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RESUMO

A tuberculose (TB) é uma doenca infecciosa que afeta milhGes de pessoas anualmente, é
necessario um longo tratamento para a cura, especialmente para os casos de resisténcia a
antibioticos. Outra particularidade de Mycobacterium tuberculosis, principal agente etiologico
de TB, é a sua habilidade de sobreviver dentro de macréfagos, células imunoldgicas que séo a
primeira defesa no tecido pulmonar. Em uma busca de um tratamento eficaz, seguro, que
promova uma entrega do antibiotico no local da infecgdo e, possivelmente, contribua para a
adesdo ao tratamento, propusemos uma abordagem nanotecnoldgica baseada em lipossomas
funcionalizados, ou seja, com a superficie modificada com um anélogo de sideroforo (Sid)
para carrear moxifloxacino (Mox) para tratar TB para uma administracdo intrapulmonar. Os
siderdforos sdo a principal estratégia das bactérias para captar ferro, um metal essencial para
seu metabolismo. Foram desenvolvidos com fosfatidilcolina de soja, colesterol e &cido oleico,
quatro lipossomas: lipossoma vazio (LipV); lipossoma contendo Mox (LipMox); lipossoma
funcionalizado com Sid e sem farmaco (LipS) e lipossoma funcionalizado com Sid e contendo
Mox (LipSMox). A caracterizacdo dos lipossomas foi feita pela técnica de espalhamento de
luz dinamica (DLS), analise de rastreamento de nanoparticulas (NTA) e microscopia
eletronica de transmissdo (TEM). Por todos os métodos, observamos particulas esféricas e de
aproximadamente 200 nm. O potencial zeta foi a principal diferenca entre eles, e foi
aproximadamente -40mV para LipV e LipMox e +15mV para LipS e LipSMox. A NTA
mostrou a concentracdo de ~10' particulas/mL. Um método de quantificacdo de Mox em
cromatografia liquida de alta eficiéncia foi desenvolvido e validado para determinar a
eficiéncia de encapsulacdo (EE) e o perfil de liberacdo (RP). A EE foi 51,31% para LipMox e
45,76 % para LipSMox e a RP seguiu 0 modelo proposto por Korsmeyer-Peppas, comum para
lipossomas. A concentracdo inibitoria minima (MIC) frente a M. tuberculosis foi determinada
em condicGes padrdo (pH 6,6 e [Fe] = 0,04 pg/mL), com acréscimo de ferro (multiplos de 2x,
5x e 10x em relagdo ao meio comercial), pH 7,4 e acréscimo de 10% de soro fetal bovino
(FBS). A alteracdo de pH do meio para 7,4 ndo afetou a MIC. A MIC de LipMox e LipSMox
foram na maioria das vezes menor que 0,5%. Ja LipS teve MIC préxima a 10% em todas as
condicOes, exceto na presenca de FBS (MIC >25%), em que ha ferro ofertado, mas de nao
livre e sim complexado com ferritina. O ensaio de time-kill ndo mostrou diferenca
significativa entre Mox livre e encapsulada, a acdo bactericida foi concentracdo-dependente.
O ensaio de citotoxicidade foi realizado para quatro linhagens celulares: macréfagos
(J774A.1), fibroblastos (MRC-5), células hepaticas (HepG-2) e células intestinais (Caco-2) e
observou-se uma heterogeneidade nos resultados de indice de citotoxicidade (ICsp) com maior
toxicidade com lipossomas contendo Sid. A atividade frente a M. tuberculosis
intramacrofagico apresentou reducGes de mais de 90% dos bacilos intracelulares (LipMox 1 e
5%; Mox 1 e 5% e LipSMox 1%). A microscopia eletrbnica de varredura e transmissdo
confirmaram a fagocitose das vesiculas lipossomais pelos macréfagos, confirmando a
possibilidade de um direcionamento natural dos lipossomas para células fagociticas. Embora a
funcionalizacdo com Sid ndo trouxe melhora na atividade biol6gica dos lipossomas, ainda
houve um direcionamento natural para os macréfagos, células de extrema importancia na
patogénese de TB. Diante das vantagens de drug delivery dos lipossomas, propde-se uma
administracdo intrapulmonar in vivo deste sistema para o tratamento de TB.

Palavras-chave: Mycobacterium tuberculosis, tuberculose, lipossomas, caracterizagdo de

nanoparticulas, sideréforo.



ABSTRACT

Tuberculosis (TB) is an infectious disease that affects millions of people annually and a long
treatment is necessary for a cure, especially for antibiotic resistant cases. Another particularity
of Mycobacterium tuberculosis, the main etiologic agent of TB, is the ability to survive inside
macrophages, immune cells in lungs. In a search for an effective, safe treatment that promotes
antibiotic delivery at the site of infection and, possibly, contributes to treatment adherence, we
proposed a nanotechnological approach based on functionalized liposomes, that is, with the
surface modified with an analogue of siderophore (Sid) to carry moxifloxacin (Mox) to treat
TB for an intrapulmonary administration. Siderophores are the main strategy of bacteria to
take up iron, an essential metal for their metabolism. Four liposomes were developed with soy
phosphatidyl, cholesterol and oleic acid: empty liposome (LipV); liposome containing Mox
(LipMox); drug-free and Sid-functionalized liposome (LipS) and Sid-functionalized and
Mox-containing liposome (LipSMox). The characterization of these liposomes was performed
by dynamic light scattering technique (DLS), nanoparticle tracking analysis (NTA) and
transmission electron microscopy (TEM). By all methods, we observed spherical particles and
approximately 200 nm. The zeta potential was the main difference between them and was
approximately -40mV for LipV and LipMox and +15mV for LipS and LipSMox. NTA
showed a concentration of ~10*" particlessmL. A method of quantification of Mox in high
performance liquid chromatography was developed and validated to determine the
encapsulation efficiency (EE) and the release profile (RP). The EE was 51.31% for LipMox
and 45.76% for LipSMox and the RP followed the model proposed by Korsmeyer-Peppas,
common for liposomes. The minimal inhibitory concentration (MIC) against M. tuberculosis
was determined under standard conditions (pH 6.6 and [Fe] = 0.04 pg/mL), with addition of
iron (multiples of 2x, 5x and 10x in relation to the commercial medium), pH 7.4 and with
addition of 10% fetal bovine serum (FBS). Changing the pH of the medium to 7.4 did not
affect the MIC. The MIC of LipMox and LipSMox were less than 0.5%. LipS had MIC close
to 10% in all conditions, except in the presence of FBS (MIC >25%), in which there is iron
offered, not free, but complexed with ferritin. The time-kill assay showed no significant
difference between free and encapsulated Mox, the bactericidal action was concentration-
dependent. The cytotoxicity assay was performed for four cell lines: macrophages (J774A.1),
fibroblasts (MRC-5), liver cells (HepG-2) and intestinal cells (Caco-2). Heterogeneity was
observed in the cytotoxicity index (IC50) results with greater toxicity for liposomes
containing Sid. The activity against intramacrophagic M. tuberculosis showed reductions of
more than 90% of intracellular bacilli (LipMox 1 and 5%; Mox 1 and 5% and LipSMox 1%).
Scanning and transmission electron microscopy confirmed the phagocytosis of liposomal
vesicles by macrophages, confirming the possibility of a natural targeting of liposomes to
phagocytic cells. Although functionalization with Sid did not improve the biological activity
of liposomes, there was still a natural targeting of macrophages, cells of extreme importance
in the pathogenesis of TB. Given the advantages of drug delivery of liposomes, an
intrapulmonary in vivo administration of this system is proposed for the treatment of TB.

Keywords:  Mycobacterium  tuberculosis, tuberculosis, liposomes, nanomedicine,

siderophore.
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1. Introducéo

1.1. Tuberculose

A Organizacdo Mundial da Saude (OMS) reportou que, em 2019, houve 10 milhdes de
casos de tuberculose (TB) e 1,4 milhdo de mortes em decorréncia da doenca sendo, entéo,
uma das doencas infecciosas que levou mais pessoas a Obito (WORLD HEALTH
ORGANIZATION, 2020).

Os dados nacionais indicam 75.717 casos novos de TB em 2018 e 4.614 mortes em
decorréncia da doenca em 2017, um pouco mais que nos anos anteriores, pois foram
diagnosticados 69.569 casos novos em 2017 e 4.426 Obitos por tuberculose em 2016
(MINISTERIO DA SAUDE - SECRETARIA DE VIGILANCIA EM SAUDE, 2018;
MINISTERIO DA SAUDE (BRASIL), 2019). J4 em 2020, o Brasil registrou 66.819 casos
novos de TB e foram notificados cerca de 4,5 mil dbitos pela doenga no ano anterior
(MINISTERIO DA SAUDE DO BRASIL, 2021).

A pandemia de SARS-COV-2, assumiu 0 posto de doenca infecciosa que mais matou
pessoas no mundo e ainda prejudicou 0 avanco constante que vinha acontecendo em relacdo a
TB no mundo (nimero de casos e mortalidade). O nUimero de novos casos de TB
diagnosticados caiu drasticamente de 7,1 milhdes (2019) para 5,8 milhdes (2020), a mesma
taxa de 2012 e que representa reducdo de 18% do estimado para 2020. Esta reducdo € vista
como um retrocesso, pois possivelmente ndo representa a realidade do nimero de casos, mas
sim uma falha nos sistemas de salde em diagnosticar e reportar adequadamente 0s casos de
TB devido a sobrecarga enfrentada devido pandemia de Covid-19, especialmente em paises
em desenvolvimento como india, Indonésia e Filipinas. O cenario ainda pode piorar para 0s
anos de 2021 e os seguintes (WORLD HEALTH ORGANIZATION, 2021).

Quando o paciente é diagnosticado com infec¢do por M. tuberculosis sensivel aos
farmacos chamados de 1%linha/escolha, o esquema terapéutico basico empregado para o
tratamento é composto por uma fase intensiva com 2 meses de rifampicina (RFP), isoniazida
(INH), pirazinamida (PZA) e etambutol (ETB) seguido de uma fase de manutencdo de 4
meses de RFP e INH totalizando seis meses de terapia. As estruturas moleculares destes
farmacos estdo na figura 1(WORLD HEALTH ORGANIZATION, 2010, 2016a).
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Figura 1. Farmacos de primeira linha utilizados no tratamento de tuberculose: (A)
isoniazida, (B) pirazinamida, (C) rifampicina e (D) etambutol.

Fonte: Autora.

Esse tipo de tratamento que combina antibidticos é chamada de poliquimioterapia e foi
introduzido ha mais de 50 anos com o objetivo de reduzir a emergéncia de cepas resistentes,
por minimizar a possibilidade de selecdo de mutantes espontaneamente resistentes a algum
farmaco, e consequentemente visando obter maiores taxas de sucesso do tratamento (WORLD
HEALTH ORGANIZATION, 2010, 2016a).

No Brasil, o tratamento é oferecido pelo Sistema Unico de Salide (SUS) e totalmente
gratuito. Na primeira etapa do tratamento os farmacos sdo administrados na forma de um
unico comprimido, no esquema de dose fixa combinada. Adultos com mais 50kg, por
exemplo, devem ingerir um comprido ao dia que contém RFP + INH + PZA + ETB (150mg +
75mg + 400mg + 275mg). Na segunda etapa do tratamento os comprimidos também séao
Unicos, e tomados uma vez ao dia, e contém RFP + INH (300mg +150mg) (COMISSAO
NACIONAL DE INCORPORACAO DE TECNOLOGIA AO SUS, 2018; INSTITUTO DE
TECNOLOGIA EM FARMACO, 2019).

