stability and
offers the possibility of intravenous administration and interaction with specific receptors
[15]. Moreover, the camouflaging of nanostructures with macrophage membranes can
increase their blood circulation and reduce their clearance by mononuclear phagocyte
systems, which can be useful in combating cancer and other diseases. These surface
modification and materials engineering strategies are promising research areas in the search
for more effective and selective therapies for various diseases [16-18].

Here, we present a comprehensive study involving the preparation and characterization of
membrane vesicles and proteins extracted from macrophage cells (RAW 264.7 strain). Our
objective was to develop a novel strategy for coating MIL-100 (Fe) with these biomolecules
to achieve controlled release of PIP, a potent anti-cancer agent, against breast cancer.
Previous studies have employed PIP for encapsulating these MOFs, as documented in
published research [13]. To assess the efficacy and properties of our nanostructures, we
employed a range of analytical techniques. The characterization included measurements of
hydrodynamic diameter, polydispersity index (Pdl), zeta potential, stability (evaluated on the
first and tenth day after synthesis using dynamic light scattering), size (dry diameter), shape
(observed through transmission electron microscopy [TEM] and scanning electron
microscopy [SEM]), chemical behavior (infrared vibration spectroscopy [IR]), SDS-PAGE
analysis, thermogravimetric analysis (TGA), and in vitro release kinetics of PIP.

Furthermore, to evaluate the effectiveness of our nanostructured systems, in vitro efficacy

trials were conducted using breast cancer cells. These trials were intended to investigate the
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potential benefits of employing these innovative nanosystems for targeted drug delivery and
therapy against breast cancer.

Materials and Methods

Materials

Piperine, Trimesic acid (BTC), Iron (I11) chloride hexahydrate, 99% ethanol, Methanol HPLC
grade, and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) were
purchased from Sigma Aldrich (St. Louis, MO, USA). The cell culture medium used was
RPMI-1640 supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic (10,000 Ul
penicillin and 10 mg/mL streptomycin solution) from Sigma Aldrich.

Methods

Encapsulation of Piperine in MIL-100(Fe)

The PIP encapsulation process in MIL-100(Fe) was improved in comparison with the method
described by Quijia et al. in 2022 [13], resulting in a drug encapsulation efficiency of 95 +
3%. Additionally, the nanostructure was stored in absolute ethanol at 4 °C until use. In this
study, we used the encapsulation percentage previously reported by our group, with an
encapsulation efficiency of piperine in the MOFs of 95%, representing 0.025 mg/mg, which
means mg of piperine per mg of MIL-100(Fe).

A detailed description of the encapsulation method can be found in Annex 1. This section
outlines step-by-step instructions, including the preparation of the encapsulation solution,
incubation conditions, purification techniques, and any additional modifications or
considerations involved in the process.

Preparation of Macrophage Membrane Vesicles (MM)

To obtain MM vesicles from RAW 264.7 cells, the method described by Gao et al. (2016) and
Rao et al. (2017) [19, 20]. was employed. Macrophage cells were grown in culture flasks until
they produced approximately 1 x 108 cells mL™. The cells were then extracted with 0.05%
Trypsin-EDTA and centrifuged for 5 min at 1015 rpm at 4 °C. The resulting cells were
homogenized using a portable Dounce homogenizer (20 passes on ice) and suspended in a 10
mL hypotonic lysis buffer composed of 20 mM Tris-HCI, 10 mM KCI, and 2 mM MgCI (and
a mini-protease inhibitor without EDTA) at 4 °C. The cell suspension was centrifuged at 5427
rpm for 5 min at 4 °C, and then the supernatant was collected and centrifuged again for 30
min at 11,750 rpm (Figure 1A). The isolated membranes were dispersed in PBS (pH 7.4) at 4

°C for subsequent assays.
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Preparation of MM@PIP@MIL-100(Fe)

The MM@PIP@MIL-100(Fe) was prepared by the impregnation method, based on previous
research [21-25], with modifications. PIP@MIL-100 (Fe) (5.0 mg) was dispersed in 10 mL of
PBS (pH=7.4) and stirred for 30 min at 4 °C with previously extracted MM vesicles
(approximately 4 mg/mL). The functionalized MOFs were centrifuged at 10,000 rpm for 10
min, the supernatant was removed, and the nanoparticles were kept at 4 °C in PBS (pH=7.4)
(Figure 1B) [23, 26].

Development of macrophage membrane vesicles
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Figure 1. A. Development of macrophage membrane vesicles. B. Development of
MM@PIP@MIL-100(Fe) nanostructures.

Photon Correlation Spectroscopy and Zeta Potential

The hydrodynamic diameter and zeta potential of nanoparticles dispersed in water at a
concentration of 0.1 mg mL™ were measured using an ultrasonic tip and the Zetasizer Nano
series, a product from the UK. Three readings were taken during the measurements, which
were carried out at room temperature and under light scattering detection at an angle of 173°.
The z-average size was determined using cumulant analysis with a repeatability of 1.6% using
the Zetasizer Nano-ZS. The Nano software was used to convert the intensity distribution into
volume using theoretical plots of the log of the relative scattering intensity versus particle size
at angles of 173° [27, 28].
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Infrared Vibrational Spectroscopy Analysis

A Perkin-Elmer 400 IR spectrometer was used to perform the vibrational spectroscopy
analysis in the infrared region (IR) of the electromagnetic spectrum. An agate mortar was
used to combine the samples with potassium bromide (KBr), and the mixture was then added
to pellets for reading with a resolution of 2 cm™. The method uses the molecules'
characteristic infrared radiation absorption to figure out the structures of the molecules.
High-Resolution Transmission Electron Microscopy (HR-TEM) and High-Resolution
Scanning Electron Microscopy (HR-SEM)

The samples were coated with a thin layer of gold and mounted on a holder before HR-SEM
was carried out on them with the TOPCON SM-300 microscope at 10-20 kV. Using a
PHILIPS CM 200 SUPER TWIN transmission electron microscope (TEM), the morphology
of purified nanosolids was examined, and photomicrographs were taken at various
magnifications. The JEOL JEM-2100 (LaB6) at 100 kV, available from LME IQSC-USP in
Sao Carlos, Brazil, was used for the TEM analyses. The samples were made by depositing 3
puL of diluted nanosuspensions on a copper grid, draining the excess liquid, drying it, and
staining it for 3 min with 3 pL of 2% w/v aqueous uranyl acetate. The samples were dried
after the excess stain was removed, and the staining process was then repeated. The grids
were analyzed after drying at room temperature.

Thermogravimetric Analysis (TGA)

TA Instruments’ TGA-Q500 instrument was used to perform the TGA analysis. A platinum
pan with a maximum volume of 50 L was loaded with 5 mg of each sample and heated at a
rate of 10 °C/min from 30 to 600 °C. For the analysis, a dry nitrogen flow of 40 mL/min was
used to aid in the decomposition of MM@PIP@MIL-100(Fe) and PIP@MIL-100(Fe) [29].
SDS-PAGE Characterization of MM@PIP@MIL-100(Fe)

The proteins were examined using sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) [30]. Purified macrophage membrane vesicles (MM) and MM@PIP@MIL-
100(Fe) were created in SDS sample buffer and measured with the BCA kit. Then 20 g of the
sample was loaded onto each well of a 10% SDS-PAGE after samples were heated at 95 °C
for 5 min. The samples were then run at 120 V for 2 h, and the resulting PAGE was stained
for 2 h with Coomassie Blue and then washed overnight in preparation for visualization the
next day on a gel documentation system [31].

In vitro Release Kinetics of PIP

Phosphate-buffered saline (PBS, pH=7.4 or pH=5) with 5% v/v Tween 20 and 5% v/v ethanol

as the receptor medium was used to study the release kinetics of PIP under 37 °C two-
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dimensional agitation (agitation frequency = 150 rpm) [32]. The MM@PIP@MIL-100(Fe)
nanosystem was first dissolved in 5 mL of the receptor medium at a concentration of 10
mg/mL. The samples were centrifuged and a 1 mL sample of the supernatant was taken for
PIP content analysis at predetermined time intervals (1-180 h). The medium was then
replenished with 1 mL of new receptor medium. To determine the amount of PIP released, the
collected samples were analyzed using high-performance liquid chromatography (Figure S1).
The add-in (DDSolver) for Microsoft Excel that offers statistical criteria to assess the model's
fitting quality was used to analyze the drug release model. To determine the best release
model, two parameters—adjusted R? and Akaike information criterion (AIC)—were evaluated
while accounting for the volume of data, the number of data points, and statistical analysis
[33].

Cell Viability Assay

MCF-7, MDA, SKBR-3, BT-549, and HaCaT cancer cells were put in 96-well plates at a
density of 4,000 cells/well and left there overnight. Dimethyl sulfoxide (DMSO)
concentration in the study samples was kept under 0.25% (v/v) to prevent any negative effects
on cell viability [34]. PIP was dissolved in DMSO at a concentration of 5% (w/v). DMEM
medium was used to either disperse or dissolve MM@PIP@MIL-100 (Fe), which was then
incubated for 48 h. In order to rule out any potential interference with the assay, nanoparticles
in culture medium and culture medium alone were also tested along with the treatments,
which were prepared at a 3 times higher concentration and added to the cells in a final volume
of 200 uL per well.

Statistical Analysis

The experiments were carried out three times (n=3), and the mean SEM of the outcomes was
obtained. Data comparison techniques included ANOVA with post-test or t-student tests, with
significance set at p< 0.05. GraphPad Prism® version 7.0 was used to conduct these statistical
analyses. ANOVA divides observed variance data into various components for use in further
tests. By obtaining the diameter distribution of the nanostructures and choosing the best fit for
polydispersion based on a log-normal distribution, the modal diameter of the nanostructures
was ascertained. The linear regression model based on the dose-response curve was used to
calculate the inhibitory concentration (ICso) and its 95% confidence intervals.

Results and Discussion

Analysis of Average Hydrodynamic Diameter and Zeta Potential

After coating the PIP@MIL-100(Fe) material with macrophage-derived vesicles (MM-
vesicles) using the impregnation method (MM@PIP@MIL-100(Fe) material), DLS
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measurements were also performed. As expected, the results showed an increase in the
average hydrodynamic diameter of the nanoparticles from 98 + 27.83 to 150 = 24.16 nm
(Table 1), as well as a change in the zeta potential of the nanoparticles from +7 + 0.6 to -32 £+
2.36 mV, suggesting that the membrane coating was successful. It is important to note that,
under these circumstances, the acidic nature of the PIP@MIL-100(Fe) suspension (pH ~ 2.9-
3.8) confers a positive charge to the material due to the protonation reaction of carboxylate
groups. While coating with the macrophage membrane vesicle (MM) has a pH ~ 7.4, the
surface of MOFs acquires a negative charge that is due to electrostatic interactions between
the positive { potential of PIP@MIL-100(Fe) and the negative { potential of MM (Table 1),
due to the charge of phospholipids and proteins constituting the cell membrane. Therefore, the
acidic carboxylic groups of the MOF ligand help in the conjugation of primary amines or
macromolecular groups, such as peptides and proteins from MM, ensuring the correct
topological orientation of cell membranes in the MM@PIP@MIL-100(Fe) platform [26, 35-
41]. Table 1 summarizes the obtained results using the dynamic light scattering (DLS)
technique on the Zetasizer Nano ZS equipment, including the average hydrodynamic
diameter, polydispersity index (Pdl), and zeta potential of the nanoparticles.

Table 1.- Zeta potential (£) analysis, hydrodynamic diameter, and polydispersity index of

different nanostructures.