Infelizmente nem todos os pacientes finalizam seus tratamentos da maneira correta, o
desaparecimentos dos sintomas da doenca, possiveis efeitos adversos e até mesmo a falta de
informacdo da importancia da conclusdo adequada do tratamento, resulta em uma taxa de
abandono de 12% no Brasil (MINISTERIO DA SAUDE DO BRASIL, 2021).

Embora tenha havido um avanco em relacdo a taxa de cura com o emprego da
poliquimioterapia, a falha no tratamento ainda € recorrente. As principais razdes para tal falha
sdo: 0 abandono da terapia e a resisténcia bacteriana aos antibidticos. Quando um paciente
inicia seu tratamento e o abandona ou o faz de forma inadequada, se estabelece uma pressao

seletiva, uma vez que os antibioticos ndo atingiram concentracdo e tempo suficiente para



18

eliminar todos os bacilos. Esta pressdo seletiva permite que bacilos resistentes sejam
selecionados e, estes por sua vez, podem vir a se multiplicar causando um novo quadro de
infeccdo e/ou transmitidos a outros individuos. Deste modo, quando a terapia anti-TB ndo é
feita corretamente pode haver prejuizo tanto para o individuo quanto para a comunidade
(JOHNSON et al., 2009; SZUMOWSKI; ADAMS; EDELSTEIN, 2013; WORLD HEALTH
ORGANIZATION, 2016b).

A resisténcia a antibidtico é uma grande crise na salde publica e este cenério se repete
no combate a TB. As definicGes de resisténcia para TB sdo: TB resistente a RFP (RR-TB
[rifampicin resistant TB]), que é o principal farmaco no tratamento, TB multifa&rmaco
resistente (MDR-TB [multidrug resistant TB]), que além de RFP, sdo resistentes a INH
(WORLD HEALTH ORGANIZATION, 2021).

Ha ainda a classificacdo de TB pré-extensivamente resistente a farmacos (pré-XDR-TB
[pre-extensively drug-resistant TB]), quando além de RFP e INH, verificou-se a resisténcia a
pelo a uma fluoroquinolona (Por exemplo: moxifloxacino (Mox) ou levofloxacino) e, por fim,
TB extensivamente resistente a farmacos (XDR-TB [extensively drug-resistant TB]) quando
resistente a RFP, qualquer fluoroquinolona e a bedaquilina ou linezolida, ja que estas ultimas
sdo utilizadas como ultimo recurso no tratamento e sdo os farmacos mais recentes na terapia
contra TB (WORLD HEALTH ORGANIZATION, 2021).

A taxa de cura dos novos casos de TB no Brasil em 2020 foi de 70,1%, ja a taxa de cura
para casos de RR/MDR-TB é de 51,1%. Enquanto a taxa de cura global foi de 85% para
novos casos e 59% para RR/MDR-TB (MINISTERIO DA SAUDE DO BRASIL, 2021;
WORLD HEALTH ORGANIZATION, 2021).

Com a reducéo do diagndstico de TB em decorréncia da pandemia de Covid-19, a queda
na deteccdo e tratamento dos casos de TB resistente a antibidticos € uma consequéncia direta
e foi de 15% (~177 mil em 2019 para ~150 mil em 2020). Foram aproximadamente 130 mil
casos de MDR/RR-TB e 25 mil casos de pré-XDR/XDR-TB (WORLD HEALTH
ORGANIZATION, 2021). No Brasil foram mais de 7 mil casos de TB resistente a pelo
menos um farmaco (MINISTERIO DA SAUDE DO BRASIL, 2021).

Diante do apresentado, é notdvel a necessidade de novos farmacos e de novas
estrategias terapéuticas contra TB, especialmente as que visem reduzir o tempo de tratamento
e aumentar a adesdo do paciente a terapia (FREITAS et al., 2014; DA SILVA et al., 2016a,
2016b; WORLD HEALTH ORGANIZATION, 2016b).
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1.2. Nanotecnologia

Dentre as diversas estratégias terapéuticas, as abordagens nanotecnoldgicas recebem
certo destaque, pois atraves de diferentes tipos de formulacdo, como por exemplo:
nanoparticulas poliméricas, nanoparticulas metalicas, nanotubos de carbono, nanoparticulas
lipidicas sélidas, sistemas liquido-cristalinos, lipossomas e microemulsdes, é possivel conferir
adesdo, protecdo frente ao sistema digestivo, redugdo da ligagdo a proteinas plasmaticas,
protecdo da metabolizacdo hepatica, entre outras caracteristicas desejaveis no
desenvolvimento de um novo tratamento anti-TB (DA SILVA et al., 2016b).

A nanotecnologia é uma ferramenta que vem sendo bastante explorada no cenério
biomédico, tanto com aplicagcBes terapéuticas, mas também aplicacdes em medicina
regenerativa, vacinas e diagnostico. Em 2016, o mercado global de produtos nanotecnol6gicos
para aplicacdes médicas foi de 138,8 bilhdes de dolares, valor que vem evoluindo nos ultimos
anos e que tem expetativa de continuar em evolucdo para os proximos, fato este que corrobora
com a avaliagdo de novas estratégias terapéuticas pautadas em nanotecnologia. A figura 2
representa a evolucdo e a projecdo dos proximos anos do mercado norte-americano para
produtos nanotecnoldgicos com fins medicinais, o que evidencia a atualidade e relevancia da
proposta aqui relatada (GRAND VIEW RESEARCH, 2017).

Ainda nas abordagens nanotecnoldgicas para uma possivel terapia anti-TB podemos
destacar os lipossomas. Eles surgiram no inicio da década de 1960 e foram utilizados em
estudos de modelo de membrana plasmatica, pois sdo compostos por bicamadas lipidicas
separadas por um conteddo aquoso. Para a obtencdo de lipossomas com aplicacdo biomédica
sdo empregados componentes biocompativeis como ester6is e fosfolipideos. Estas
nanoestruturas podem carrear substancias hidrofilicas ou lipofilicas, fato que as torna ainda
mais versateis (BANGHAM; STANDISH; WATKINS, 1965; GREGORIADIS; RYMAN,
1971; KIMELBERG H.K., TRACY T.F., BIDDLECOME S.M., 1976; DA SILVA et al.,
2016b).

Diversos estudos ja empregaram lipossomas para encapsular compostos com potencial
anti-M. tuberculosis, mas também hé relatos na literatura do uso de lipossomas em aplicacdes
diagndsticas e até preventivas da doenca, como potentes adjuvantes vacinais (SOUZA et al.,
2010; PINHEIRO et al., 2011; CUl et al., 2013; TIWARI et al., 2017; TIAN et al., 2018).



20

Figura 2. Evolucéo e projecdo do mercado de produtos nanotecnoldgicos com
aplicacdes medicas nos Estados Unidos.

U.S. nanomedicine market by products, 2013 - 2025 (USD Billion)

o
=]

19

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

® Therapeutics = Regenerative medicine ®|n-vitro diagnostics = In-vivo diagnostics ®Vaccines

Fonte: https://www.grandviewresearch.com/industry-analysis/nanomedicine-market.

A Agéncia Europeia de Medicamentos (EMA) aprovou em 2020 a comercializacdo de
uma formulacdo de amicacina lipossomal em suspensdo para inalagdo (ALIS) para o
tratamento infeccdes pulmonares por bactérias do complexo Mycobacterium avium, também
chamado de MAC. O medicamento em questdo é comercializado com o nome ARIKAYCE e
é produzido pela Insmed Corporation. Sabe-se que a amicacina é um farmaco que apresenta
muitos efeitos adversos e farmacocinéticos, exigindo uma administracdo intravenosa, a
administracdo na forma de lipossomas ainda néo é capaz de mitigar completamente os eventos
adversos, mas consegue promover uma administracdo indolor e que nao requer profissionais e
estrutura de salde, possibilitando uma melhor adesdo ao tratamento e, possivelmente, uma
taxa de cura maior (ROSE et al., 2014; ZHANG et al., 2018; B.V., 2020; CROMMELIN;
VAN HOOGEVEST; STORM, 2020; INSMED INCORPORATED, 2020; CHALMERS et
al., 2021; EUROPEAN MEDICINES AGENCY (EMA), 2021; HOY, 2021).

A aprovacdo de um medicamento na forma lipossomal, nos encorajou nesta proposta
ainda mais pela administracdo intrapulmonar que é visada. Os lipossomas que serdo
empregados neste trabalho séo constituidos de fosfatidilcolina de soja, colesterol e acido

oleico (OLA) e a figura 3 apresenta as estruturas moleculares destes componentes lipidicos.


https://www.grandviewresearch.com/industry-analysis/nanomedicine-market
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Figura 3. Componentes lipidicos do lipossoma: (A) fosfatidilcolina de soja, (B)
colesterol e (C) acido oleico.

A

V\NWWT_{},L_J,\)[;‘

peng

Fonte: autora.

A fosfatidilcolina de soja foi o fosfolipideo escolhido devido a sua biocompatibilidade e
estabilidade em relacéo a alteracdes de pH e concentracdo de sais (BANGHAM; STANDISH;
WATKINS, 1965; DA SILVA et al., 2016b). Outro componente escolhido foi o colesterol
que confere maior estabilidade as vesiculas, mesma funcdo que exerce nas membranas das
células (GREGORIADIS; RYMAN, 1971; KIMELBERG H.K., TRACY T.F,
BIDDLECOME S.M., 1976).

O ultimo componente lipidico é o OLA, este por sua vez € um acido graxo saturado, e
sua acdo em biol6gica é um pouco divergente entre os autores, mas ja foi observado reducéo
de citocinas pré-inflamatorias e producdo de oxigénio reativo pelas mitocondrias, acdes estas
gue podem ser interessantes para o tratamento de TB (SOUZA et al., 2018).

A funcionalizacdo de nanocarreadores, ou seja, a modificacdo da superficie de
nanocarreadores com o objetivo de torna-los especificos a um alvo também é uma estratégia
disponivel para “drug delivery” (SUNDAR; PRAJAPATI, 2012). Esta é uma estratégia ja
bastante explorada na pesquisa de antitumorais, visando uma diferenciacdo entre células
tumorais e sadias e com isso a reducdo de efeitos adversos (SUNDAR; PRAJAPATI, 2012;
SALOUTI; AHANGARI, 2014; POETA et al., 2016).

Algumas moléculas utilizadas para funcionalizar nanocarreadores, ou seja, torna-los
dirigidos a um alvo sdo, por exemplo: anticorpos monoclonais, folato, aptameros, peptideos,
transferrina e outras, como exemplificado na figura 4. Estas nanoestruturas com a superficie
modificada podem ter diversas aplicacbes biomédicas, tais como: agdo antitumoral,

diagnostico, acdo terandstica, tratamento de doencgas infecciosas, doengas autoimunes, entre
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outras (KIM E. SAPSFORD, W. RUSS ALGAR, 2013; RAMESHKUMAR; RAMARAJ,
2013; HURST et al., 2016).

Figura 4. Estratégias de funcionalizacéo e direcionamento de nanoparticulas.
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Fonte: Hurst et al, 2016.

Para avaliar ainda se a utilizacdo de uma modificacdo na superficie destes lipossomas
pode trazer beneficios a sua atividade anti-M. tuberculosis, utilizou-se a estratégia da

funcionalizagdo com uma molécula semelhante a um sideréforo.

1.3. Sideroforos
Siderdforos sdo moléculas secretadas pelos microrganismos para promover o uptake de

ferro para o citoplasma, isto porque uma molécula de sideréforos, no ambiente externo, se
complexa com um atomo de ferro, através de interacGes eletrostaticas decorrentes da presenca
de atomos de oxigénio e nitrogénio com pares de elétrons livres e a nuvem eletrénica do
atomo de ferro e, entdo, este complexo é internalizado pela bactéria, sendo que o sideréforos é
reciclado e o ferro cumpre diversas funcdes intracelulares. Os siderdforos sao especificos para
cada género e até para espécies em alguns casos. Em M. tuberculosis os sideréforos
encontrados sdo: carbomicobactina e micobactina (RATLEDGE, 2004; BARRY; BOSHOFF,
2005; LUO; FADEEV; GROVES, 2005; AHMED; HOLMSTROM, 2014).

Na literatura podemos encontrar diversos trabalhos que exploram a conjugacdo de
sideroforos ou moléculas analogas a siderdforos com farmacos como estratégia de
direcionamento, uma analogia usada para esta estratégia ¢ conhecida como “cavalo de troia”

(WENCEWICZ et al., 2009; JI; JUAREZ-HERNANDEZ; MILLER, 2012; JUAREZ-
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HERNANDEZ; FRANZBLAU; MILLER, 2012; JUAREZ-HERNANDEZ; MILLER;
MILLER, 2012; MCMAHON; ZIL; GILAD, 2015); no entanto, o ineditismo de nossa
proposta é a utilizacdo do sideréforo como um direcionador de um lipossoma que carrega um
potente antibiotico.

Outra possivel vantagem de utilizar um nanocarreador € a fagocitose deste pelos
macrofagos, fato ja relatado na literatura, visto que este tipo celular é naturalmente
responsavel pela fagocitose de corpos estranhos e esta intimamente relacionado com a
patogénese de TB (GREF et al., 1994; PROSPERI et al., 2017).

Esta estratégia € chamada de Natural targeting, ou seja, os macrdfagos sdo as células
naturalmente responsaveis pela fagocitose de corpos estranhos, e por este motivo, as
nanoparticulas sdo fagocitadas por estas células, no entanto, como o M. tuberculosis é um
microrganismo capaz de sobreviver dentro dos macrdfagos, é possivel se aproveitar de um
mecanismo imunoldgico de defesa para direcionar um tratamento para o0s bacilos
intracelulares (GREF et al., 1994; PROSPERI et al., 2017).

A figura 5 ilustra a molécula usada para a sintese dos lipossomas funcionalizados

analoga aos sideroforos (Sid).

Figura 5. Acido oleico conjugado a uma molécula capaz de complexar com o 4&tomo de
ferro mimetizando a funcao do sideréforo.

Fonte: autora.

1.4. Moxifloxacino
Sabendo a nanoestrutura que sera empregada no desenvolvimento deste trabalho, que
sdo os lipossomas, € 0 momento de dar destaque ao farmaco que sera encapsulado: a Mox,

cuja estrutura molecular estd apresentada a figura 6, uma 8-metoxi quinolona.
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Figura 6. Estrutura molecular de moxifloxacino da classe das fluoroquinolonas.

OH

I

Fonte: autora.

A Mox é um antibiotico da classe das fluoroquinolonas, que vem ganhando destaque
nos ultimos anos no tratamento anti-TB, embora sua a¢do nédo seja seletiva contra as bactérias
do género Mycobacterium sp., Mox sempre esta presente em ensaios clinicos tanto em
protocolos para tratamento de MDR-TB quanto em propostas de regimes mais breves de
tratamento de cepas sensiveis e os resultados vem demonstrando seu grande potencial para o
tratamento de TB (NATIONAL INSTITUTE OF HEALTH, 2014, 2015a, 2015b).
Possivelmente, daqui a alguns anos, tornando-se um farmaco de primeira escolha para o
tratamento de TB.

Além disso, a resisténcia a Mox faz parte das classificagdes de pré-XDR e XDR-TB,
dada sua importancia no tratamento (WORLD HEALTH ORGANIZATION, 2021)

O mecanismo de acdo da Mox é a inibicdo da enzima DNA gyrase (codificada pelos
genes gyrA e gyrB) e envolvida na replicacdo do DNA, consequentemente, inibindo a divisdo
celular (BRYSKIER, 1993; COLE et al., 1998; DRLICA; MALIK, 2003; MALIK et al.,
2012).

Sabe-se que a Mox tem bons parametros farmacocinéticos, ou seja, baixa
metabolizacdo, alta biodisponibilidade, e conhecer a sua seguranca é uma boa vantagem em
estudar uma nova estratégia de “drug delivery” (STASS; KUBITZA, 1999; DESHPANDE et
al., 2010; GILLESPIE, 2016).

Diante do apresentado, espera-se avaliar se a estratégia de usar um nanocarreador
(lipossoma) contendo Mox traz alguma vantagem terapéutica com potencial para utilizacao
contra TB e ainda avaliar se a funcionalizacdo destes lipossomas com analogos de sideroforos

séo relevantes para a atividade biologica.
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2. Objetivos
2.1. Objetivo geral
Desenvolver lipossomas funcionalizados com sideroforos e contendo moxifloxacino,

caracteriza-los e avaliar o potencial in vitro contra M. tuberculosis.

2.2. Objetivos especificos

e Desenvolver os lipossomas: LipV (lipossoma vazio), LipMox (lipossoma contendo
Mox), LipS (lipossoma vazio e funcionalizado com Sid) e LipSMox (lipossoma
funcionalizado com Sid e contendo Mox);

e Determinar o didmetro hidrodindmico médio (HD), o indice de polidipersividade
(PDI) e Potencial Zeta (ZP) dos lipossomas pela técnica de espalhamento de luz dindmica
(DLS);

¢ Avaliar a estabilidade dos lipossomas armazenado em geladeira por 85 dias via DLS;

¢ Avaliar a estabilidade dos lipossomas na presenca dos meios de cultura utilizados nos
ensaios microbiologicos e de citotoxicidade via DLS;

¢ Avaliar a estabilidade dos lipossomas em pH acido (pH = 1,5) e pH neutro (pH = 7,4)
mimetizando condi¢fes do trato gastrointestinal via DLS;

¢ Avaliar a estabilidade dos lipossomas ap6s exposicdo de 15min a luz ultravioleta (UV)
via DLS;

e Determinar o numero de nanoparticulas por mililitro e a distribuicdo de tamanho das
nanoparticulas pela analise de rastreamento de nanoparticulas (NTA);

¢ Desenvolver e validar um método de cromatografia liquida de alta eficiéncia (HPLC)
para quantificar Mox;

¢ Determinar a eficiéncia de encapsulacéo;

e Determinar o perfil de liberacao;

e Determinar a concentracdo inibitéria minima (MIC) dos lipossomas frente a M.
tuberculosis sob diferentes condi¢cBes (maiores concentracdes de ferro (2x, 5x e 10x em
relagdo a concentracdo tradicional), pH 7,4 e com a adi¢do de 10% de soro fetal bovino
(FBS);

e Determinar a curva de morte bacteriana (time-kill) frente ao antibiotico Mox, LipV,
LipMox, LipS, LipSMox e Sid;
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e Determinar a citotoxicidade dos lipossomas frente a macréfagos murinos (linhagem
J774A.1), fibroblastos pulmonares (linhagem MRC-5) hepatdcitos (linhagem HepG-2) e
células intestinais (Caco-2);

e Determinar o indice de seletividade (IS) dos lipossomas frente as quatro linhagens
celulares;

e Avaliar a genotoxicidade em células hepéticas (HepG-2) pela técnica de deteccdo de
micronucleos;

e Determinar a atividade anti-M. tuberculosis intramacrofagico dos lipossomas;

e Avaliar a interacdo de macrdfagos (J774A.1) com os lipossomas por microscopia

eletronica de transmisséo (TEM) e varredura (SEM).

3. Conclusdes

A presenca do Sid nos lipossomas funcionalizados (LipS e LipSMox) resultou em um
perfil fisico-quimico e bioldgico diferente dos lipossomas ndo funcionalizados (LipV e
LipMox), como por exemplo: a carga superficial (ZP), positivo para LipS e LipSMox e
negativo para LipV e LipMox, e a citotoxicidade (ICsp), em que se notou maior citotoxicidade
para aqueles com o Sid na superficie dos lipossomas.

Entretanto a funcionalizagdo com o Sid ndo mostrou aumento na atividade bioldgica
contra TB in vitro, como observado nos ensaios de determinacdo de MIC em condicdes
padrdo, time-kill e atividade intramacrofagica. Entretanto, vale ressaltar que tanto a Mox livre
qguanto a Mox encapsulada (LipMox e LipSMox) apresentaram excelente atividade contra os
bacilos de M. tuberculosis e até mesmo contra os bacilos intracelulares.

Sendo assim, a possibilidade de um direcionamento ativo (active targeting) dos
lipossomas pela acdo do Sid, nestas condi¢bes de composicdo, estrutura e caracteristicas
fisico-quimicas, parece ndo ser essencial para o bom desempenho dos lipossomas
desenvolvidos, ja que tanto LipMox quanto LipSMox demonstraram potencial excelente e
muito semelhante contra M. tuberculosis.

Por outro lado, quando analisamos a possibilidade de um direcionamento natural
(natural targeting) atraves da acéo fagocitica dos macrdfagos, células de extrema importancia
na patogénese de TB, fica evidente pelas imagens de microscopia eletronica a fagocitose das
particulas lipossomais e, com isso, a relevancia de uma abordagem nanotecnélogica contra M.

tuberculosis, uma vez que o bacilo é capaz de sobreviver dentro dos macréfagos.
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Propomos uma aplicacdo intrapulmonar destas nanoparticulas para o tratamento de TB
in vivo, pois supomos que uma administragdo intrapulmonar combinada a uma liberagédo
controlada de Mox e capacidade de atingir aqueles bacilos intracelulares (através da
fagocitose) é uma estratégia passivel de bons resultados.

O fato de ja existir no mercado um tratamento baseado no mesmo sistema
nanotecnoldgico (lipossomas) e para um tratamento similar (infeccdo pulmonar por
micobactérias), nos encoraja ainda mais a propor uma administracdo intrapulmonar e

exemplifica que ha espaco no mercado para produtos como este.
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1. Introduction
The etiology of tuberculosis (TB) caused mostly by Mycobacterium tuberculosis was

described by Robert Koch more than a century ago, but TB is still one of the most Killer
infectious diseases in the world. In 2019, 10 million fell ill and 1.4 million died of TB
(KOCH, 1882; WORLD HEALTH ORGANIZATION, 2020). In 2020, there was a reduction
in the number of newly diagnosed TB cases from 7.1 million to 5.8 million as a result of the
overload of health systems due to the SARS-COV-2 pandemic (WORLD HEALTH
ORGANIZATION, 2021).