PIP@MIL-100 (Fe) Vesicle (MM) MM@PIP@MIL-

100(Fe)
Zeta Potential (mV/) +7+06 -14+150  -32+2.36
Hydrodynamic diameter (nm) 98 £+ 27.83 88 +0.81 150 + 24.16
Polydispersity index 0.03 £ 0.006 0.4 +£0.09 0.4 £0.05

Analysis of Nanostructured Systems by Vibrational Spectroscopy in the Infrared Region
(FT-IR)

The coating with MM on the MOF exhibited absorption bands similar to those of the cell
membrane vesicles previously reported, such as the 1800-1350 cm™ lipid ester groups and
amide | and Il protein bands (Figure 2) [42]. The vibrational spectrum between 1100-800
cm! and the stretching and bending of phosphate groups provide some information about the
stretching and bending bands of the phosphate groups. The strong band v: (POa4) typically
belongs to the region of 1000-1100 cm™!, while the bending mode v2 (PO4) usually appears as
a medium to strong band in the range of 600-900 cm™'. Additionally, the symmetric stretching
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(v1) of the phosphate groups (PO+*") typically exhibits around 1050-1100 cm™. [43] This
confirms the presence of vesicles in the MOFs, including both protein and lipid molecules.

—— PIP@MIL-100(Fe)

MM@PIP@MIL-100(Fe)

1100 - 800

A
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Figure 2. Fourier-transform infrared (FT-IR) spectrum analysis of nanoparticles: PIP@MIL-
100(Fe) (red line); MM@PIP@MIL-100(Fe) (green line).

Morphology Analysis of Nanomaterials

In this study, the morphology and particle size of materials based on MOF were prepared and
analyzed using scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) techniques. Uranyl acetate was used to negatively stain the MM@PIP@MIL-100(Fe)
material's particles, which were then visualized using TEM. The images produced by the
technique clearly displayed a PIP@MIL-100(Fe) core with a diameter of about 50 nm. As
shown in Figure 3-D, there was an additional lipid bilayer outer layer that was 10 nm thick.
This demonstrated that the cell membrane had successfully been coated onto the PIP@MIL-
100(Fe) composite. Additionally, Figures 3-A and 3-C show the SEM images for the
materials PIP@MIL-100(Fe) and MM@PIP@MIL-100(Fe), respectively.
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Figure 3. Morphology analysis using scanning electron microscopy (SEM): (A) PIP@MIL-
100 (Fe); (C) MM@PIP@MIL-100 (Fe); and (B) PIP@MIL-100(Fe) and (D)
MM@PIP@MIL-100(Fe) using transmission electron microscopy (TEM). Note: Figures 3-A
and 3-B are from a previous article by Quijia et al. (2022)[13]

Thermogravimetric Analysis
The thermal behavior of PIP@MIL-100(Fe) and MM@PIP@MIL-100(Fe) materials was

studied using thermogravimetric analysis (TGA). The analysis was conducted with a heating
rate of 10 °C/min, and the temperatures ranged from 30 °C to 600 °C. The thermogravimetric
curves of the materials used in this study are illustrated in Figure 4.

In the thermal decomposition of the MM coating in MOFs (red line in Figure 4), the sample
in the region between 25 and 73 °C showed a mass loss of 19.4% associated with the coating
of macrophage membrane vesicles (MM) of MM@PIP@MIL-100(Fe). These values are
likely due to the release of moisture mainly from the cellular vesicle or the heating of organic
matter [44].

80

60

Weight (%)

40

20

f=——PIP@MIL-100 (F¢)
[——MM@PIP@MIL-100{F¢)

T T T T T
100 200 300 400 500 600

Temperature

Figure 4. Thermogravimetric curves of the compounds: PIP@MIL-100(Fe) (green line);
MM@PIP@MIL-100(Fe) (red line)
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Characterization and stability of the MM@PIP@MIL-100(Fe) platform
SDS-PAGE was used to analyze the proteins from MM-vesicles and the purified

MM@PIP@MIL-100(Fe) materials. Compared to natural MM-vesicles, the proteins were
successfully coated onto MM@PIP@MIL-100(Fe) after the impregnation treatment,
according to the results shown in Fig. 5A. This suggests that proteins were successfully
transferred from the macrophage's natural membrane to the PIP@MIL-100(Fe) composite.
MM@PIP@MIL-100(Fe) stability was also examined, and samples kept in 1 PBS (4 °C) for
10 days revealed no discernible size change (p-value > 0.05) (Fig. 5B). This finding indicates
that the nanoparticles may still maintain their stable structure, which is important for

upcoming biomedical research.
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Figure 5. A. SDS-PAGE analyses of proteins extracted from the membrane of RAW 264.7
cell line and MM@PIP@MIL-100(Fe). B. Verification of the average hydrodynamic diameter
of MM@PIP@MIL-100(Fe) sample stored in 1x PBS (4°C) for 10 days. Data with standard
deviation (n = 3), ANOVA with Tukey's post-test, p<0.05.

In Vitro Release Assay of PIP

To examine the release profile of PIP, a study was carried out under physiologically relevant
conditions in a phosphate-buffered saline (PBS) solution at both pH 7.4 and 5.0, with the
addition of 5% v/v Tween 20 and 5% v/v ethanol, at a temperature of 37 °C. These conditions
were selected to simulate both the blood circulation and the acidic microenvironments present
in tumor regions [45]. Because most nanostructures tend to be internalized by endocytosis in
cancer cells and become trapped in endosomal and lysosomal compartments, which typically
range in pH from 4.5 to 5.5, pH 5.0 was chosen. [46].

Table 2 shows that the release of PIP from MM@PIP@MIL-100(Fe) followed the simplified
Korsmeyer-Peppas model with a high R? (> 0.95) and n values > 0.43, indicating that the

release mechanism was governed by diffusion. The release curve exhibited a slow stage with
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only about 25% (0.15 mg mL™) of PIP released at pH=5 after 14 days. For pH=7.4, the
release was even slower with only 7.2% (0.014 mg mL™) released (Figure 6).
Table 2.- Fitting of the release profile equation, where M is the cumulative release (%) and t

is the release time (h).

MM@PIP@MIL-100(Fe)

pH=7.4 pH=5.0
Korsmeyer-Peppas Model M = kgp * t°

Equation M=2.17 t0-21 M=7.51 t0-22

Rsqr 0.97221752 0.972872357

AIC 00.000 00.027

Weibull Model M = 100 [e_(t—zi)ﬁ]

Equation M = 100 [e_%] M = 100 [e‘%]
Rsqr 0.96896075 0.967943034

AIC 00.003 00.031

Gompertz Model M = 100 % e-ore P1os®

Equation M = 100 % e-0-0045e~0000°108® ' 4o —0.003+e~0000+108(®
Rsqr 0.96557946 0.96128035

AIC 00.002 00.031

According to Palanikumar et al. (2022) [47], the presence of MM vesicles impedes drug
release from the PIP@MIL-100(Fe) material, although it does not entirely eliminate it. As a
result, the MM@PIP@MIL-100(Fe) platform has a highly stable encapsulation, which is
essential in preventing premature release and guaranteeing that loaded drugs eventually reach
target cancer cells. Additionally, the decrease in release at pH=7.4 is likely attributed to the
safeguarding function of MM vesicles on the nanomaterial. This finding indicates the
potential for PIP to have a controlled release from pH-sensitive MM-MIL-100(Fe), which is
loaded with PIP in acidic solutions. This feature is important as it minimizes side effects
while increasing PIP accumulation at the tumor sites [48].

On the other hand, the release of PIP at pH 7.4 (7%) is much lower compared to the amount
released at pH 5.0 (25%) after 120 hours of analysis (Figure 6), which is likely due to cell
membrane vesicles. The vesicles have relatively alkaline pH values (pH 7.4-7.1); in acidic
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pH, there are changes in the electrical charge of the membrane from groups present in the

lipid molecule and peptides, causing degradation or rupture of the membrane [49-52].
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Figure 6. Release profile of MM@PIP@MIL-100(Fe) at pH values 7.4 and 5.0.

Cytotoxicity

Table 3 and Figure S2, in parentheses, present the number of times that the nanostructures
exceeded the ICso in relation to the drug (PIP). MM@PIP@MIL-100 (Fe) exhibits high
cytotoxicity (ICso) in the four cell lines compared to free piperine. All PIP-loaded
nanosystems have a more significant toxic effect (p< 0.05) on tumor cells than free PIP,
according to the statistical analysis using Tukey's ANOVA test in comparison with the ICso
(Figure 7). Lysosomal enzymes with an acidic pH are probably the cause of this cytotoxic
effect because they can significantly increase drug release in the cytoplasm and cause cell
death [53].

Table 3.- Cytotoxicity index of nanoparticles and piperine against breast cancer cells

Cytotoxicity index (1Cso) expressed in pM

MCF-7 MDA SKBR-3 BT-549
PIP 193.67 +0.30 139.60+1.17  72.62+1.08 96.38 + 1.10
MM@PIP@MIL- 1145+1.18(17)  16.32+1.12(8) 1851+1.29(4) 8.71+1.12(12)

100 (Fe)

Note: Piperine (PIP), Macrophage Membranes (MM). The results represented in the table
refer to the averages of three independent experiments (mean * standard deviation). 1Cso
corresponds to the minimum concentration to inhibit 50% of cancer cells. Cells were treated
with 6.25 to 100 uM and incubated for 48 h. The number of times the nanostructures
exceeded the ICxo in relation to the drug (PIP) is shown in parentheses.
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It is important to acknowledge that the coating of MM-vesicles onto MOFs exhibited higher
toxicity in certain cell lines. A study by Wuttke et al. (2015) demonstrated that the coating of
nanoMOFs with lipid bilayers can enhance their uptake by cancer cells [23]. Additionally,
previous research has indicated that macrophage membranes possess the ability to actively
bind to cancer cells due to the high expression of a4 and Bl integrins in RAW 264.7 cells,
providing them with specific metastasis-targeting capabilities [54]. Consequently, the
presence of these proteins in MOFs contributed to improved absorption and increased toxicity

in cancer cells.

Cytotoxicity Index (ICs)

mm PIP
200 2, B MM@PIP@MIL-100(Fe)

100+ xkk
—

Figure 7. Indices of nanoparticle cytotoxicity against breast cancer cells (MCF-7; BT-549;
SKBR-3; MDA)
Conclusion

In this study, the researchers successfully coated PIP@MIL-100(Fe) with MM-vesicles,
resulting in the creation of a new material called MM@PIP@MIL-100(Fe). The coating
process was confirmed through various analyses and measurements. DLS measurements
indicated an increase in the average hydrodynamic diameter of the nanoparticles, along with a
change in their zeta potential, providing evidence of successful coating. TEM imaging
revealed the presence of a PIP@MIL-100(Fe) core with a diameter of approximately 50 nm,
surrounded by an outer layer of lipid bilayer measuring about 10 nm in thickness, indicating
successful cell membrane coating. TGA was conducted to investigate the thermal behavior of
the materials, while SDS-PAGE analysis was utilized to analyze the proteins coated onto
MM@PIP@MIL-100(Fe) following the impregnation treatment. Stability assays
demonstrated that the nanoparticles maintained a stable structure. The release of PIP from
MM@PIP@MIL-100(Fe) was characterized and found to exhibit a high correlation with the
simplified Korsmeyer-Peppas model, suggesting controlled and predictable release Kinetics.
Overall, these findings indicate that MM@PIP@MIL-100(Fe) has potential applications in
future biomedical analyses, highlighting its suitability for further research in the field.
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Moreover, additional research is needed to explore these potential applications in more detail
and to conduct in vivo studies to validate the efficacy and safety of MM@PIP@MIL-100(Fe)
for various biomedical applications. These future directions will contribute to the
advancement of nanomedicine and the development of innovative therapeutic and diagnostic

strategies.