The pathogenesis of TB has some particularities, the main one being the ability of the
bacillus to survive inside of macrophages, the main defense cells of the immune system,
reducing their metabolism to a latent state (PARBHOO; SAMPSON; MOUTON, 2020).

The particular pathogenesis added to the resistance to the available antibiotics that has
been advancing beyond the discovery of new ones, even with more financial resources, makes
the need for new therapeutic strategies urgent, especially aiming at a shorter treatment
regimen and with more patient adherence (WORLD HEALTH ORGANIZATION, 2021).

Nanotechnology is a set of strategies capable of employing different types of materials
that can be applied in the encapsulation of drugs and it can promote pharmacokinetic changes

such as protection against chemical and enzymatic degradation, increased circulation time,
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reduced binding to blood proteins, drug release targeted, sustained release and more
(DANAEI et al., 2018).

Liposomes are one of these nanocarriers and were first described in 1965 by Bangham,
Standish and Watkins during research on the plasma membrane and liposomes are
nanovesicles widely explored in the biomedical field. They are spherical vesicles formed by at
least a double layer of a phospholipid, a hydrophobic compartment and an aqueous core, a
hydrophilic compartment (BANGHAM; STANDISH; WATKINS, 1965, BOZZUTO;
MOLINARI, 2015).

Some molecules can be attached to the surface of nanoparticles in search of greater
specificity in drug delivery and this is called functionalization. These kinds of strategies are
extensively applied in anti-cancer research (KIM E. SAPSFORD, W. RUSS ALGAR, 2013;
RAMESHKUMAR; RAMARAJ, 2013; HURST et al., 2016).

Bacteria need iron for their metabolism, and they secrete siderophores for extracellular
complexation with iron and have superficial receptors to uptake them into the cell. Thus, a
siderophore attached to the nanoparticle surface maybe can promote an active targeting to M.
tuberculosis. The conjugation of siderophores and siderophore analogs (Sid) with drugs is
already described in the literature as a drug delivery strategy against M. tuberculosis and other
bacteria which is called the “Trojan horse” approach, but there are no reports of a Sid
functionalizing nanoparticle for a specific drug delivery (RATLEDGE, 2004; BARRY;
BOSHOFF, 2005; LUO; FADEEV; GROVES, 2005; JI; JUAREZ-HERNANDEZ; MILLER,
2012; JUAREZ-HERNANDEZ; FRANZBLAU; MILLER, 2012).

Moxifloxacin (Mox) was the antibiotic chosen for nanoencapsulation, because it has
excellent pharmacokinetic parameters and is used in the treatment of resistant strains, and
may be a possible first-line treatment in the future, as it is present in several clinical trials
(PAl et al., 2016).

A siderophore analog (Sid) was obtained and conjugated with an oleic acid (OLA)
molecule and this conjugate Sid+OLA was used in the development of liposomes containing
(functionalized) or not Sid and encapsulating Mox, the physicochemical characterizationof the
liposomes were performed and an evaluation of their potential against M. tuberculosis as well
their in vitro safety were evaluated to analyse whether the functionalization of liposomes
under these conditions is relevant to their biological activity and whether the use of these
liposomes can bring benefits to anti-TB therapy. The strategy behind a possible innovative

drug delivery system to treat TB is illustrated in Figure 1.
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Figure 1. Drug delivery strategy based on a siderophore analog functionalized liposome to
treat tuberculosis infection.

Created in BioRender.com biv|

Liposome size = 0.1-0.3um; Mycobacterium tuberculosis bacillus = 2-4 x 0.2-0.5 um and
macrophages = 21-22 pm.

2. Material and methods
2.1.Liposomes’s synthesis
The film-hydration technique was employed and the composition of liposomes was
soybean phosphatidylcholine (180 mg — 10.45 M), cholesterol (45 mg- 5.27 M) e oleic acid
(OLA) (25 mg — 4M) to the empty liposome (LipV) and the liposome containing Mox
(LipMox). For the functionalized liposomes instead of OLA, was used a siderophore analog
(Sid) conjugated with OLA at the same proportion to make the liposomes functionalized with
Sid (LipS) and the liposomes functionalized with Sid and containing Mox (LipSMox). The
Sid+OLA was solubilized in methanol (10 mg/mL).

The lipidic components were solubilized in 13mL of ethylic ether and rotary evaporated
(10 Orpm at 65 °C for 60 min under vacuum pressure of 200 mmHg - IKA RV 10 Control)
and the hydration phase was with 22mL of phosphate buffer saline (PBS) or Mox 0.1 mg/mL
by a sonicator step for 10 min, a vortex agitation step for 1 min and a magnetic stirrer step for
60 min (SBS Stirrer — 300rpm).
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An phase high-pressure homogenizer was applied to size decreased at 1500 bar for 10
minutes in EmulsiFlex-C3, Avestin Inc. as adapted from VVon Zuben et al, 2021 (DE SOUZA
VON ZUBEN et al., 2021). Liposomes were kept in a refrigerator (2-8°C) for up to 30 days.

2.2.Liposomes’s characterization
2.2.1. Dynamic Light Scattering (DLS) and Zeta Potential (ZP)

The liposomes were evaluated using the Nano ZS equipment (Zetasizer®)and the
hydrodynamic diameter (HD) and the polydispersity index (PDI) that represents how
homogeneous the size of the particles in the sample are determined by analyzing the DLS and
the zeta potential (ZP) that represents the interaction electrostatics of the nanoparticle surface
with the medium by the microelectrophoresis technique using the Zetasizer Nano ZS
equipment (WU et al., 2004).

The stability of the liposomes was analyzed after exposure to the culture media used in
biological assays, in the face of pH variations (1.5 for 1h and pH = 7.4 for 24h), stability after
15 min of ultraviolet exposure (decontamination method) and the stability for 85 days under
refrigeration.

For these analyzes, aliquots of the liposomal suspensions (100 uL) were diluted in
Milli-Q water until the volume was 10 mL (dilution 1:100).

2.2.2. Nanoparticles tracking analysis
The nanoparticle tracking analysis (NTA) is based on the theory of Brownian motion
and it analyses the individual movement of particles according to the intensity of the scattered
light (FILIPE; HAWE; JISKOQT, 2010; RIBEIRO et al., 2018). The liposomes were diluted
1:1000 before injection into the NanoSight NS300 (Malvern Pananalytical).

2.2.3. Mox quantification by high-performance liquid chromatography (HPLC)
Mox quantification method was adapted from Ashour and Kattan, 2016 and partial
validation was performed (ANVISA, 2017). Conditions: C18 column, mobile phase: acid
water (acetic acid [99.8%] until pH 3) and methanol (55:45). The rate was 0.8 mL/min, the
injection volume was 20 pL. Device: Infinity 1290 | Agilent Technologies with detection by
ultraviolet (UV) light Diode Array Detector (DAD) (ASHOUR; KATTAN, 2016).
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2.2.4. Encapsulation efficiency (EE)

Ultracentrifugation of 1 mL of was performed liposomes using Amicon®-100 kDa
ultrafiltration filter at 1,000 rpm for 30 min. The filtrate containing the free and non-
encapsulated Mox was diluted and quantified by the HPLC method described. The EE was
calculated by the formula EE (%) = [(Total amount of Mox - Free amount of Mox) / Total
amount of Mox] x 100 (DE SOUZA VON ZUBEN et al., 2021).

2.2.5. Release profile (RP)

Before performing the assay, the sink concentration of Mox in PBS (pH = 7.4) was
determined. The supernatant was collected from a saturated solution of Mox, which was
filtered and quantified on HPLC (SAARINEN-SAVOLAINEN et al., 1997).

Liposomes (1mL) were packaged in dialysis bags (molecular weight cut off 10 kDa,-
Thermo Fisher Scientific) which were submerged in 25 mL of PBS. The flasks were kept at
37° with slow agitation. At time intervals, 100 pL of PBS was collected and the same volume
was replaced. Aliquots were quantified on HPLC as described in 2.2.3 (HUA, 2014).

The mathematical models of release kinetic: Baker and Lonsdale (Zero order); Korsmeyer-
Peppas; Hixon and Crowell; Higuchi and First-order were analyzed to find the best match
with Mox, LipMox and LipSMox results (KALAM et al., 2007; LARACUENTE; YU;
MCHUGH, 2020).

2.2.6. Transmission electronic microscopy (TEM)

The size and morphology of nanoparticles were characterized using a transmission
electron microscope - TEM (JEOL 1011, Tokyo, Japan) operated at an accelerating voltage of
100 kV. Samples were prepared by placing a drop of the sample (5 pL) using a 400-mesh
copper grid coated with formvar film, and then it was air-dried, following contrast
enhancement with osmium tetroxide vapor. Grids were kept at room temperature until

analysis.

2.3. In vitro anti-M. tuberculosis activity and safety
2.3.1. Minimal inhibitory concentrations against Mycobacterium tuberculosis
The laboratorial and antibiotic susceptible strain of Mycobacterium tuberculosis Hz7Rv
(ATCC 27294) was cultivated in Middlebrook® 7H9 medium with 10% OACD homemade
(oleic acid, albumin, catalase and dextrose). Activity against M. tuberculosis was determined

under standard conditions and in the presence of modified media. The regular conditions of
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7H9 medium are 0.04 mg/mL of ferric ammonium citrate (1x [Fe]) and pH 6.6. The
modifications were increasing the iron concentration to 2x, 5x and 10x (added as ferric
ammonium citrate, same salt present in the commercial medium), pH 7.4 (adjusted with
sodium hydroxide 0.1 M) and addition 10% SFB (presence of iron complexed with ferritin
(KAKUTA et al., 1997)).

Briefly, the samples were diluted 0.10 — 25 % or pg/mL (100 pL) in a 96-wells plate
and then the mycobacterial inoculum (~10° Colony-forming unit [CFU]/mL) was added (100
pL). The plate was incubated for seven days (37°C and 5% CO,). After that, the resazurin
solution was added (30 pL — 0.01%) and after one more day, the fluorescence was read
(530/590 nm). Based on an untreated control it was possible to determine the concentration
with 90% of growth inhibition, the minimal inhibitory concentration (MIC) (PALOMINO et
al., 2002; CAMPOS et al., 2019).

2.3.2. Time-kill

The M. tuberculosis inoculum (50 mL - 10° CFU/mL) in 7H9 medium supplemented
with 10% OADC was placed in a 125mL Erlenmeyer flask. One of these flasks received no
treatment, being the positive control of mycobacterial growth, while the others received Mox,
LipV, LipMox, LipS, LipSMox, or Sid. On days 1, 3, 6, 9 and 12, aliquots (100uL) were
taken, serially diluted and plated on 7H11 solid media plates with 10% OADC. The plates
were incubated at 37°C and 5% CO, for colony growth. After 4 to 6 weeks, the colonies were
counted and the results were plotted in a graph of Log;o CFU/mL according to time. The
bactericidal effect is considered a 3 Logip CFU/mL reduction (99.9%) otherwise it is
considered a bacteriostatic effect (STEENWINKEL et al., 2010).

2.3.3. Cytotoxicity and selectivity
The cells used were macrophages (J774A.1), pulmonary fibroblasts (MRC-5),
hepatocytes (HepG-2) and intestinal cells (Caco-2) according to the method previously
described (SILVA et al., 2017) to determine the cytotoxicity index (ICsp), the concentration
with 50% of cell viability. Selective index (SI) was calculated by the ratio of MIC and ICs
and their values higher than 10 indicate potential as a possible treatment (EKINS et al., 2013).

2.3.4. Genotoxicity by micronucleus (MN) analysis
In 6-wells plates, HepG-2 cells were seeded (2.5x10° cells/mL). After 24h hours, the
treatments were added in non-toxic concentration (previous determinate): LipV, LipS,
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LipMox and LipSMox at 10% (v/v), Mox at 100 pug/mL, H,0, 1mM as a positive control (for
four minutes) and an untreated control. After 24h, the treatments were washout and
cytochalasin B (5mg/mL) was added for 48h to prevent cytokinesis (cell separation after
mitosis).

The cells were labeled with the fluorophore Hoechst 33342 and the images were taken
by Axiocan 503 color microscope and Zen image D2 software.

Based on the images, it was calculated the nuclear division index (NDI) in 500 viable
calls to determine the frequency of cells with 1, 2, 3 or 4 nuclei and calculate the NDI using
the following formula: NDI = (M1 + 2M2 + 3M3 + 4M4) / N, where M1 — M4 represents the
number of cells with 1-4 nuclei and N is the total number of viable cells scored, excluding
necrotic and apoptotic cells. Acceptable NDI should be between 1.3 and 2.2, the percentage of
the binuclear cells should be between 30 and 60% and MNs were counted in 1000 binuclear
cells (FENECH, 2007; SILVA et al., 2017). The experiments were done three independent

times.

2.3.5. Intramacrophagic activity

The macrophages were cultivated and then seeded (5x10° cell/mL) in a 24-well plate,
after 24 hours (37°C and 5% CO,) the mycobacterial suspension (1x10° CFU/mL) was added
for phagocytosis for 2 hours. The extracellular bacilli were gently removed by three washes
with PBS. The treatments were added at non-toxic concentrations (previously determined)
and stayed in contact with the infected cell for 72h as adapted from Solcia et al, 2021
(SOLCIA et al., 2021).

The cells were lysates with triton 0.1%, diluted and seeded on agar-plates (7H11 plus
10% OADC). After approximately four weeks, the CFU were counted and the Logio CFU/mL

graph was elaborated.

2.3.6. TEM of macrophages and liposomes

The macrophages were seeded (5x10° cell/mL) in coverslips sterile and previously
treated with poly-L-lysine in a 12-wells plate. After 24h, the liposomes (25% [v/v]) were
placed in the wells for 2h. Then, cells were fixed with Karnovsky fixative and post-fixed with
1% osmium tetroxide containing potassium ferricyanide for 1 h at room temperature. Samples
were dehydrated in grading acetone (30-100%) and embedded in Epon resin. Ultrathin
sections were stained with 5% uranyl acetate. Micrographs were performed using a TEM
(JEOL 1011, Tokyo, Japan) at an accelerating voltage of 80 kV.
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2.3.7. Scanning electronic microscopy (SEM) of macrophages and liposomes
Cells already treated with 25% (v/v) of liposomes (2h) were seeded in coverslips and
were fixed using Karnovsky fixative overnight. Cells were washed with cacodylate buffer
(0,2M), post-fixed with osmium tetroxide and dehydrated using graded acetone (30-100%).
Then, they were critical-point-dried (Balzers, CPD 030, Germany) from liquid CO, and gold-
sputtered. The cell morphology was observed using SEM (Jeol, JSM-7001F).

2.4.Statistical analysis

The results presented were the mean and standard deviation of two or three independent
experiments and these results were calculated by the Prism5 GraphPad software, which was
also used to prepare the graphs presented in this report and for the statistical analyses.

The statistical analysis used on the stability results of the liposomes in the refrigerator
for 85 days was One-way ANOVA with Tukey's post-test (p<0.05) always considering day 1
of the respective sample.

For the results of intramacrophage activity, the MN and NDI of the genotoxicity
analysis and the comparison of the MIC in the different media, the One-way ANOVA

analysis with Newman-Keuls post-test was used (p<0.05).

3. Results and discussion
3.1.Liposome’s development and characterization

DLS analysis determines hydrodynamic diameter (HD) which represents the average
particle size; the polydispersity index (PDI) which represents the particle size homogeneity
and the zeta potential (ZP) which is the electrostatic interaction of the liposome surface with
the liquid it is in, in this case it is deionized water, and therefore we generalize as surface
charge.

To assess the stability of the liposomes in the presence of the culture media, a 1: 2
dilution of the liposomes was made in the respective culture media (500uL of liposome +
500 of culture medium) and this mixture was stored in an oven at 37°C for 7 days for the
medium used in the microbiological tests (Medium 7H9 + 10% OADC [oleic acid, albumin,
catalase and dextrose]) and for 24h for the medium used in the cytotoxicity test (Medium
RPMI + 10% fetal bovine serum (FBS), DMEM medium + 10% FBS and DMEM high
glucose medium (DMEM HG) + 20% FBS), mimicking the period of biological experiments.
After the incubation period, 200uL of this mixture was diluted in Milli-Q water until the
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volume was 10mL and the analysis was performed to determine DHM, PDI and PZ and the
results are in Table 1.

Likewise, it was done to assess the stability of liposomes at acid pH (0.1M
hydrochloric acid solution - pH = 1.5 for 1h) and neutral pH (PBS - pH = 7.4 for 24h), which
mimic the pH and the time that the substances spend, after oral intake, in the stomach and
intestinal environment, respectively (KELLUM, 2000; HOLZER, 2007) and table 2 present
the results.

Ultraviolet light, especially type C, between 200 and 280 nm has a germicidal action
(DAL et al., 2012), and, for this reason, it was used to decontaminate liposomal formulations
for use in biological tests. As the culture media used in these tests are very rich in nutrients,
some decontamination method needed to be used to avoid contamination of the tests with
environmental microorganisms, since the liposomes are prepared aseptically, but they are not
steril. As table 3 showed the HD, PDI and ZP were not altered after exposure to ultraviolet
light.

It is known that liposomes are phagocyted from the circulatory system by cells and
tissues and that plasma proteins play an important role in this process. Albumin is one of the
proteins most associated with interaction with liposomes in the circulatory system, as
described by Semple et al 1998(SEMPLE; CHONN; CULLIS, 1998). Albumin is present in
the mycobacterial culture medium 7H9 + 10% OADC and in the SFB of cell culture media
and this interaction can explain the changes in HD, PDI and ZP observed.

Changes in ZP have already been reported as a result of the modification of the pH
divided by the protonation of the phospholipids used in the synthesis of liposomes, and
therefore the interaction between the particles can also be altered resulting in modifications of
HD and PDI as wel[SULKOWSKI et al., 2005; ROY et al., 2016).

The stability of LipMox and LipSMox for 85 days analyzed by DLS is presented in
figure 2. The LipV and LipS followed the same pattern (data not shown) of LipMox and
LipSMox, respectively.
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Table 1. Analysis by the dynamic light scattering technique of liposomes after contact with
the culture media of biological assays.

Normal 7H9 + RPMI + DMEM DMEM HG
condition 10%0OADC 109%SFB +10% SFB + 20% SFB
HD 97.940.7 256.8+7.9 275.5+4.3 292.3+16.9 317.1+155
PDI 0.166+0.005 0.494+0.004 0.463+0.018 0.453+0.025 0.575+0.086
LipV
% 98.63% 96.9% 79.03% 88.97% 71.67%
ZP -42.3+0.7 -36.8+2.1 -67.3+0.4 -57.0+1.6 -57.3+0.9
HD 151.1+6.2 190.3+1.2 408.7+6.4 460.948.1 406.0+7.4
PDI 0.196+0.022 0.303+0.026 0.481+0.022 0.528+0.015 0.487+0.024
LipMox
% 98.03% 94.4% 72.47% 77.50% 85.00%
ZP -41.6+0.4 -40.5+4.2 -64.9+1.0 -60.9+0.7 -59.5+1.1
HD 246.8+4.9 200.2+0.3 130.7+1.5 167.7+3.4 141.7+6.7
PDI 0.333+0.022 0.349+0.005 0.375+0.013 0.632+0.026 0.537+0.028
LipS
% 97.40% 91.8% 75.3% 69.97% 71.4%
ZP 15.3+0.6 -24.8+1.1 -30.1+1.37 -30.7+1.4 -27.6+0.4
HD 126.1+0.2 131.2+1.3 134.6+4.0 134.8+4.4 138.7+6.7
PDI 0.162+0.006 0.277+0.009 0.502+0.018 0.498+0.013 0.559+0.046
LipSMox
% 99.07% 93.7% 70.4% 78.73% 67.4%
ZP 13.7+0.8 -20.4+1.1 -23.9+0.7 -31.1+1.1 -26.6+0.3

HD = hydrodynamic diameter (nm); PDI = polydispersity index; ZP = zeta potential (mV); %
= how much of the sample is in this HD and PDI range; 7H9 = culture medium for
Mycobacterium tuberculosis; OADC = supplement for the culture medium of mycobacteria
based on oleic acid, albumin, dextrose, and catalase; RPMI = “Roswell Park Memorial
Institute” medium for cell culture; DMEM = “Dulbecco's Modified Eagle Medium” for cell
culture; FBS = fetal bovine serum.



Table 2. Analysis by the dynamic light scattering technique of liposomes after pH variation

Normal condition After lhatpH 1.5 After 24h at pH 7,4

HD 97.9+0.7 326.419.0 209.5+5.6
PDI 0.166+0.005 0.416+0.064 0.232+0.004
LipVv
% 98.63% 95.13% 96.63'%
ZP -42.3+0.7 -26.4+2.1 -50.5+0.1
HD 151.1+6.2 293.3+57.1 335.7+14.6
PDI 0.196+0.022 0.635+0.070 0.392+0.028
LipMox
% 98.03% 100% 84.23%
ZP -41.6+0.4 -29.4+0,3 -50.5+1.1
HD 246.8+4.9 163.2+14.3 120.8+4.0
PDI 0.3331£0.022 0.537£0.006 0.347+0.043
LipS
% 97.40% 71.23% 85.63%
ZP 15.3+0.6 -8.6£1.7 -12.5+£0.5
HD 126,1+0,2 138,2+7,8 114,94+3,8
PDI 0,162+0,006 0,510+0,036 0,372+0,038
LipSMox
% 99,07% 69,70% 83,73%
ZP 13,7+0,8 -6,9+0,4 -9,0+0,4

HD = hydrodynamic diameter (nm); PDI = polydispersity index; ZP = zeta potential (mV); %
= how much of the sample is in this HD and PDI range.

39
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Table 3. Analysis by the dynamic light scattering technique of liposomes after 15 minutes of
exposure to ultraviolet light. Ultraviolet light was used for decontamination of liposomes
before biological tests.