Supplementary Materials: The following supporting information can be downloaded
fromwww.mdpi.com/xxx/s1, Figure S1. (a) Chromatogram of PIP (concentration = 6.25 to
100 pg mL?) in the mobile phase (methanol/water [75:25]) and (b) calibration curve of PIP
quantified by HPLC. Figure S2. Cytotoxic activity of piperine. Figure S3. Fourier-transform
infrared (FT-IR). Figure S4. PIP@MIL-100(Fe) in situ
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HPLC assay for PIP

The calibration curve was linear by analyzing a series of PIP concentrations in ethanol
from 6.25 t0100 pg mL* with a correlation coefficient of R?=0.990 (Figure S1). The limit of
detection (LOD) and limit of quantification (LOQ) were found to be 0.25 and 0.77 ug mL™*,
respectively. Standard samples were prepared and injected in triplicates on three successive
days.
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Figure S1. (a) Chromatogram of PIP (concentration = 6.25 to 100 ug mL™) in mobile phase
(methanol/water (75:25)) and (b) calibration curve of PIP quantified by HPLC.
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Figure S2. Cytotoxic activity of piperine (A) and MM@PIP@MIL-100 (Fe)- (B). The results
represented cell viability and refer to the averages of three independent experiments (mean +
standard deviation). Cells were treated with 6.25 to 100 uM and incubated for 48 h. Viability

was analyzed by nonlinear regression in GraphPad Prism version 7.0 (GraphPad Software,
San Diego, CA, USA).

PIPERINE|

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavelenght (cm™)

Figure S3. Fourier-transform infrared (FT-IR) spectrum analysis of PIP (blue line).

ANNEX 1

Synthesis of MIL-100(Fe)
The synthesis of MIL-100(Fe) was performed using a previously established method. [1] In
this method, iron (111) chloride hexahydrate (0.081 g; 0.29 mmol) and BTC (0.028 g; 0.13
mmol) were dissolved in distilled water (1 mL). The resulting mixture was heated to 130 °C
for 30 seconds and maintained at this temperature for 7 minutes (300 W) using a Mars-5
microwave reactor (CEM, US) with a maximum power output of 300 W and a frequency of
60 Hz. The MIL-100(Fe) product was obtained by centrifugation at 5600g for 8 minutes. To
activate the solid, it was redispersed in absolute ethanol (1 mL) and subjected to
centrifugation at 5600 g for 8 minutes. This process was repeated for a total of 4 cycles. The
resulting orange solid was recovered with a yield of 98% (40 mg). Finally, the nanostructure
was stored in pure ethanol at 4 °C for preservation.
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PIP@MIL-100(Fe) in situ

We conducted the microwave synthesis of PIP@MIL-100(Fe) on-site following a
previously described method, but with a variation. In this case, we introduced different
concentrations of PIP (1, 4, 18, and 38 mg) into the initial synthesis solution. After the
synthesis, the resulting PIP@MIL-100(Fe) was separated by centrifugation at 5600g for 8
minutes, and the sample with the most favorable chemical properties was chosen for further
investigation. To continue the research, the recovered PIP@MIL-100(Fe) was then dispersed
again in absolute ethanol (1 mL), subjected to centrifugation at 5600g for 8 minutes, and this
process was repeated four times. As a result, an orange solid (40 mg, 96% yield) was
obtained. To maintain the integrity of the nanostructure, it was stored in absolute ethanol at a
temperature of 4 °C until it was ready to be used (see Fig. S4).

In-situ microwave synthesis of PIP@MIL-100(Fe)

FeCly* 6 H:0 Trimesic acid Piperine (PIP)
(0.081 mg; 0.29 mmol) (0.028 mg; 0.13 mmol) (1 ordor18or 38 mg)

Wi

»
- | = N
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Figure S4. We performed the in-situ microwave synthesis of PIP@MIL-100(Fe) by
dissolving BTC (0.028 mg; 0.13 mmol), iron (I11) chloride hexahydrate (0.081 mg; 0.29
mmol), and various concentrations of PIP (1; 4; 18; and 38 mg) in 1 mL of distilled water.
The reaction mixture was then subjected to microwave irradiation at 300 W, heating it to 130
°C for 30 seconds, and maintaining this temperature for 7 minutes. Next, the obtained
PIP@MIL-100(Fe) was dispersed again in 1 mL of absolute ethanol, followed by
centrifugation at 5600 g for 8 minutes. This centrifugation and redispersion process was
repeated four times. As a result, an orange solid (40 mg, 96% vyield) was recovered.
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4 CAPITULO 4: Piperine-loaded Chitosan-Coated MIL-100(Fe) Nanoparticles For

Potential Application In Breast Cancer Treatment

Artigo cientifico que sera submetido ao periddico Microporous and Mesoporous
Materials.



76

Chitosan-Coated MIL-100(Fe) Nanoparticles for Enhanced Piperine Release in Breast

Cancer Treatment

Christian Rafael Quijia'*, Alberto Ocaiia 2, Carlos Alonso-Moreno 2, Regina Célia Galvdo Frem*, and Marlus
Chorillit

! Department of Drugs and Medicines, School of Pharmaceutical Sciences of Sdo Paulo State University
(UNESP), Rodovia Araraquara Jau, Km 01 — s/n — Campos Ville, 14800-903 Araraquara, Sao Paulo, Brazil

2Experimental Therapeutics Unit, Hospital Clinico San Carlos, 1dISSC, Fundacion Jiménez Diaz, START, 28040
Madrid, Spain.

SUnidad NanoDrug, Facultad de Farmacia, Universidad de Castilla-La Mancha, 02008 Albacete, Spain.

4Institute of Chemistry, Sdo Paulo State University (UNESP), Prof. Francisco Degni 55, 14800-060 Araraquara,
Sao Paulo, Brazil

“Corresponding author at Department of Drugs and Medicines, School of Pharmaceutical Sciences of Sdo Paulo
State University (UNESP), Rodovia Araraquara Jau, Km 01 — s/n — Campos Ville, 14800-903 Araraquara, Sao
Paulo, Brazil

E-mail address: christianqui@hotmail.com

ABSTRACT:

Breast cancer is one of the leading causes of death among women with cancer worldwide.
Piperine (PIP) is a promising compound with potential chemotherapeutic activity for the
treatment of breast cancer due to its antitumor activity, but its toxicity has limited its
introduction in preclinical studies. An attractive platform for the treatment of breast cancer is
represented by PIP@MIL-100(Fe), a metal-organic framework (MOF) network encapsulated
with PIP and used as a release system. An engineering strategy in nanotechnology is the
surface modification of nanosystems, such as chitosan (CHI), which is used to increase
resistance to degradation and enable controlled drug release. Based on these scientific and
technological advances, the aim of this study is to evaluate the therapeutic potential of PIP
encapsulated in metal-organic frameworks coated with CHI in the treatment of breast cancer.
The CHI@PIP@MIL-100(Fe) was successfully synthesized, which consists of MIL-100(Fe)
containing PIP and coated with CHI, using the impregnation method. The infrared
spectroscopy analysis showed major absorption bands such as the saccharide structure (1042,
1092, and 1164cm™), confirming the presence of CHI in the MOFs. The cytotoxicity tests
conducted on breast cancer cells, including SKBR3, MCF-7, MDA-MB-231, and BT549,
using CHI@PIP@MIL-100(Fe), exhibited lower cytotoxicity indices in comparison to free
PIP, which showed an index that was three to four times higher. Therefore, these

nanostructures show potential as PIP-based therapies for breast cancer.

Keywords: metal-organic framework; vesicle; cytotoxicity; nanostructures.



77

1. INTRODUCTION

Piperine (PIP) is a naturally occurring alkaloid derived from seeds of plants in the
Piperaceae family. It exhibits a wide range of applications, including antimicrobial,
antiparasitic, antidepressant, and modulation of oxidative stress-induced carcinogenesis [1].
Notably, PIP has demonstrated promising anti-cancer properties in various cancer types,
including breast cancer. Its mechanisms of action against cancer involve inhibiting cell
proliferation, inducing apoptosis, suppressing angiogenesis, and modulating signaling
pathways [2]. Given these properties, PIP holds significant potential for the development of
novel therapeutic interventions in breast cancer.

To further harness the therapeutic potential of PIP in a controlled and targeted manner,
encapsulating it within nanoparticles has emerged as a valuable approach. Among the various
types of nanoparticles explored for PIP encapsulation, liposomes and solid lipid nanoparticles
have garnered considerable attention due to their biocompatibility, stability, and ability to
encapsulate hydrophobic drugs. These lipid-based carriers protect PIP from enzymatic
degradation, promote absorption, and enable sustained release within the target tissue.
Additionally, polymeric nanoparticles such as poly(lactic-co-glycolic acid) (PLGA)
nanoparticles have shown promise in encapsulating PIP and facilitating controlled drug
release over time [1].

In the realm of cancer research, MIL-100(Fe), a metal-organic framework (MOF), has
garnered significant interest. MOFs are crystalline materials composed of metal ions
coordinated with organic ligands, exhibiting exceptional porosity and tunable properties.
MIL-100(Fe) stands out due to its large pore volume and high surface area, allowing for
efficient drug loading and delivery [3]. Numerous preclinical studies in breast cancer models
have demonstrated the efficacy of utilizing MIL-100(Fe) for drug delivery. For instance,
chemotherapeutic agents like doxorubicin have been successfully loaded into MIL-100(Fe)
and coated with lipid-based nanoparticles, resulting in improved stability and targeted drug
delivery, thereby enhancing therapeutic efficacy while reducing systemic toxicity.
Furthermore, employing MIL-100(Fe) as a carrier for piperine has shown improved anti-
cancer activity and increased drug accumulation in breast tumor cells [4].

Various coating strategies have been explored to enhance the functionality and
performance of MIL-100(Fe) nanoparticles. Polymer coatings offer numerous benefits,
including improved stability, prolonged circulation time, and controlled drug release.
Polymers such as polyethylene glycol (PEG), poly (lactic-co-glycolic acid) (PLGA), and
polyethyleneimine (PEI) have been utilized to coat MIL-100(Fe) nanoparticles, leading to
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improved colloidal stability, stealth properties, and drug encapsulation[5-10]. Liposome
coating has also proven effective in modifying MIL-100(Fe) nanoparticles. Liposomes are
lipid-based vesicles capable of encapsulating both hydrophobic and hydrophilic drugs. By
coating MIL-100(Fe) nanoparticles with liposomes, a hybrid system is formed that combines
the advantages of both platforms [5, 11]. Furthermore, functionalizing liposomes with ligands
specific to tumor cells or tissues enables liposome-coated MIL-100(Fe) nanoparticles to offer
improved drug loading capacity, prolonged circulation time, and targeted drug delivery [5].

Chitosan (CHI), a natural polysaccharide derived from chitin, has been explored as a
coating material for MIL-100(Fe) nanoparticles. CHI exhibits desirable properties for
biomedical applications, such as biocompatibility, biodegradability, and mucoadhesiveness.
Coating MIL-100(Fe) nanoparticles with CHI enhances their stability, facilitates cellular
uptake, and enables sustained release of encapsulated therapeutics [8].

Motivated by recent advancements in science and technology, this present study
focuses on utilizing chitosan polymer for the coating of MIL-100(Fe) nanoparticles and
encapsulation of (PIP). In vitro tests were conducted to assess the efficacy of these
nanostructures against breast cancer cells. The primary objective of this research is to develop
a robust aqueous system that enhances the bioavailability of PIP while mitigating its non-
specific toxicity. By exploring novel approaches such as nanoparticle encapsulation and
MOF-based drug delivery, this study aims to contribute to the development of more effective
and targeted therapeutic interventions for breast cancer treatment.

2. EXPERIMENTAL SECTION

2.1. MATERIALS

These chemicals were used as received without any additional treatment or processing.
Specifically, iron (I1I) chloride hexahydrate (97%) and 1,3,5-benzene tricarboxylic acid
(trimesic acid, BTC; 95%) were obtained from Sigma-Aldrich. Ethanol (96%) and methanol
(99.5%) were acquired from Sigma Aldrich, St. Louis, MO, USA, and Neon, Brazil. RPMI
1640 medium supplemented with glutamax-1 from Gibco Life Technologies, L-glutamine (2
mM), and TrissEDTA (10 mM, pH 7.4) were purchased from Life Technologies. Heat-
inactivated fetal bovine serum (FBS), dimethylsulfoxide (DMSO; >99.7%), and
penicillin/streptomycin (100 U/mL) were provided by Fischer.

2.2. Encapsulation of piperine in MIL-100(Fe)

The synthesis of PIP@MIL-100(Fe) involved following a previously established
procedure. In this method, iron (I1l) chloride hexahydrate (0.081 g; 0.29 mmol), 1,3,5-
benzenetricarboxylic acid (0.028 g; 0.13 mmol) as the ligand, and piperine (1 mg; 3.5 mmol)
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were dissolved in distilled water. The reaction mixture was then heated at 130 °C for 30
seconds, followed by 7 minutes at the same temperature. The resulting PIP@MIL-100(Fe)
product was obtained through centrifugation. To activate the solid, it was redispersed in
absolute ethanol and subjected to multiple cycles of centrifugation. An orange solid with a
yield of 98% was achieved, and it was stored in ethanol at 4 °C. The encapsulation efficiency
was measured at 95 + 3%, which is consistent with findings reported by Quijia C. et al., 2022.
[4] The process is illustrated in (Fig. S1).

2.3. Preparation of CHI@PIP@MIL-100(Fe)

The technique described by Hidalgo et al. 2017 was used to prepare CHI@PIP@MIL-
100(Fe), with a few modifications [8]. 10 mg of PIP@MIL-100(Fe) nanoparticles were
dispersed in 5 ml of ethanol using an ultrasonic tip. It is important to note that the
nanoparticles were used in their wet form, and the wet-to-dry ratio was previously determined
from nanoparticles dried at 100 °C overnight. In another container, 10 mg of chitosan (CHI)
were suspended in 5 ml of water. Then, the two suspensions were mixed and stirred for 30
minutes. The molar ratio between PIP@MIL-100 nanoparticles and CHI in the reaction
mixture was 31.3:0.4, with MIL-100(Fe) and CHI concentrations of 1.0 and 1 mg-mL™",
respectively. The CHI-coated nanoparticles were collected by centrifugation and washed with
aliquots of 15 ml of 1% (v/v) acetic acid (once) and water (five times). Finally, the product
was stored in a wet state using water and 0.5% polyvinyl acetate (PVA). as the storage
medium (Figure 1).

Coating of CHI on PIP@MIL-100(Fe)

Chitosan

(10 mg) in 5 mL : _— — \ . =
'
. _‘\f >

Magnetic stirring for 30
min.

CHI@PIP@MIL-100(Fe)
Centrifugation at
10,000 rpm for 10
PIP@MIL-100(Fe) (10 min
mg) in 5 mL etanol

Figure 1. Development of CHI@PIP@MIL-100(Fe) nanostructures.
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2.4. CHARACTERIZATION OF MOFS

Various analytical techniques were employed to characterize the samples in this study.
Powder X-ray diffraction (XRD) was conducted using a Rigaku Rint 2000 diffractometer. The
XRD measurements utilized Cu-Ka radiation (wavelength of 1.5406 A) and covered an angle
range of 20 from 2° to 30°, with a step size of 0.02° and a duration of 2.5 s per step at room
temperature. Photon correlation spectroscopy and zeta potential were performed using the
Malvern Nano-ZS instrument and Zetasizer (Nano series; UK) to determine the hydrodynamic
diameter and zeta potential of nanoparticles dispersed in water. Dynamic light scattering
(DLS) was carried out at a concentration of 0.1 mg mL™!, and three measurements were taken
at room temperature with light scattering detection at a 173° angle. Vibrational spectroscopy
analysis (infrared - IR) was conducted using a Perkin-Elmer model 400 IR spectrometer to
analyze the infrared spectra (4000-400 cm”-1) after the samples were mixed with potassium
bromide (KBr) and scanned with a resolution of 2 cm”-1. High-resolution scanning electron
microscopy (HR-SEM) and high-resolution transmission electron microscopy (HR-TEM)
were used to examine the morphology of the purified nanosolids. Images were captured using
a TOPCON SM-300 microscope at 10-20 kV for HR-SEM, while the JEOL JEM-2100
(LaB6) at 100 kV was used for HR-TEM. For HR-TEM analysis, nanosuspensions were
applied to a copper grid, dried, and stained with aqueous uranyl acetate. Thermogravimetric
analysis (TGA) was performed using a TGA-Q500 instrument from TA Instruments. The
samples, weighing approximately 5 mg, were heated from 30°C to 600°C at a rate of
10°C/min under a dry nitrogen flow of 40 mL/min. Adsorption porosity analysis of MIL-
100(Fe) was carried out using N2 adsorption-desorption with the ASAP 2020-Micrometrics
equipment, covering a relative pressure range from 0.002 to 0.998. Gasification at 100°C for
24 hours was also conducted, and the MOFs were activated prior to the measurements to
remove any solvent molecules in the pores. Elemental analysis was performed using a
CHNS/O 2400 series 1l Elemental Analyzer (Perkin Elmer), allowing the determination of

carbon, hydrogen, and nitrogen percentages with an accuracy of £0.5 [12, 13].

2.4.1. Invitro release kinetics of PIP

As stated in Makhov, et al.,2012, [14] the PIP release experiments were carried out at
37°C using a receptor medium of phosphate-buffered saline (PBS) with 5% v/v Tween 20 and
5% v/v ethanol, with pH values of 7.4 or 5. In the beginning, 5 mL of the receptor medium
were used to dissolve 10 mg of the CHI@PIP@MIL-100(Fe) nanosystem. The samples were
centrifuged at predetermined intervals between 1 and 180 hours, and a 1 mL aliquot of the

supernatant was taken to ascertain the PIP content. The extracted volume was then replaced
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with 1 mL of the receptor medium, which was then added to the medium. The amount of PIP
released from the removed aliquots was then measured using high-performance liquid
chromatography (Figure S2). An add-in for Microsoft Excel called DDSolver was used to
analyze the drug release modeling. It uses statistical criteria like adjusted R2 and Akaike
information criterion (AIC) in its calculations and considers variables like data size, the
number of data points, and statistical analysis, as described in Zhang et al., 2010, [15] to
select the best release model.

2.4.2. Cell viability assay

Breast cancer cell lines, specifically MCF-7, MDA, SKBR-3, BT-549, and HaCaT,
were seeded in 96-well plates with 4,000 cells per well and allowed to incubate overnight. PIP
was dissolved in DMSO to form a 5% (w/v) solution, with the DMSO concentration in the
experiments restricted to 0.25% (v/v) to avoid any adverse effects on cell viability. The
MM@PIP@MIL-100 (Fe) (at concentrations of 100-6.25 uM) was dispersed or dissolved in
DMEM medium and incubated for 48 hours. The treatments were prepared at a 3 times higher
concentration to account for a direct 1/3 dilution in the well, with 50 uL of MOF solution
added to achieve a final volume of 200 pL per well [16]. Nanoparticles in culture medium and
medium alone were also tested to exclude any interference with the assay. Subsequently, the
treatments were replaced with fresh medium (100 pL), and cytotoxicity was measured using
the MTT reagent (10 uL of 5 mg-mL? in PBS), followed by incubation at 37°C for 4 hours, a
wash with 200 uL of PBS, and the addition of 100 pL of DMSO to each well. The absorbance
was measured at A= 555 nm in a plate reader after shaking. The cytotoxicity index was built
from a dose-response curve using the data obtained from cell viability as a function of
different concentrations of the substance. The concentration at which a 50% reduction in cell
viability occurs is defined as the I1Cso.

2.4.3. Statistical analysis

The experiments were performed thrice (n=3), and the average values =+ SEM were
reported. ANOVA with post-test or t-student was used to compare the data, and statistical
significance was determined at p<0.05. The statistical software GraphPad Prism® version 7.0
was used for all the statistical analyses. For other analyses, appropriate statistical tests were
employed as follows: determination of the modal diameter of the nanostructures involved
obtaining the diameter distribution, and the best fit for polydispersion was determined based
on a log-normal distribution. The inhibitory concentration (ICsg) values and their 95%
confidence intervals were determined from a linear regression model of the dose-response

curve.
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3. RESULTS AND DISCUSSIONS
3.1. XRD analysis

According to Guo et al., 2019; Cortés et al., 2021; Michailidou et al., 2020 [6, 17-19],
the XRD analysis of crystallinity exhibited crystalline planes in both the synthesized MIL-
100(Fe) and PIP@MIL-100(Fe), as well as the simulated material, with a consistent pattern of
diffraction intensity at six specific angles (20= 3.34°, 3.94°, 4.72°, 6.2°, 10.26°, and 10.9°)
(Figure 2). The crystallinity of the CHI@PIP@MIL-100(Fe) material remained nearly
unchanged despite a typical peak broadening due to the reduced size of the crystallite
resulting from a surface modification. These results align with the findings reported by
Hidalgo et al. in 2017 [8].

| CHI@PIP@MIL-100(Fc)

——— PIP@MIL-100(Fe)

| MIL-100(Fe)

|—— Simulated MIL-100(Fe) CIGXIA

\——MW'JV\--M
MWLW

Intensity (a.u.)

(8,2,2)
(8,4,2)

> (5,1,1)

4,0,0)
. E 42,0)

1

1
2 Theta/degree

15

Figure 2. XRD of the simulated pattern (black); MIL-100(Fe) synthesized (green);
PIP@MIL-100(Fe) (red), and CHI@PIP@MIL-100(Fe). Angle (26) 2-30°.

3.2. Analysis of average hydrodynamic diameter and zeta potential.

The average chitosan coating size was 177 + 1.74 nm. The NPs' hydrodynamic
diameter increased by about 80 nm after the CHI functionalization. This indicates the
presence of an outer corona. The change in { before and after external functionalization (as
shown in Table 1) clearly confirms that the MOF's surface is coated with CHI residues. This
corresponds to the presence of CHI's protonated amino groups with a positive { potential.
Previous research by Hidalgo et al. (2017) has suggested that the hydroxyl groups of CHI
polymer and Fe species on the surface of MIL-100(Fe) are the primary interaction points
between CHI and MOFs. Fe Ill can also indirectly interact by forming a hydrogen bond
between the oxygen of its coordinated OH group and the HO-C6 proton of the D-glucosamine



83

unit [8]. Additionally, the presence of a PVA surfactant prevented MOF aggregation, while a
C potential of over +30 mV maintained its colloidal stability and made it a stable colloidal
system [20]. However, the stability of the nanoparticles, analyzed solely by hydrodynamic
diameter, was found to be stable only for 10 days. This can be attributed to the interaction
with PBS, a physiological saline solution, where ionic interactions and aggregate formation
can occur due to the dependence on the concentration of ions present. These interactions

affect the stability of MOF nanoparticles.