LipV LipMox LipS LipSMox
HD (nm) 94.26+1.0 236.4+10.8 124.6+4.4 133.1+3.1
PDI 0.195+0.01 0.329+0.04 0.329+0.03 0.390+0.04
ZP (mV) -43.3+0.75 -46.1+1.19 16.3+0.50 18.0+0.35
% 97.2% 95.1% 85.13% 77.2%

HD = hydrodynamic diameter (nm); PDI = polydispersity index; ZP = zeta potential (mV); %
= how much of the sample is in this HD and PDI range

Figure 2. Evaluation of the stability of the hydrodynamic diameter, polydispersity index and
zeta potential of LipMox and LipSMox for 85 days under refrigeration.
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A. Hydrodynamic diameter (nm) is determined by the dynamic light scattering (DLS)
technique and represents the average particle size. B. Polydispersity index represents the
homogeneity of the samples detemined by DLS analisys and must be below 0.7 (red line) but
preferentially below 0.5. C. Zeta potential (mV) refers to the interaction between the surface
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of the liposomal particles and the solution. LipMox = liposome containing moxifloxacin;
LipSMox = liposome functionalized with a siderophore analog and containing moxifloxacin.
* = significantly different compared to day 1 (p<0.05), according to the analysis: One-way
ANOVA with Tukey's post-test by the Prism5 software.

Statistical analyzes of the stability based on the DLS results were performed concerning
day 1 of the respective sample, except for the PDI analysis, since the recommended in the
literature is PDI less than 0.700, as represented in the graph by a red line (DANAEI et al.,
2018).

The HD, PDI and ZP of LipV, LipMox, LipS and LipSMox after exposure to the culture
media used in biological assays, after 15 min of exposure to ultraviolet light and after the
challenge of pH variations are in the supplemental material.

The NTA analysis showed a concentration of ~10* particles/mL for the four liposomes
analyzed. NTA also shows the average size and the most frequent of size, as it is called mode.

The results are shown in table 4 and Figure 3.

Table 4. Particle concentration per milliliter (mean + standard deviation), average size and
mode (the most frequent value) determined by the nanoparticle tracking analysis technique.

Sample Concentration (particles/smL) Size (nm) Mode (nm)

LipV 4.44x10™ + 9.58x10° 2475+4.7 148.9+3.2
LipMox 8.08x10™ + 2.12x10" 231.9+3.8 164.5+7.7
LipS 3.55x10" + 7.55x10° 393.1+1.9 390.4+3.8

LipSMox 1.45x10™ + 2.09x10° 329.6%5.9 211.9+43.9
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Figure 3. Concentration of LipV, LipMox, LipS and LipSMox particles according with the

size (nm).
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The TEM images of the liposomes were evaluated to confirming the size of the particles
and their morphology. The results are shown in figure 4 and confirmed the size around 200nm

and a spherical morphology, expected to liposomes.
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Figure 4. Images of the liposomes: LipS (A); LipSMox (B); LipV (C) and LipMox (D)
obtained by transmission electronic microscopy (10,000 times magnification).
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The size of liposomes determined by NTA (LipSMox = ~ 330nm average and LipMox
= ~230nm average) was a little higher than the values found by DLS analysis (LipSMox = ~
200nm average and LipMox = ~130nm average). Some difference was also observed by the
TEM images (Size ~200nm) which is perfectly acceptable since we are talking about different
and complementary methods.

About the liposomes characterization, the ZP values close to -30 and 30 mV are ideal, as
they promote greater stability of the nanoparticles, preventing them from aggregating and,
consequently, modifying the HD and PDI of the entire formulation (JOSEPH; SINGHVI,
2019; SAMIMI et al., 2019). The ZP results showed LipV and LipMox (approximately -
40mV) (~50 days) more stable than LipS and LipSMox (approximately +15mV) (~30 days).

The mycobacteria have a negative surface charge, the ZP values found were: -29.7mV for
M. smegmatis; -22.6mV for M. tuberculosis and -28.1mV for M. bovis due to the presence of
mycolic acids on the cell wall surface (NIKAIDO, 2001; AYALA-TORRES et al., 2014),
besides that was not relevant in biological activity of LipV and LipMox or LipS and
LipSMox.
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Farzaneh et al evaluated the influence of cholesterol (38.3mM) combined with four
different types of phosphatidylcholines (PC) (distearoyl PC, dipalmitoyl PC, dimyristoyl PC
and egg FP) and the DLS analysis of the synthesized liposomes revealed that addition of
cholesterol to the liposomal formulation increased the liposomes’s particle size stability
(FARZANEH et al., 2018). All liposomes formulation of this project has more than 30 days
of stability in DLS parameters and the cholesterol could have some responsibility for it even
in a smaller concentration.

For LipMox and LipSMox, whose COL concentration is 5.27, the DHM was between
194-259 and 121-154 nm, respectively, and, despite some instability, even after 85 days, the
DHM was not statistically different from the first day.

The presence of cholesterol also favored the release of the drug studied, doxorubicin
whose LogP is 1.18, as cholesterol reduced the hydrophobicity of the lipid bilayer and
facilitates the transit of hydrophilic molecules, such as doxorubicin (FARZANEH et al.,
2018). The MOX antibiotic is also a hydrophilic drug, LogP 1.48 and may benefit from this
same mechanism (UNITED STATES - ENVIRONMENTAL PROTECTION AGENCY,
2020).

About the NTA, it is possible to note that LipMox and LipSMox presented a wider base in
size distribution curve and more peaks, which is due to the drug nanoencapsulation process
(supplementary material). It is known that Mox is a hydrophilic drug (QIAO et al., 2019) and,
therefore, its accumulation occurs preferentially in the internal compartment of the liposomes,
thus a greater heterogeneity of particle sizes is expected when the drug is present as well we
can see in PDI values of the DLS analysis.

To determine EE and RP, it was necessary a quantification method of Mox, so it was
developed and validated a quantification method in HPLC.

The UV detection wavelength (1) was 296 nm in the HPLC method. The HPLC method
was selective for Mox. The precision and accuracy found were: 2.5% and 101.10 and the
detection and quantification limits were calculated and the values were 0.45 pg/mL and 1.35
pg/mL respectively.

A Mox detection chromatogram (10 pg/mL) is illustrated in Figure 5 and the retention

time was 2.471 minutes.
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Figure 5. Moxifloxacin detection chromatogram by high performance liquid chromatography
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The Mox EE was 51.31 + 13.89% to LipMox and 45.76 = 9.67% to LipSMox.
The sink concentration of Mox in PBS was 4,183.75 pg/mL and that was expected
because of its hydrophilicity. The RP is shown in figure 6.

Figure 6. Cumulative release of the moxifloxacin (Mox — 100 pug/mL) free and encapsulated
by a liposome (LipMox- 100 pg/mL) and a siderophore-functionalized liposome (LipSMox -
100 pg/mL) in 24 hours.
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The RP pattern was analyzed comparatively with the Baker and Lonsdale (Zero order),
Peppas, Hixon and Crowell, Higuchi and First Order’s models and the result are presented at
Table 5. The highest R? indicates the best match and it was the Korsmeyer-Peppas model for

both liposomes: LipMox and LipSMox.

Table 5. Parameters k, R? and n were analyzed to determine the best release patterns model to
LipMox and LipSMox.

LipMox LipSMox
Kk R? n K R? n
Baker and Lonsdale (Zero order) 0,008 0 0,028 0
Korsmeyer-Peppas 44,67 0,720 0,129 60,23 0,493 0,104
Hixon and Crowell 0,021 O 0,060 O
Higuchi 16,86 0 2123 O
First Order 0,09 0 1,13 0

The release profile followed the mathematical model proposed by Korsmeyer-Peppas,
which is very common to liposomes (SIEPMANN; SIEPMANN, 2008; WU et al., 2019;
SINGH; PILANI, 2021).

The liposome’s characterization results showed no restriction to a biological application.
The first analysis was the anti-M. tuberculosis activity by MIC determination and time-kill
followed by the analysis of the interaction between the liposomes and mammalian cells.

3.2.Biological activity

The anti-M. tuberculosis activity of Mox, LipV, LipMox, LipS, LipSMox and Sid are
presented in table 6 (MIC).

Regarding the MIC values under different [Fe], the excessive increase of [Fe] led to a
mycobacterial resistance to liposomes and even Mox, for example, LipMox at 5x[Fe] showed
a MIC >25%, LipSMox maintained its activity up to 10x[Fe ] (MIC 5%-~). These results may
indicate that Fe is indeed complexed by Sid from the LipSMox surface and is less available in
the medium, not interfering as prominently with MIC.

During the execution of these assays, it was observed that with the increase of [Fe] in the

culture medium, the liposomes functionalized with Sid showed a color change, becoming
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more reddish and this also corroborates the hypothesis that the Sid on the surface of the

liposomes is complexing with the Fe from the medium.

Table 6. Minimal inhibitory concentration Mycobacterium tuberculosis Hsz;Rv of the
liposomes (%), siderophore (Sid - pg/mL) and moxifloxacin (Mox - pug/mL) in a regular and
modified culture media.

1x [Fe] 10% de
2x [Fe] 5x [Fe] 10x [Fe] pH 7,4
pH 6,6 SFB
LipV >25" >25" >25" >25" >25" >25
LipMox  0.69+0.18  0.36x0.01 >25% " >25%# 0.34+0.15  0.57+0.14

LipS 11.79+0.16  7.69+1.76* 9.13+3.17 13.48+4.80 10.63+0.31* >25*
LipSMox  0.32+0.15 0.27+£0.06  0.43+0.09* 5.63+0.20*  0.29+0.12 0.34+0.01
Sid >25 >25 >25 >25 >25 >25

Mox 0.21+0.01 0.22+0.03 0.22+0.02 >1 0.16+0.04 0.33+0.10

FBS = fetal bovine serum; LipMox = Liposome containing Mox; LipV = empty liposome;
LipS = empty liposome functionalized with a siderophore analogue (Sid); LipSMox =
liposome Sid-functionalized and containing Mox. Results are the average + standard
deviation. * = significantly different from the commercial medium (1x [Fe] - 0.04 mg/mL of
ferric ammonium citrate - and pH 6.6) and # = significantly different from respective
functionalized liposome (LipV compared to LipS and LipMox compared to LipSMox) under
the same condition, according to the One-way ANOVA analysis with Newman-Keuls post-
test using Prism5 software (p<0.05).

Fe is essential for M. tuberculosis to survive inside macrophages because the [Fe]
internally is low (1-10 ng/mL) and this metal is also related to the virulence of the bacillus
(RATLEDGE, 2004).

LipS presented a MIC between 7 and 13%, except for the condition with the presence of
FBS (MIC>25%), while LipV has a MIC>25% for all conditions and the only difference
between them is the presence of the Sid on the surface of the LipS. It is known that FBS is a
source of Fe, but complexed with the ferritin protein (KAKUTA et al., 1997). It can be
assumed that the lack of free Fe would be the reason for this LipS’s lack of antimycobacterial
activity.

The Mox antibiotic acts by DNA gyrase enzyme inhibition that is involved in the process
of DNA replication (BRYSKIER, 1993; COLE et al.,, 1998; DRLICA; MALIK, 2003,
MALIK et al., 2012) and probably in face of a stressful condition (like 10x[Fe]) is a less
available target.