Table 1.- Zeta potential () analysis, hydrodynamic diameter, and polydispersity index
of different nanostructures.

PIP@MIL-100 (Fe) CHI@PIIP@MIL-100(Fe)

Zeta Potential (mV) +7+0,6 +35,7 £ 3,34
Hydrodynamic diameter (nm) 98 £+ 27,83 177 £1,74
Polydispersity index 0,03 £ 0,006 0,18 £ 0,012

3.3. Analysis of nanostructured systems by vibrational spectroscopy in the infrared
region (FT-IR)

Figure 3 compares the Fourier-transform infrared (FT-IR) spectra of CHI and CHI-
coated MIL-100(Fe) materials. The presence of CHI in the MOFs is demonstrated by the
absorption bands of the carboxylate groups in PIP@MIL-100(Fe) (1374 and 1632 cm™) and
the saccharide structure (1042, 1092, and 1164 cm™) in the coated material. But CHI's amide
band (1393cm™) cannot be seen, possibly because they overlap with MIL-100(Fe)'s
carboxylate bands [8].
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Figure 3. Fourier-transform infrared (FT-IR) spectrum analysis of nanoparticles:
Chitosan (black line); PIP@MIL-100(Fe) (red line); CHI@PIP@MIL-100(Fe) (blue line).
Note: Figures 3-A and 3-B from the previous article by Quijia et al., 2022. [4]

3.4. Elemental analysis of MOF and chitosan using a CHNS

Once the FT-IR of CHI@QPIP@MIL-100(Fe) was analyzed, elemental analysis was
carried out to evaluate the carbon, hydrogen, and nitrogen content and compare the presence
of CHI in the MOF. Based on the analytical results shown in Table 2, it can be verified that
the carbon content of CHI@PIP@MIL-100(Fe) increases by approximately 7% compared to
PIP@MIL-100(Fe), suggesting that there was a change in composition, corroborating the
presence of CHI in the MOFs.

Table 2.- Elemental analysis of MOF and chitosan using a CHNS

RESULTS % OF ELEMENTS
C H N S
Chitosan 42,16 856 8,06 1,79
PIP@MIL-100(Fe) 27,1 64 0,78 142
CHI@QPIP@MIL-100(Fe) 342 6,7 57 15

3.5. Morphology analysis of nanomaterials
In the study on MOF composite material, the SEM images in Figures 4-C and 4-D
revealed a 10 nm outer layer that was distinguishable from the inner layer. This outer layer
was found to be a dried layer of CHI due to its highly carbonaceous composition, which is
more than 20 times greater than that of the inner layer. These findings are consistent with
another study by Hidalgo et al. 2017, [8] indicating the successful coating of CHI on the
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PIP@MIL-100(Fe) composite. The SEM images of PIP@MIL-100(Fe) and CHI@PIP@MIL-
100(Fe) materials were presented in Figures 4-A and 4-C, respectively.

'y
30kv§<20,ooo ym - e

Figure 4. Morphology analysis by scanning electron microscopy (SEM): (A)
PIP@MIL-100 (Fe), and (C) CHI@PIP@MIL-100 (Fe); Morphology analysis by

transmission electron microscopy (TEM) (B) PIP@MIL-100(Fe), and (D)CHI@PIP@MIL-
100(Fe).

3.6. Thermal Analysis

Thermogravimetric analysis (TGA) was used to investigate the thermal characteristics of
MIL-100(Fe), PIP@MIL-100(Fe) and CHI@PIP@MIL-100(Fe) materials over a temperature
range of 30°C to 600°C, with a heating rate of 10°C.min™t. The thermogravimetric curves of

these materials, which were the focus of this study, are shown in Figure 5.
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Figure 5. Thermogravimetric curves of the compounds: PIP@MIL-100(Fe) (green
line); CHI@PIP@MIL-100(Fe) (light blue line); Chitosan (orange line).
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The PIP@MIL-100(Fe) sample exhibits a total weight loss mainly divided into four
sections. As seen in Figure 5, initially, the mass loss is 22% below 270 °C, which has been
attributed to the release of trapped water molecules. However, the decomposition of PIP (270-
380 °C) accounts for an additional 22% weight loss. Furthermore, a weight loss of
approximately 25% was recorded between 380-490 °C, attributed to the collapse of the
structure due to the removal of tricarboxylic acid benzene. A total weight loss of 13% was
observed at 525 °C, which could be due to the decomposition of the ligand to form iron oxide,
and finally, a weight loss of 13% was reported at the same temperature for PIP@MIL-100(Fe)
[4, 21].

The study found that the chitosan coating in MOFs (shown as a light blue line in Figure
5) experiences two weight loss stages between 50 to 600°C. The first stage takes place from
50-267°C and involves an approximate 11% loss of water molecules. The primary
degradation of pure chitosan, on the other hand, begins at 300°C and is completely degraded
at about 450°C with a weight loss of approximately 44% [22]. The amount of CHI coating in
MOFs was indirectly estimated by comparing the CHI concentration in the initial reaction
mixture (1 mg mL™?) with 5 mg of PIP@MIL-100(Fe). The region that showed a weight loss
of 16.56% between 241 and 300°C corresponded to the CHI coating.

3.7. Nitrogen adsorption-desorption isotherms

The textural properties of MIL-100(Fe), PIP@MIL-100(Fe) and CHI@PIP@MIL-
100(Fe), including specific surface area and pore structure, were confirmed through nitrogen
adsorption-desorption measurements, as shown in Figure 6. After coating with chitosan on
PIP@MIL-100(Fe), the surface areas and pore volumes decreased to 400 m? g and 0.17
cm3g?, respectively, due to the presence of a nonporous organic material on the external
surface. This reduction was attributed to pore blockage under dry and cold measurement
conditions, which resulted in the collapse and freezing of the polymeric chains on the surface
of the nanoparticles and is consistent with findings from Zimpel et al. (2016) [11]. (Table 3
and Figure 6).
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Figure 6. a.- N2 adsorption/desorption curves of PIP@MIL-100(Fe) encapsulated
material (in red) and chitosan-coated MOFs (in blue).

Table 3.- Specific area and pore volume of materials.

Seet (M?g?) Total pore volume (cmig)

MIL-100(Fe) 1122,069 0,52
PIP@MIL-100(Fe) 1280,341 0,60
CHI@PIP@MIL-100(Fe) 400,376 0,17

3.8. In vitro release assay of PIP
3.8.1. Study of PIP release in PBS at pH 7.4 and 5.0
To simulate physiological conditions such as those found in blood circulation or acidic
microenvironments of tumor regions, researchers performed an experiment using phosphate-
buffered saline (PBS) solution containing 5% v/v Tween 20 and 5% v/v ethanol, at 37°C and
at pH levels of 7.4 and 5.0. The pH of 5.0 was chosen because endocytosis in cancer cells
typically captures most nanostructures, which become trapped in the endosomal and

lysosomal compartments that normally have a pH range of 4.5 to 5.5 [23].
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Table 4.- Results of table fitting of the release profile equation. where M, t represents the
cumulative release (%) and release time (h), respectively

CHI@PIP@MIL-100(Fe)

pH=7 pH=5
Korsmeyer-Peppas M = kygp *t"
Model
Equation M=33,88 t%% M=31,14 t*2
Rsqr 0,74275327 0,617251416
AlC 00.086 00.092
Weibull Model _-Tf
M=100|e «
Equation _(t-08)%7 (t-12)057
M =100|e 288 M =100|e 286
Rsqr 0,97286139 0,928738602
AlC 00.063 00.075
Gompertz Model M = 100 * e-+e F1os®
Equation M M
— 100 " 6_0’004*6_0'003*10g(t) — 100 " 8_0,005*3—0,003*10g(t)
Rsqr 0,97907157 0,958888871
AlC 00.058 00.067

Note: Adjusted R? (Rsqr) and the Akaike Information Criterion (AIC)

The Weibull model was used to adjust the release profile of PIP in CHI@PIP@MIL-
100(Fe) at pH levels of 7.4 and 5 (Table 4). The b values obtained from this model were 0.7,
indicating Fickian diffusion where b < 0.75 [24]. The release at pH 7.4 was 5% lower at 0.01
mg mL? (Figure 7), while at pH 5, it was 18% lower at 0.036 mg mL, after 160 hours. This
indicates that the release rate of PIP in these nanosystems is pH-dependent and is faster at a
lower pH than near neutral pH. This finding is in agreement with previous studies on chitosan
nanoparticles, which have demonstrated that the solubility of CHI is higher at a lower pH due
to the ionization of D-glucosamine residues, resulting in increased polymer swelling and

faster drug release [25].



89

20 5

CHI@PIP@MIL-100(Fe) pH= 7.4
—<— CHI@PIP@MIL-100(Fe) pH=5

«
15 /4/
4/
o /‘/
<} )
Pl
o4 ’J
S
SO
=

0

T T T T T T T T 1
0 200 40 60 80 100 120 140 160 180

Time (hours)

Figure 7. Release profile of CHI@PIP@MIL-100(Fe) at pH values 7,4 and 5.

3.9. Assay cytotoxicity
In Table 5, in parentheses, the number of times that the nanostructures exceeded the 1Cso

with respect to the drug (PIP) is presented. This variability in cytotoxicity may be attributed to
their different phagocytic activities, which are related to cellular uptake of MOFs. A study
conducted by Tamames-Tabar et al., 2014, analyzed the cell lineage dependency, concluding
that some cell lines can uptake more rapidly, such as J774 and HeLa cells [26].

Table 5.- Cytotoxicity index of nanoparticles and piperine against breast cancer cells

MCF-7 MDA SKBR-3 BT-549

PIP 193,67 +0,30 139,60+1,17 7262+1,08 96,38+ 1,10

CHI@PIP@MIL-100  59,49+118 3202+119 4687111 3135+1,05
(Fe) (3) (4) (2) ©)

Note: Piperine (PIP), Chitosan (CHI). The results represented in the table refer to the averages
of three independent experiments (mean * standard deviation). a. 1Cso corresponds to the
minimum concentration to inhibit 50% of cancer cells. Cells were treated with 6.25 to 100 pM
and incubated for 48 h. The number of times the nanostructures exceed the ICs in relation to
the drug (PIP) is shown in parentheses.

Statistical analysis using Tukey's ANOVA test, compared with the ICsp, indicates that all
PIP-loaded nanosystems have a notably more toxic effect (p<0.05) on tumor cells than PIP

alone (Figure 8). This cytotoxic impact is likely due to the acidic pH of lysosomal enzymes,
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which can significantly enhance drug release into the cytoplasm, resulting in comparable cell
death compared to free drugs [27].
Cytotoxicity Index (ICs)

B PIP
2004 ——— B CHI@PIP@MIL-100(Fe)

ek e

Figure 8. Indices of cytotoxicity of nanoparticles against breast cancer cells (MCF-7;
BT-549; SKBR-3; MDA)

The CHI@PIP@MIL-100(Fe) nanoparticle exhibited high cytotoxicity compared to PIP
(Table 5). This cytotoxicity can be attributed to CHI's characteristics, such as its bioadhesive
capacity, which is associated with increased cellular penetration of nanoparticles.
Additionally, the positive charge of this nanoparticle, as shown in Table 1, promotes an
electrostatic interaction with negatively charged cell membranes [28]. Therefore, it is
predicted that coating the nanoparticle with CHI allows it to be absorbed by cancer cells
before releasing MOFs. On the other hand, CHI has been shown to be capable of inhibiting
the growth of various cancer cells and inducing cell cycle arrest and apoptosis [29].

4. CONCLUSION

In summary, the study investigated CHI@PIP@MIL-100(Fe) nanosystems for the
treatment of breast cancer. The analysis revealed successful surface modification of the
nanosystems with chitosan (CHI), maintaining crystallinity and colloidal stability. The
nanosystems exhibited pH-dependent drug release, with faster release at lower pH values.
Moreover, they demonstrated higher cytotoxicity against tumor cells compared to free PIP,
potentially due to enhanced cellular penetration and improved drug release in acidic tumor
microenvironments. The findings suggest that CHI@PIP@MIL-100(Fe) nanosystems have
the potential to be utilized for targeted and controlled drug delivery in breast cancer treatment,
with opportunities for further optimization and combination therapies. However, additional
preclinical studies are needed to assess long-term toxicity, biodistribution, and therapeutic
efficacy before clinical translation.

In conclusion, CHI@PIP@MIL-100(Fe) nanosystems offer promising prospects for the

treatment of breast cancer. These nanosystems possess controlled drug release properties,
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enhanced cytotoxicity, and stability in the tumor microenvironment. Future research should
focus on optimizing the nanosystems, investigating their in vivo behavior, and exploring
potential combination therapies. Before clinical translation, comprehensive studies are
required to evaluate their safety and efficacy.
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5 CONCLUSOES

Em resumo, esse trabalho demonstra que a estratégia de preparacdo e de encapsulacéo in
situ de farmacos em sistemas de liberacdo controlada baseados em MOFs oferece novas
oportunidades para a encapsulacdo da piperina (PIP) no MIL-100 (Fe). Foi possivel
encapsular PIP a uma porcentagem > do 90 %, comparado com o método tradicional
(impregnagdo) que encapsulou menos do que 15 % (Anexo 1). Por outro lado, foram
desenvolvidas ainda duas novas nanoestruturas de MOFs revestidas com membrana de
macrofago (MM) e quitosana (QUI), os quais foram aplicados em linhagens celulares de
cancer de mama (ver a seguir). As MOFs que foram revestidas com MM e QUI mostraram
exitosamente a modificacdo de superficie mediante diversas técnicas, sendo as mais
importantes microscopia eletronica de transmissao que sugeriu o sucesso do recobrimento das
membranas de macréfago ou quitosana, que formaram uma camada externa de ~ 10 nm de
espessura. Por espectroscopia vibracional no infravermelho puderam ser identificadas as
principais bandas de absor¢do, incluindo aqueles referentes a estrutura de sacarideos (1164,
1092 e 1042 cm™), sugerindo, portanto, a presenca da quitosana no MOF. J& 0 sucesso na
preparacdo da nanosistema MM@PIP@MIL-100(Fe) pode ser verificado através das bandas
de massa molecular das proteinas nos ensaios de eletroforese. Foi verificado também que os
materiais exibem uma liberacdo controlada do farmaco piperina, em meio PBS a dois
diferentes valores de pH (5,0 e 7,4), a 37 °C. De um modo geral, a liberacéo da PIP ocorre por
um modelo cinético tipo difusdo Fickiana. Por outro lado, as modificages realizadas na
superficie das MOFs resultaram em porcentagens menores de liberacdo (< 25 %, 7 dias),
guando comparado com a matriz PIP@MIL-100(Fe). Os resultados da avaliacdo de
citotoxicidade frente a quatro diferentes linhagens celular de cancer de mama (MCF-7,
SKBR3, MDA -MB-231 e BT549) indicaram que as nanoestruturas MOFs carregadas com
PIP sdo mais toxicas do que o proprio farmaco. Com base nesses resultados, este trabalho
demonstrou que os materiais baseados na MOF porosa MIL-100(Fe) contendo piperina e
revestimentos de membrana de macréfago ou quitosana apresentaram um padréo de liberacéo
sustentado (~ 7 dias) e controlado, demonstrando potencialidade de ser uma estrutura

promissora em terapias baseadas em piperina contra o cancer de mama.
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6 CONSIDERACOES FINAIS

Embora a piperina tenha sido encapsulada com sucesso nos materiais aqui propostos,
estudos in vivo ainda precisam ser realizados, fato esse que nédo foi ainda possivel, pois uma
quantidade maior de farmaco dentro das matrizes seria necesséria. Este teste foi realizado
colocando uma quantidade maior de PIP durante a sintese; todavia, este teste demonstrou que
infelizmente os nanocompostos tiveram uma modificacdo em sua estrutura, conforme
analisado em DRX e MEV. Por exemplo, ao colocar 4 mg de PIP, os resultados de
cristalografia revelaram uma perda de cristalinidade pela diminuigéo de picos do difratdmetro
em 20=4,72° 6,2° 10,26° ¢ 10, 9° (Anexo 1). Quando 20 mg do farmaco foi adicionado no
meio reacional, (ver Artigo 1), apenas 14 % de rendimento foi obtido e os produtos formados
sdo um material amorfo e particulas na forma de agulhas (Anexo 2).

Para a andlise de citdbmetro de fluxo deste tipo de material, € necessario otimizar o
encapsulamento da piperina por outro tipo de metodologia (método mecanoquimico ou
método de alta pressdo, por exemplo), conforme argumentado no paragrafo anterior, ja que
para atingir as analises dentro do citdmetro é necessario que os MOFs contenham 20 mg de
PIP, e isso ndo foi possivel de realizar.

A andlise de internalizagdo no nivel intracelular tem sido amplamente relatada. No
entanto, para 0 nosso estudo € necessario realizar modificacGes de superficie contendo
fluoréforos nas matrizes tanto na vesicula da membrana do macréfago quanto na quitosana.

Finalmente, a estratégia de sintese e encapsulamento da piperina realizados in situ nos
materiais desenvolvidos neste trabalho poderia ser amplamente utilizada para outros tipos de
farmacos ou outros tipos de doencas, uma vez que esta metodologia é inovadora e ndo ha

nenhum outro estudo relatado anteriormente.
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7 ANEXOS
7.1 Anexo 1. - Analise XRD.

E observado no XRD que PIP@MIL-100(Fe) = 4 mg, tem uma perda de cristalinidade pela
diminui¢do de intensidade de difragao em 260=4,72°; 6,2° 10,26° ¢ 10, 9°.

—— PIP@MIL-100(Fe)= 4 mg

—— PIP@MIL-100(Fe)= 1 mg
—— MIL-100(Fe)

Simulado MIL-100(Fe) CIGXIA

M
M
(et

T T
5 10

Intensidade (u.a.)

2 theta/degree

XRD do padrao simulado (preto); sintetizado do MIL-100(Fe) (Vermelho); PIP@MIL-
100(FE)= 1 mg (Azul), e PIP@MIL-100(Fe) = 4 mg. Angulo (2 6) 2-30°.

7.2 Anexo 2. - Analise MEV.
Anélise da morfologia por microscopio eletrdnico de varredura (MEV): PIP@MIL-100 (Fe).
E observado que a PIP@MIL-100(Fe) = 20 mg, a morfologia em forma de agulha e amorfas.

—-_— 100nm IQ-UNESP 8/28/2019
X 50,000 2.00kV SEI GB_LOW WD 4.5mm 4:01:33




7.3 Anexo 3. — Viabilidade celular em diferentes linhas celulares usando piperina

7.4 Anexo 4. — Viabilidade celular em diferentes linhas celulares usando PIP@MIL-
100(Fe)
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Anexo 5. — Viabilidade celular em diferentes linhas celulares usando QUI@PIP@MIL-

100(Fe)

Viabilidade celular (%)

100

S0

100 uM PIP

Control

100 uM QUI@PIP@MIL-100(Fe)
50 uM QUI@PIP@MIL-100(Fe)
25 uM QUI@PIP@MIL-100(Fe)
12,5 uM QUI@PIP@MIL-100(Fe)
6,25 uM QUI@PIP@MIL-100(Fe)
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7.6  Anexo 6. — Viabilidade celular em diferentes linhas celulares usando MM@PIP@MIL-
100(Fe)

100 uM PIP

100 uM MM@PIP@MIL-100(Fe)
50 uM MM@PIP@MIL-100(Fe)
25 uM MM@PIP@MIL-100(Fe)
12,5 uM MM@PIP@MIL-100(Fe)
6,25 uM MM@PIP@MIL-100(Fe)
Control

< 100+

Viabilidade celular (%
3
iiil

[=]
1

7.7 Anexo 7. — Validacdo do método de quantificacdo

7.7.1 Desenvolvimento do método analitico para quantificacdo de PIP por cromatografia
liquida de alta eficiéncia com detector de arranjos de diodos (CLAE-DAD)

Antes de realizar a quantificacdo da piperina, ela foi dissolvida em etanol com 99,9%
de pureza. Em seguida, um método eficiente foi desenvolvido para atender aos requisitos
minimos para aplicacdo em andlises por cromatografia liquida de alta eficiéncia com detector
de arranjo de diodos (CLAE-DAD). Foram realizadas avaliacbes dos parametros de
linearidade, precisdo, exatiddo, robustez, limite de detec¢do (LD) e limite de quantificacdo
(LQ) de acordo com as diretrizes da Conferéncia Internacional de Harmonizagéo e da RDC
166/2017. (55). O método utilizado para a quantificacdo da PIP por CLAE foi adaptado do

trabalho de Reyes Solis, Sanchez (56) para a deteccdo de piperina em vesiculas.

7.7.1.1 Parametros para testar a metodologia analitica

Os experimentos foram realizados em cromatdgrafo a liquido de alta eficiéncia (Perkin
Elmer, Brasil), equipado com detector de arranjo de diodos (DAD), detec¢do em 340 nm, com
bomba LC-20A, instalado no laboratério de Farmacotécnica na Faculdade de Ciéncia
Farmacéuticas de Araraquara — UNESP. A separacdo foi realizada em coluna C18 (Zorbax
Extend 150 x 4.6 mm; 5 um). A fase movel foi constituida de metanol e agua deionizada
(75:25 viv), com fluxo de fase mével de 0.8 mL.mint e volume de injecdo de 10 pL.
7.7.1.2 Seletividade

Devido ao método de encapsulagdo in situ por micro-onda, a seletividade consiste
primeiramente em colocar em solucdo etandlica particulas do MIL-100(Fe) e a PIP. Uma

aliquota de 1 mL de sobrenadante foi recuperada por centrifugacdo (10000 rpm por 8 min)
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(Fig. 3). A seletividade foi determinada comparando o0s cromatogramas obtidos do
sobrenadante recuperado da PIP e do MIL-100(Fe) em solucéo etandlica (37, 57-59).

Figura 3.- Procedimento de analises da piperina no MIL-100(Fe) por CLAE

Sobrenadante LL&
(Piperina)
pri— e ——
Sy I (
e B
=z [E—
— By =
- L |
e ———
MIL-100(Fe) e Centrifugaciao 10000 Analises em CLAE

Piperina em Etanol rpm por 8 min do sobrenadante

MIL-100(Fe) da Piperina

Analises de encapsulacdo da piperina no MIL-100(Fe) por CLAE. Uma aliquota de 1 mL é
centrifugada (10000 rpm por 8 min); O sobrenadante € recuperado, para logo ser analisado

por CLAE e analisar os cromatogramas.
Fonte: Autor

7.7.1.3 Linearidade
A avaliacdo da linearidade foi realizada por meio da média de trés curvas analiticas da

piperina (PIP). A partir de uma solugdo-m&e com concentracdo de 1 mg/mL, foram
preparadas cinco diluicbes com concentragdes variando de 6,25 a 100 pg/mL. Cada curva
padrdo foi lida em triplicata para os cinco niveis de concentracdo. Para avaliar a linearidade,
utilizou-se a andlise de regressdo linear com ajuste dos dados pelo método dos minimos
quadrados. A qualidade do ajuste do modelo foi verificada por meio de analise de variancia
(ANOVA) com um nivel de significancia de p < 0,05%.