Other nanoparticles containing Mox have already been reported in the literature for
several applications and in general, the results are promising (GADAD et al., 2012;
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KASKOQS, 2014; MAHOR et al., 2016; YURTDAS-KIRIMIOGLU et al., 2018; QIAO et
al., 2019)

Kisich, et al 2007 synthesized and characterized polymeric nanoparticles (poly [butyl
cyanoacrylate] - PBCA) containing Mox and evaluated their potential against M. tuberculosis.
The results showed that free Mox inhibited M. tuberculosis a little more efficiently than when
encapsulated, since there is one more barrier to be overcome by the drug molecules (KISICH
et al., 2007). This corroborates with the findings in this work, as the MIC of free Mox (MIC =
0.21 pg/mL) is lower when nanoencapsulated by LipMox (MIC = 0.69 pg/mL) or LipSMox
(MIC = 0.32 pg/mL). Note that LipMox and LipSMox encapsulated 100 pg/mL of Mox, so
the concentration was presented in % (v/v) is equivalent to free Mox.

The time-kill of M. tuberculosis in face of Sid, Mox, LipV, LipMox, LipS or LipSMox are
presented in figure 7.

Figure 7. Time-kill of Mycobacterium tuberculosis (Hs;Rv) in presence of Mox, LipV,
LipMox, LipS, LipSMox, or Sid for 12 days.
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Mox = moxifloxacin; Sid = siderophore analogue; LipMox = Liposome containing Mox;
LipV = empty liposome; LipS = empty Sid-functionalized liposome; LipSMox = Sid-
functionalized liposome and containing Mox. Results are the average + standard deviation of
three independent assays.
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According to Steenwinkel et al., 2010, a bactericidal effect is the reduction of 3 Logo
CFU/mL (99,9%) of the initial inoculum and this result was observed only with LipMox 1%
(Day 9) and Mox 1pg/mL (Day 12). LipV, LipS and Sid under these conditions were not
active against M. tuberculosis which is corroborating with the MIC results once LipV and Sid
presented MIC > 25 (% and pg/mL, respectively) and LipS presented MIC of 11,79%
(STEENWINKEL et al., 2010).

The time-Kkill results showed no difference in the profile of Mox, LipMox and LipSMox
regarding bactericidal or bacteriostatic effect and what mattered was the concentration of free
or encapsulated Mox.

The next step evaluated was the in vitro safety of Mox, Sid and the liposomes. The
calculation of the IS (ICs/MIC) aims to determine if a sample can eliminate M. tuberculosis
without causing cell damage and that means the higher IS is better and the results are
presented in table 7 (EKINS et al., 2013).

Table 7. Minimal inhibitory concentration (MIC) Mycobacterium tuberculosis Hz7Rv (Mtb),
the cytotoxicity index (ICsp) against four cell lines and the selective index (SI=ICso/MIC) of
the liposomes (%), siderophore (Sid - pg/mL) and moxifloxacin (Mox -pg/mL).

Mt Macrophages Fibroblasts Hepatic cells  Intestinal cells

(J774A.1) (MRC-5) (HepG2) (Caco-2)

MIC 1Cs Sl 1Cs Si 1Cs Sl 1Cs Sl

LipV >25 21.05 >0.84 1931 >0.77 >25 >1 24.95 >1

LipS 11.79 4.2 0.36 >25 >2.12 >25 >2.12 2.33 0.20
LipMox 0.69 23.12  33.46 1835  26.56 12.67 18.33 1534 2220
LipSMox 0.32 4.29 13.31 3.54 10.99 >25 77.49 1.55 4.81

Mox 0.21 >200 938.27 >200 938.27 >200 938.27 109.42 51331

Sid >25 46.13 >1.84 >50 >2 >50 >2 >50 >2

Mox = moxifloxacin; Sid = siderophore analogue; LipMox = Liposome containing Mox;
LipV = empty liposome; LipS = empty Sid-functionalized liposome; LipSMox = Sid-
functionalized liposome and containing Mox. Results are the average + standard deviation of
three independent assays. The concentration of Mox free or encapsulated are equivalent since
the entrapped concentration was 100 pg/mL.

Mox and Sid did not show cytotoxicity against the cell lines evaluated. Mox's SI was
undoubtedly high due to the low MIC against M. tuberculosis and on the other hand, Sid's Sl

was not so good as the MIC was not meaningful.
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It is necessary to highlight the heterogeneity of the results in the different cell lines and
evidence how important was this careful selection.

LipS (ICso = 2.33 % to Caco-2) and LipSMox (1.55% to Caco-2) presented an ICs
lower than LipV (19.31% to MRC-5) and LipMox (12.67% to HepG-2), which could be
explained by the Fe complexation and lack of enough Fe for the cell metabolism.

Souza et al 2010 evaluated the cytotoxicity of liposomes composed of synthesized with
soybean phosphatidylcholine and cholesterol (HD and PDI approximately 130 nm and 0.300
respectively) against macrophages (J774A.1 cell line) and also didn’t observe toxicity in the
analyzed conditions, corroborating with our findings (SOUZA et al., 2010).

Naturally, cytotoxicity and genotoxicity are warning signs, but in a scenario of severe
infection and if anti-M. tuberculosis in vivo is relevant, these results are still relevant. Toxicity
can be assessed in several ways; cytotoxicity is just one of them and basically determines cell
viability. Another thing to be evaluated is the genotoxicity and the method chosen was the

MN detection and the results are presented in table 8.

Table 8. Genotoxicity of Mox, LipV, LipMox, LipS and LipSMox by the micronucleus
analysis in hepatic cells (HepG-2 cell line): nuclear division index (NDI) and micronucleus
counting in 1000 binuclear cells.

Treatment NDI Micronucleus
Damage control - H,0, (1 mM) 1.39 + 0.06* 17.31 £ 7.74*
Untreated control 1.74 £0.02 1.60 £1.07
Mox — 100 pg/mL 1.49 + 0.03* 5.32+4.40
LipV —10% 1.45+0.07* 5.65 £ 3.77
LipMox — 10% 1.51 +0.08* 1.88 +0.49
LipS — 10% 1.42 +0.04* 28.26 £ 7.87*
LipSMox — 10% 1.43 +0.01* 23.74 £ 7.17*

Mox = Moxifloxacin; LipMox = Liposome containing Mox; LipV = empty liposome; LipS =

empty functionalized with a siderophore analogue (Sid) liposome; LipSMox

functionalized liposome and containing Mox. Results are the average + standard deviation of
three independent assays. * Significantly different from untreated control according to One-
way ANOVA test and Tukey’s post-test (p<0,05).

As mentioned, the NDI must be between 1.3 and 2.2 and all samples got this
requirement. The lowest MN counting is the best result, as the untreated control (FENECH,
2007). The LipS and LipSMox showed more MN presence than H,O, (1mM), but H,O,

stayed in touch with the cell for just four minutes, but the liposomes stayed for 24 hours.
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The MN originate from entire chromosomes or chromosomal fragments that fall behind
in anaphase during nuclear division. They are smaller and present a diameter up to 1/3 of the
main nucleus. The MN assay has international validation and applies to any nucleated cell
type, being one of the best-established cytogenetic tests to assess genotoxicity (FENECH,
2007; GRANDIS, 2016; SILVA et al., 2017; GUO et al., 2020).

We observed the LipSMox and LipS more genotoxic than LipMox and LipV, which
could be considered a disadvantage of functionalization with Sid. SHAH et al., 2013, showed
that there is a strong correlation between MN formation and the surface charge of
nanoparticles, measure by ZP, and they concluded that nanocarriers with positive surface
charges induced MN formation and could also have toxic effects (SHAH et al., 2013).

This suggestion supports our findings because LipS and LipSMox had positive ZP
values, the 1Cso were lower and more MN were detected. LipV and LipMox besides that
presented a negative superficial charge, compatible with their composition, and the 1Csy and
MN results were better compared with LipS and LipSMox in general.

The next assessment was the intracellular action of the liposomes. The intracellular
bacilli count after 72h of treatment with Mox, Sid, LipV, LipMox, LipS and LipSMox is
presented in figure 8. The concentrations tested respect a non-toxic concentration to
macrophages at the same time of this experiment (data not showed).

Figure 8. Anti-M. tuberculosis intracellular (macrophages — J774A.1 cell line) activity of

liposomes (LipV, LipMox, LipS and LipSMox), moxifloxacin (Mox) and the siderophore
analogue (Sid) (ug/mL).
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LipMox = Liposome containing Mox; LipV = empty liposome; LipS = empty functionalized
with Sid liposome; LipSMox = Sid-functionalized liposome and containing Mox. *

Statistically different than untreated control according to one-way ANOVA with Dunnett's
post-test (p<0.05).
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The drop of 1 LogioUFC/mL means a 90% reduction of the mycobacterial inoculum

compared to the untreated control, 2 Log;oUFC/mL reduction means 99%, and so on.

It is worth mentioning that LipSMox and LipSMox could not be evaluated at higher
concentrations due to their cytotoxicity, which was previously evaluated.

Pienaar et al 2017, investigating which drug of the fluoroquinolone class (Mox,
levofloxacin or gatifloxacin) would have the best effect against M. tuberculosis, observed,
under the conditions analyzed, that Mox sterilizes intramacrophagic bacilli faster than
levofloxacin or gatifloxacin, which corroborates the findings once Mox at 5pg/mL eliminated
98.26% of intramacrophage M. tuberculosis (PIENAAR et al., 2017).

Kisich et al 2007, shows that when macrophages infected with M. tuberculosis were
challenged with free or nanoencapsulated Mox (polymeric nanoparticles made of poly [butyl
cyanoacrylate] - PBCA), the concentration required to reduce 99.9% of intracellular
mycobacteria was significantly lower for nanoencapsulated Mox (KISICH et al., 2007).

Clemens et al 2012, using mesoporous silica nanoparticles (MSNP) for drug delivery
of RFP and an MSNP functionalized with a pH-responsive cyclodextrin system and carrying
INH, against macrophages (THP-1 strain) infected with M. tuberculosis, observed that the
nanoparticles promoted a greater reduction of intracellular M. tuberculosis (CLEMENS et al.,
2012).

Differently from our results that show an equivalent activity between free Mox,
LipMox and LipSMox when in equivalent conditions.

The evaluation by transmission and scanning electron microscopy clearly showed the
interaction between macrophages and liposomes, including the phagocytosis of the liposome
particles at different stages, and these results support our natural targeting hypothesis.