7.7.1.4 Analise residual
Uma andlise residual foi realizada para verificar a linearidade. Essa analise permite

verificar se 0 modelo de regressdo é verdadeiro, ou seja, se a relacdo entre as variaveis dos
eixos X e Y é linear, por meio da avaliacdo do erro em cada ponto do modelo; se houver
variancia constante (homocedasticidade), o modelo linear estd correto. A analise pode ser

realizada de forma grafica ou analitica através de testes de hipoteses (F).

7.7.1.5 Precisao
No estudo de precisdo, concentracfes de 6,25, 50 e 100 pg/mL da piperina (PIP)

foram analisadas em triplicata em dois dias distintos e ndo consecutivos. A média dos
resultados obtidos foi avaliada pelo teste t de Student (bilateral, com nivel de significancia de
p <0,05).
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7.7.1.6 Exatidédo
A exatidao foi avaliada pelo método de recuperacdo do analito para as concentragdes

de 6,25; 50 e 100 pg. mL?, em triplicata em etanol. Este foi adaptado da metodologia de
Reyes Solis, Sanchez (56). A piperina foi colocada nas solucdes das particulas de MIL-
100(Fe), as quais foram centrifugadas em 10.000 rpm por 8 min. O sobrenadante (PIP)
extraido da centrifugacdo foi analisado nas concentracdes de 6,25; 50 e 100 pg. mL™. O
coeficiente de variacdo e a porcentagem de recuperacdo foram utilizados para avaliar a

exatidao, conforme a equacao 1:

. Concentracao experimental
Exatidao (%) = — — x 100
Concentragao tedrica

Equacdo 1 : Exatiddo

7.7.1.7 Limite de Deteccédo (LD) e Limite de Quantificacdo (LQ)
Os valores de limite de deteccdo (LD) e limite de quantificacdo (LQ) foram obtidos

matematicamente a partir da média das trés curvas analiticas. Para calcular os valores de LD
(Equacdo 2) e LQ (Equacado 3), utilizou-se o desvio padrdo (DP) do residuo da linha de
regressdo e sua relacdo com a inclina¢do da curva analitica (IC), também conhecida como
coeficiente angular.

LD = —
ch3,3

Equacéo 2: Limite de detecgdo
LQ = bP 10,0
Q - IC X )

Equacdo 3: Limite de quantificacdo

7.8 Desenvolvimento do método analitico para quantificacdo de PIP por cromatografia
liquida de alta eficiéncia com detector de arranjos de diodos (CLAE-DAD)

O cromatograma obtido para uma solugdo etanolica de piperina (100 pg/mL) via
método cromatografico esta apresentado na Figura 4 e mostrou um tempo de retencéo igual a
3,03 minutos. A diferenca do método adaptado e do método original se baseia nas
constituicGes da fase movel, sendo que no método proposto por Reyes Solis, Sanchez (56), a
fase movel foi metanol e 4gua deionizada em uma porcentagem de 75:25, apresentando tempo

de corrida de 5 min. Desta forma, para o farmaco eludir mais rapidamente, com a mesma fase
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movel (metanol e dgua 75:25) , fluxo de 0,8 mL.min e o tempo de corrida foi de fato menor

do que 5 min.

Figura 4. Cromatograma tipico da PIP (100 pg/mL) obtido pelo método cromatografico em

solucdo etanolica.

Solugdo etandlica
’t;:
2
@
el
1]
el
2
8
=
b
0 1 2 3 4
Tempo de retencéo
Fonte: Autor
7.8.1 Conformidade do sistema cromatografico

O numero de pratos da coluna ficou abaixo do limite requerido de 2000 e as médias
dos valores de assimetria e fator de cauda estdo abaixo do valor preconizado de 2. Além disso,
verificou-se que os valores da area do pico e tempo de retencdo apresentaram precisdo, com
desvio padrao relativo (DPR) menor que 5%, conforme apresentado na Tabela 2 (55, 60) .
Com base nesses resultados, pode-se afirmar que o método e o equipamento utilizados para as

analises sao adequados e confiaveis.
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Tabela 2. Pardmetros estudados para avaliar a conformidade do sistema cromatografico
empregado para analise da piperina (PIP).

Injecdes TR Area Assimetria Fator de cauda NUmero de pratos
1 2,99 7137 1,26 0,97 1892
2 2,99 7140 1,25 0,98 1910
3 2,99 7131 1,27 0,98 1895
4 2,99 7134 1,27 0,96 1883
5 2,99 7148 1,27 0,97 1897
6 2,99 7149 1,27 0,98 1881
Média 2,99 7139,833 1,265 0,973333 1893
DP 0 7,359801 0,008367 0,008165 10,52616
D.P.R 0 0,103081 0,661391 0,838866 0,556057

TR: tempo de reteng¢éo (min); DP: desvio padrdo, D.P.R: desvio padrdo relativo

Fonte: Autor

7.8.2 Seletividade

Para avaliar a seletividade do MIL-100 (Fe) encapsulado com a PIP em solucéo etandlica, foi
realizada inicialmente a centrifugagéo para quantificar o sobrenadante (PIP em estudo), o qual
foi analisado no cromatografo. Os resultados mostraram que o MIL-100(Fe), sem ou com a
piperina, ndo apresentaram picos cromatograficos coincidentes com o tempo de retencdo
especifico do mesmo, como demonstra a Figura 5.

Figura 5.- Cromatogramas da PIP (100 pg. mL™?) (verde) e do material PIP@MIL-100(Fe)
(preto), em etanol.

——PIP@MIL-100(Fe)
Piperina

Intensidade (u.a.)

(-

0 1 2 3 4

Tempo de retenco Fonte: Autor

7.8.3 Linearidade
A curva de calibracéo da piperina (PIP) apresentou uma relacéo linear dentro da faixa

proposta de 6,25 a 100 pg/mL, comprovada pelo coeficiente de regressédo linear (r> = 0,9932)
para 0 composto analisado. Isso indica um ajuste satisfatorio dos dados para a linha de

regresséo (y = 71,95x - 222,44), conforme apresentado na figura.na Figura 6.
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Figura 6. Curva padrdo da PIP em etanol com intervalo de concentragdo compreendido entre
6,25-100 pg. mL™ obtido por CLAE.

8E+03
7E+03
6E+03
5E+03
4E+03
3E+03
2E+03
1E+03
OE+00

Area

®  y=71952x- 222,45

R?=0,9932

0 20 40 60 80 100 120
Concetracao de Piperina (ug/mL)

Fonte: Autor

A andlise estatistica de regressdo linear a partir do método dos minimos quadrados
evidenciou em ANOVA uma significancia (Fcaiculado™> Ftabulado) © que ndo ha diferenca
significativa entre as curvas analiticas (Fcalculado < Frabulado) @ partir dos dados obtidos no

intervalo de 95% de confianca (ver Tabela 3).

Tabela 3. Andlise de variancia dos valores das &reas determinados na obtencdo da curva
analitica da PIP.

Fontes de variagéo Graus de Soma Variancia Fcalcutado Frabulado

liberdade Quadratica

Entre concentragdes 4 91049963 22762490 563,894* 3,48
Regresséo Linear 1 91021678 91021678 2255,38* 4,96
Desvio da Linearidade 3 28284 9428 0,065 3,71
Dentro (residuos) 10 3860 386 - -
Total 14 91053824 - - -

* Significativo para p<00.5%
Fonte: Autor

7.8.4 Anélise residual

Foi realizada uma analise de homocedasticidade para verificar se a variabilidade do erro é
constante em todo o intervalo linear e, portanto, se a previsdo da concentracdo (produto da
aplicacdo da equacdo de regressdo) é valida. A tabela 4 apresentam os resultados da analise
residual realizada. Ao comparar o valor de F calculado com o F critico, observa-se que ha

homoscedasticidade.



Tabela 4.- Analise de Variancia

Grados de Suma de Media dos

liberdade guadrados quadrados F Valor critico de F
Regressao 1  69436,1638 69436,1638  2876,24623 1,21061E-16
Residuos 13 313,83618  24,1412446
Total 14 69750

7.8.5 Precisdo
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A fim de garantir a confiabilidade das analises do farmaco, é necessario que 0 método

seja preciso, ou seja, que os resultados de uma série de leituras da mesma amostra sejam

préximos entre si (61). Os dados apresentados nas Tabelas 5 e 6 sugerem que o método é

preciso, ja que a diferenca entre os valores de precisdo intra-corrida e inter-corrida foi menor

que 5%, conforme exigido pela legislagdo em vigor.

Tabela 5. Preciséo intracorrida do método analitico para analise da PIP.

N Concentracéo Concentracdo  Areas
tedrica real

1 100 100,1132 7724

2 100 100,2239 7744

3 100 100,2101 7752

4 100 100,2101 7764

5 100 100,1409 7771

6 100 100,2101 7725

Media - 106,8629 7746,667

D.P.R% - 0,25 0,25

Fonte: Autor

Tabela 6. Precisdo intermediaria do método analitico para analise da PIP.

N Concentracao Analista e dia Médias D.P.R %
100 1 7747 4,68
2 7264 4,55

Fonte: Autor

7.8.6 Exatidao

A exatiddo de um método analitico se refere ao grau de concordancia entre 0s

resultados obtidos em um mesmo ensaio e um valor de referéncia considerado verdadeiro

(62).A faixa aceitavel de variagdo na concentragdo do analito é de 80-120% de acordo com a

RDC n° 166/2017, mas valores proximos a 100% sdo preferiveis (61). Os resultados
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apresentados na Tabela 7 estdo dentro dos limites recomendados, o que sugere que 0 método
empregado é acurado.

Tabela 7. Exatiddo do método analitico para analise da PIP.

Padréo Média Exatiddo (%) D.P.R%
pg/mL

12,5 5,82071511 93,1 0,07

50 49,00825836 98,0 2,52

200 99,24585928 99,2 1,25

Fonte: Autor

7.8.7 Limite de deteccédo e Limite de quantificacdo

A capacidade do método para detectar e quantificar baixas concentraces da piperina
foi avaliada através dos valores de LQ e LD, que foram determinados matematicamente a
partir da inclinacdo da curva analitica. Os resultados obtidos mostraram que os valores de LQ
e LD foram de 0,774 pg. mL? e 0,255 pg. mL™?, respectivamente, indicando que o método

utilizado é sensivel o suficiente para detectar e quantificar baixas concentra¢6es da piperina.

7.8.8 Robustez

Os resultados encontrados na Tabela 8 indicam que o método analitico proposto é
robusto, jA& que 0 mesmo permaneceu preciso mesmo diante de pequenas variacdes na
composicdo e vazdo (mL.mint) da fase mével, evidenciando a estabilidade do método diante
dessas mudancas.

Tabela 8. Robustez do método analitico para analise da PIP.

Condic¢oes cromatogréficas  Concentragéo Concentracéo Exatidéo (%)

tedrica experimental (ug/mL)

Vazao (mL/min)

0,7 100 112,56 112,6
0,75 100 104,99 105,0
Fase Mavel

75%Metanol:25%Agua 100 98,41 98,4
76%Metanol:24%Agua 100 98,39 98,4
74%Metanol:26%Agua 100 98,71 98,7

Fonte: Autor
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7.8.9 Avaliacdo do método de quantificacdo de PIP liberada por CLAE-DAD

A avaliacéo da liberacdo da PIP em PBS, nos pHs 7.4 ou pH 5.0, com Tween 20 (5%
v/v) e etanol (5% v/v) foi adaptada pelo método proposto por Reyes Solis, Sanchez (56). O
cromatograma mostrou um tempo de retencdo de 3,00 e 3,50 min para PIP em pHs 7.4 ou pH
5.0, respectivamente (Fig. 7.). A fase movel foi metanol e &gua deionizada em uma
porcentagem de 75:25 e o tempo de corrida foi menor do que 5 min.

Figura 7. Cromatogramas tipicos da PIP em PBS, pH 7,4 (em azul) ou pH 5,0 (em vermelho)

com Tween 20 (5% v/v) e etanol (5% v/v) (100 pg/mL) obtidos pelo método cromatografico.

[~ Piperina pH=5
— Piperina pH=7 4

Intensidade (u.a)

Tempo de retengéo

Fonte: Autor

7.8.10 Conformidade do sistema cromatografico

A quantidade de pratos da coluna excedeu 0 minimo necessario de 2000 e as médias
dos valores de assimetria e fator de cauda ficaram abaixo do limite de 2. Além disso, como
apresentado na Tabela 9, a precisdo dos valores obtidos para a area do pico e o tempo de
retencdo foram verificados, com um D.P.R. de menos de 5%, o que mostra que 0 método e 0
equipamento utilizados nas anélises sdo adequados. (55, 60). Isso garante a confiabilidade dos

resultados em diferentes valores de pH.
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7.8.11 Seletividade

Para avaliar a seletividade da liberacdo da PIP pelo nanomaterial nos dois diferentes
valores de pH, foi realizada inicialmente a centrifugacdo para quantificar o sobrenadante (PIP
em estudo), o qual foi analisado no cromatografo. Os resultados mostraram que em PBS, pH
7,4 ou pH 5 com Tween 20 (5% v/v) e etanol (5% v/v) sem ou com a PIP n&o apresentaram
picos cromatogréaficos coincidentes com o tempo de retencdo especifico da mesma, como

demonstra a Figura 8.

Figura 8.- Cromatogramas da PIP em PBS, pH 7,4 (azul) ou pH 5,0 (vermelho) com Tween
20 (5% v/v) e etanol (5% v/v) (100 pg. mL?), e PIP@MIL-100(Fe) (preto).

—— PIP@MIL-100(Fe)
——— Piperina pH=5
—— Piperina pH=7 4

Intensidade (u.a)

S

0 1 2 3 4

Tempo de retencao

Fonte: Autor
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Tabela 9. Pardmetros estudados para avaliar a conformidade do sistema cromatografico empregado para analise da liberagdo da PIP em PBS, pH
7,4 ou pH 5,0 com Tween 20 (5% v/v) e etanol (5% v/v).

pH =5,0

pH=7,4

Injecbes TR
1 3
2 3
3 3
4 3
5 3
6 3
Média 3
DP 0

D.P.R 0

Area
8844
8815
8822
8913
8881
8828
8850,5

Assimetria  Fator de cauda NUmeros pratos

1,02
1,01
1,01
1,01
1,02
1,02
1,015

38,61994 0,005477
0,436359 0,539628

1,13

1,12

1,14

1,12

1,14

1,14
1,131667
0,009832
0,8688

3615
3623
3626
3652
3664
3681
3643,5
26,22022
0,719644

Injecdes
1
2
3
4
5
6

Média
DP
D.P.R

Assimetria  Fator de cauda NUmeros pratos

1,04
1,04
1,05
1,05
1,05
1,05
1,046667

448,8496 0,005164

TR Area
3 7423
3 7412
3 7412
3 6608
3 6597
3 6584
3 7006
0

0

6,406646 0,493374

1,13

1,12

11

11

11

11
1,108333
0,013292
1,199242

2974
2989
3035
3070
3091
3010
3028,167
45,91913
1,5164

TR: tempo de reteng¢do (min); DP: desvio padrdo e D.P.R: desvio padréo relativo

Fonte: Autor
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7.8.12 Linearidade

A linearidade da curva de calibracdo para a liberacdo da PIP nos diferentes valores de
pH foi comprovada no intervalo proposto de 25-200 pg. mL™, conforme evidenciado pelos
coeficientes de regressdo linear obtidos para pH=5,0 (r? =0,979) e pH=7,4 (r?> =0,993) para 0
composto estudado. Os valores obtidos demonstraram um ajuste satisfatério dos dados para a
linha de regressédo pH:5,0 (y = 81,43x -262,88) e pH:7,4 (y = 71,95x -222,44), como ilustrado

na Figura 9.

Figura 9. Curvas padrdo da PIP em PBS, pH 7,4 ou pH 5,0 com Tween 20 (5% v/v) e etanol
(5% v/v) com intervalo de concentragdo compreendido entre 25-200 pg. mL™* obtido por
CLAE.

PBS (pH=5)
2E+04
2E+04
1E+04
1E+04
g 1E+04
3 8F+03
6E+03
4E+03 y =81,4369x - 262.8825
2E+03 R2=0,9799
0E+00
0 50 100 150 200 250
Concentracio de Piperina (ug/mlL)
PBS (pH=7)
8E+03
7E+03
6E+03
5E+03
§ AE+03
3E+03 v =71,9521x - 222,4471
2E+03 R2= 09932
1E+03
0E+00
0 20 40 60 80 100 120

Concentra¢io de Piperina (ug/mL)

Fonte: Autor

Através da analise estatistica de regressao linear utilizando o método dos minimos quadrados,
foi possivel evidenciar uma significancia estatistica na ANOVA (Fcaiculado > Ftabulado), além de
ndo haver diferenca significativa entre as curvas analiticas (Fcaiculado < Ftabulado), COM um

intervalo de confianca de 95%, conforme apresentado na Tabela 10.
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Tabela 10. Anélise de variancia dos valores das areas determinados na obtencdo da curva analitica da liberacdo da droga em diferentes valores de

pH.

pH=5,0 pH=74
Fontes de Graus de Soma Variancia  Fealculado Frabulado | FONteS de Graus de Soma Variancia Fealcutado  Frabulado
variacdo liberdade Quadratica variacdo liberdade Quadratica
Entre 4 416264889 104066222 404,808* 3,48 Entre 4 90894675,067  22723668,767 427,873* 3,48
concentra concentragdes
coes
Regressa 1 344825493 344825493 1341,339* 4,96 Regressao 1 90273101,800  90273101,800 1699* 4,96
o0 Linear Linear
Desvioda 3 71439395 23813131 92,631 3,71 Desvio da 3 621573,267 207191,089 3,901 3,71
Linearida Linearidade
de
Dentro 10 2570755 257075 - - Dentro 10 531084,223 53108,422 - -
(residuos) (residuos)
Total 14 418835644 - - - Total 14 91425759,289 - - -

* Significativo para p<00.5%

109



7.8.13 Anélise residual
Foi realizada uma analise de homocedasticidade para a liberacdo da PIPem pH 5e pH 7,4. A
tabela 11 e 12 apresentam os resultados da analise residual realizada. Ao comparar o valor de

F calculado com o F critico, observa-se que ha homoscedasticidade.

Tabela 11.- Analise de Varianciaa pH=5

Grados de liberdade Suma de quadrados Media dos quadrados F Valor critico de F
Regressao 1 344812779 344812779 60,573339 3,0183E-06
Residuos 13 74002295,3 5692484,25
Total 14 418815074

Tabela 12.- Analise de Variancia a pH=7,4

Grados de liberdade Suma de quadrados Media dos quadrados F Valor critico de F
Regressdo 1 3,819E+13 3,819E+13 2876,24623 1,2106E-16
Residuos 13 1,7261E+11 1,3278E+10
Total 14 3,8363E+13

7.8.14 Preciséo

De acordo com os resultados apresentados nas Tabelas 13 e 14, é possivel inferir que
0 método analitico utilizado para a analise de PIP em PBS, pH 7,4 ou pH 5,0 com Tween 20
(5% v/v) e etanol (5% v/v) € preciso. Isso pode ser comprovado pela diferenca inferior a 5%
entre os valores de precisao intracorrida e precisdo intercorrida, o que esta de acordo com as

normas estabelecidas pela legislagéo vigente.
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Tabela 13. Precisdo intracorrida do método analitico para analise da liberacdo da PIP em
diferentes valores de pH.

pH=5 pH=7,4

N Concentracao Concentracéo Area N Concentragd  Concentracd  Areas
Teobrica real S 0 Teodrica o real

1 100 108,3524 8561 1 100 92,73718 6450

2 100 108,3524 8561 2 100 90,80528 6311

3 100 108,512 8574 3 100 90,6524 6300

4 100 108,3401 8560 4 100 89,88798 6245

5 100 108,1928 8548 5 100 90,30493 6275

6 100 108,07 8538 6 100 90,55511 6293

Media - Media - 6312,33

108,3033 8557 90,82381 3
D.P.R - D.P.R -
% 0,92 091 % 0,92 0,91

Tabela 14. Precisdo intermediaria do método analitico para da liberacdo da PIP em diferentes

pHs.
pH=5,0 pH=7,4
N  Concentracdo Analista e dia Medias D.P.R% | Analista e Medias D.P.R
dia %
6 100 1 8557 4,79 1 6312 2,96
2 8277 2,35 2 6448 1,50

7.8.15 Exatidéo

A exatiddo do método para a liberacdo da PIP nos diferentes valores de pH foi
comprovada pelos valores obtidos, os quais se encontram dentro dos limites preconizados,
como apresentado na Tabela 15. Isso evidencia a confiabilidade e precisdo do método

analitico empregado.
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Tabela 15. Exatiddo do método analitico para analise da liberacdo da PIP nos diferentes

valores de pH.

pH=5,0 pH=74
Padrdo  Média Exatidao D.P.R | Padrdo  Média Exatidao D.P.R
pg/mL (%) % pg/mL (%) %
25 22,19 88,8 0,28 6,25 7,01 112,2 10,50
100 101,53 101,5 0,28 50 44,69 89,4 17,45
200 190,30 95,2 0,15 100 97,98 98,0 7,65

Fonte: Autor

7.8.16 Limite de detecgéo e Limite de quantificagdo

A sensibilidade do método para a liberacdo da PIP nos diferentes valores de pH foi
expressa pela inclinacdo da curva analitica. Para PBS em pH=5.0, os valores do LQ e LD
foram de 18,961 pg. mL? e 6,257 pg. mL?, respectivamente, e para PBS em pH=7,4 os
valores do LQ e LD foram de 5,410 pg. mL? e 1,785 pg. mL?, respectivamente,
demonstrando a capacidade do método de detectar e quantificar baixas concentracdes de PIP

em PBS nos dois valores de pH investigados.

7.8.17 Robustez
Os resultados da Tabela 16 indicam que o método analitico proposto € robusto diante
de variagGes leves na composicdo e vazdo (mL.min) da fase mdvel, uma vez que o método

permaneceu preciso em todas as condicdes testadas.
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Tabela 16. Robustez do método analitico para anélise da PIP.

113

pH=5,0 pH=7,4
Condicoes Concentre Concentracdo  experimental Exatidao Concentra¢g  Exatid
cromatograficas ao Teodri (ug/mL) (%) ao ao (%)
(ug/mL) experiment
al (ug/mL)
Vazao (mL/min)
0,7 100 111,62 112,6 97,98 98,0
0,75 100 112,20 112,2 98,63 98,6
Fase Movel
75% Metanol:25% | 100 107,53 107,5 97,98 98,0
Agua
76% Metanol:24 % | 100 106,00 106,0 91,62 91,6
Agua
74% Metanol:26 % | 100 105,91 105,9 91,51 91,5

Agua

Fonte: Autor
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