Kisich et al 2007 and Clemens et al 2012 in agreement observed an accumulation of
their nanoparticles within macrophages by confocal fluorescence microscopy (KISICH et al.,
2007; CLEMENS et al., 2012)

In figures 9-18 it is possible to observe the liposomal vesicles on the macrophages and
the interaction between them. This interaction can withstand processing that includes several
washing steps. The indication of liposomal vesicles with arrows in the figures was based on

their morphology and size.
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Figure 9. Scanning electronic microscopy with the interaction of macrophages (J774A.1 cell
line) and empty liposomes (LipV) in the orange arrows (12.000x) according to size and
morphology of them.
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Figure 10. Scanning electronic microscopy with the interaction of macrophages (J774A.1 cell
line) and liposomes containing moxifloxacin (LipMox) in the white arrows (12.000x)
according to size and morphology of them.
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Figure 11. Scanning electronic microscopy with the interaction of macrophages (J774A.1 cell
line) and liposomes functionalized with a siderophore analog (LipS) in the blue arrows
(12.000x) according to size and morphology of them.
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Figure 12. Scanning electronic microscopy with the interaction of macrophages (J774A.1 cell
line) and LipSMox in the yellow arrows (12.000x) according to size and morphology of them.
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LipSMox = liposomes functionalized with a siderophore analogue and containing
moxifloxacino.
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Figure 13. Transmission electron microscopy of the interaction of macrophages (cell line
J774A.1) and empty liposomes (LipV) (2.000x).
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Pink arrow = nucleus. Green arrow = Iysosomes; White arrow = phagosome containing
liposomes. Orange arrow = liposomes.
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Figure 14. Transmission electron microscopy of the interaction of macrophages (cell line
J774A.1) and liposomes containing moxifloxacin (LipMox) (4.000x).
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Pink arrow = nucleus. Green arrow = lysosomes. White arrow = phagosome containing
liposomes. Orange arrow = liposomes. Blue arrow = phagolysosome. Yellow arrow = Golgi
apparatus.
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Figure 15. Transmission electron microscopy of the interaction of macrophages (cell line
J774A.1) and liposomes If‘u_:nctionalied Wgh a siderophorg analogue (LipS) (2.000x).
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Pink arrow = nucleus. Green arrow = lysosomes. White arrow = phagosome containing
liposomes. Orange arrow = liposomes.
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Figure 16. Transmission electron microscopy of the interaction of macrophages (cell line
J774A.1) and liposomes functionalized with a siderophore analogue and containing
moxifloxacin (LipSMox) (1.200x).

Pink arrow = nucleus. Green arrow = lysosomes. White arrow = phagosome containing
liposomes. Orange arrow = liposomes.

In TEM images, it is possible to observe different stages of phagocytosis such as
pseudopod emission, engulfing the liposomal particle, the phagosome containing the
liposomal vesicle inside the cell, the phagosome and the lysosome approaching for fusion and
even the phagolysosomes after the fusion (URIBE-QUEROL; ROSALES, 2020).

The propose is an intrapulmonary administration of these nanoparticles for the
treatment of TB in vivo. A direct administration at the site of infection, combined with a
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controlled release of Mox and capable of reaching those intracellular bacilli (through
phagocytosis) is a strategy likely to have good results.

In an active infection process, there are bacilli outside and inside of macrophages and
other immune cells with the ability of phagocytosis, like neutrophile for example. That way,
the liposomes like LipMox and LipSMox that present approximately 50% of EE of Mox and
it means that there are Mox molecules outside and inside of liposomes vesicle have a huge
advantage since part of this Mox molecule are already available for antibacterial action
against the extracellular bacilli and the Mox molecules in liposomes could be phagocytosed
and promote their antibacterial action intracellularly.

The pioneer drugs on the market in the liposomal form were Doxil (doxorubicin) and
AmBisome (amphotericin B). They were launched in the 90's, they strengthened the
nanomedicine market and paved the way for others to do the same (BELTRAN-GRACIA et
al., 2019; ALLAHOU; MADANI; SEIFALIAN, 2021).

The European Medicines Agency (EMA) recently approved in 2020 a formulation of
liposomal amikacin in suspension for inhalation (ALIS) for the treatment of lung infections
by bacilli of the Mycobacterium avium complex, also called MAC or nontuberculous
mycobacteria (NTM). The drug in question is marketed under the name ARIKAYCE and is
produced by Insmed Corporation®. It is known that amikacin is a drug with many adverse
effects and its administration in the form of liposomes is still not able to completely mitigate
them (ROSE et al., 2014; ZHANG et al.,, 2018; B.V., 2020; CROMMELIN; VAN
HOOGEVEST; STORM, 2020; INSMED INCORPORATED, 2020; CHALMERS et al.,
2021; EUROPEAN MEDICINES AGENCY (EMA), 2021; HOY, 2021).

The growth of the nanomedicine market and the approval of a medicine similar of ours
(liposomes for the treatment of pulmonary infection by mycobacteria) only encourages us to
seek more information about the activity of these liposomes in vivo by an intrapulmonary
administration.

McCallum et al, 2020 analyzed plasma and alveolar cells from humans undergoing TB
treatment to quantify the first-line drugs of treatment (rifampicin, isoniazid, ethambutol and
pyrazinamide) and found that the concentration of rifampicin in alveolar cells is lower than
expected (MCCALLUM et al., 2021). Reinforcing that an intrapulmonary administration
could overcome some pharmacokinetic difficulties that a long-term multidrug therapy such as
anti-TB therapy may face.

In conclusion, we observed that the functionalization had no positive relevance in the

activity of the liposomes LipS and LipSMox against M. tuberculosis compared with LipV and
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LipMox. On the other hand, LipMox results were comparable to free Mox, showing that
nanoencapsulation preserves drug activity and safety, in this case.

In addition, it brings great benefits to the treatment of TB such as the possibility of
drug delivery targeted to intracellular bacilli by phagocytosis of liposome particles by cells
such as macrophages and the possibility of adequate drug concentration at the site of infection

by an intrapulmonary route of administration.

Referéncias Bibliograficas

AHMED, E.; HOLMSTROM, S. J. M. Siderophores in environmental research: Roles and
applications. Microbial Biotechnology, v. 7, n. 3, p. 196-208, 2014.

ALLAHOU, L. W.; MADANI, S. Y.; SEIFALIAN, A. Investigating the Application of
Liposomes as Drug Delivery Systems for the Diagnosis and Treatment of Cancer.
International Journal of Biomaterials, v. 2021, 2021.

ANVISA. Resolution N° 166 (2017) Provides for the validation of analytical methods and
other provisions. National Health Surveillance Agency of Brazil, v. 93, n. I, p. 259, 2017.

ASHOUR, S.; KATTAN, N. New, Simple and Validated RP-HPLC Method for Quality
Control of Moxifloxacin. SOJ Pharmacy & Pharmaceutical Sciences, v. 3, n. 3, p. 01-06,
2016.

AYALA-TORRES, C.; HERNANDEZ, N.; GALEANO, A.; NOVOA-APONTE, L.; SOTO,
C. Y. Zeta potential as a measure of the surface charge of mycobacterial cells. Ann Microbiol
(Springer), v. 64, p. 1189-1195, 2014.

B.V., I. N. ARIKAYCE Annex I: Summary of Product Characteristics. European Medicines
Agency (EMA), p. 116-130, 2020.

BANGHAM, A. D.; STANDISH, M. M.; WATKINS, J. C. Diffusion of univalent ions across
the lamellae of swollen phospholipids. Journal of Molecular Biology, v. 13, n. 1, p. IN26-
IN27, 1965. Disponivel em: <http://dx.doi.org/10.1016/S0022-2836(65)80093-6>.

BARRY, C. E.; BOSHOFF, H. Getting the iron out. Nature Chemical Biology, v. 1, n. 3, p.
127-128, 2005.

BEL'I:RAN-GRACIA,, E.;. LOPEZ-CAMACHO, A.; HIGUERA-CIAPARA, I;
VELAZQUEZ-FERNANDEZ, J. B.; VALLEJO-CARDONA, A. A. Nanomedicine review:
Clinical developments in liposomal applications. [s.l.] Springer Vienna, 2019. v. 10

BOZZUTO, G.; MOLINARI, A. Liposomes as nanomedical devices. International Journal
of Nanomedicine, v. 10, p. 975-999, 2015.

BRYSKIER, A. Fluoroquinolones: mechanisms of action and resistance. International
Journal of Antimicrobial Agents, v. 2, n. 3, p. 151-183, 1993.

CAMPOS, D. L.; MACHADO, I.; RIBEIRO, C. M.; GAMBINO, D.; PAVAN, F. R.
Bactericidal effect of pyridine-2-thiol 1-oxide sodium salt and its complex with iron against
resistant clinical isolates of Mycobacterium tuberculosis. The Journal of Antibiotics, p. 3-7,
2019. Disponivel em: <http://dx.doi.org/10.1038/s41429-019-0243-3>.



63

CHALMERS, J. D.; VAN INGEN, J.; VAN DER LAAN, R.; HERRMANN, J. L. Liposomal
drug delivery to manage nontuberculous mycobacterial pulmonary disease and other chronic
lung infections. European Respiratory Review, v. 30, n. 161, 2021. Disponivel em:
<http://dx.doi.org/10.1183/16000617.0010-2021>.

CLEMENS, D. L.; LEE, B.; XUE, M.; THOMAS, C. R.; MENG, H.; FERRIS, D.; NEL, A.
E.; ZINK, J. I.; HORWITZ, M. A. Targeted Intracellular Delivery of Antituberculosis Drugs
to Mycobacterium tuberculosis -Infected Macrophages via Functionalized Mesoporous silica
nanoparticles. Antimicrobial Agents and Chemotherapy, p. 2535-2545, 2012,

COLE, S. T.; BROSCH, R.; PARKHILL, J.; GARNIER, T.; CHURCHER, C.; HARRIS, D.;
GORDON, S. V.; EIGLMEIER, K.; GAS, S.; BARRY, C. E.; TEKAIA, F.; BADCOCK, K.;
BASHAM, D.; BROWN, D.; CHILLINGWORTH, T.; CONNOR, R.; DAVIES, R,
DEVLIN, K.; FELTWELL, T.; GENTLES, S.; HAMLIN, N.; HOLROYD, S.; HORNSBY,
T.; JAGELS, K.; KROGH, A.; MCLEAN, J.; MOULE, S.; MURPHY, L.; OLIVER, K,
OSBORNE, J.; QUAIL, M. A.; RAJANDREAM, M.-A.; ROGERS, J.; RUTTER, S,
SEEGER, K.; SKELTON, J.; SQUARES, R.; SQUARES, S.; SULSTON, J. E.; TAYLOR,
K.; WHITEHEAD, S.; BARRELL, B. G. Deciphering the biology of Mycobacterium
tuberculosis from the complete genome sequence. Nature, v. 393, n. 6685, p. 537-544, 1998.
Disponivel em: <http://www.nature.com/doifinder/10.1038/31159>.

COMISSAO NACIONAL DE INCORPORACAO DE TECNOLOGIA AO SUS.
Rifampicina + Isoniazida utilizada para tratamento da tuberculose em comprimidos
anicoRelatério de Recomendacao. [s.l: s.n.].

CROMMELIN, D. J. A;; VAN HOOGEVEST, P.; STORM, G. The role of liposomes in
clinical nanomedicine development. What now? Now what? Journal of Controlled Release,
v. 318, p. 256-263, 2020. Disponivel em: <https://doi.org/10.1016/j.jconrel.2019.12.023>.

CUIL H.; BOJ, B.; MA, U.; TANG, Y.; ZHAO, J.; XIAO, H. Target-responsive liposome
activated by catalytic hairpin assembly enables highly sensitive detection of tuberculosis-
related cytokine. ChemComm, p. 1-4, 2013.

DA SILVA, P. B.; CAMPOS, D. L.; RIBEIRO, C. M.; DA SILVA, I. C.; PAVAN, F. R. New
antimycobacterial agents in the pre-clinical phase or beyond: recent advances in patent
literature (2001-2016). Expert Opinion on Therapeutic Patents, v. 00, n. 00, p. 1-14,
2016a. Disponivel em:
<https://www.tandfonline.com/doi/full/10.1080/13543776.2017.1253681>.

DA SILVA, P. B.; DE FREITAS, E. S.; BERNEGOSSI, J.; GONCALEZ, M. L.; SATO, M.
R.; LEITE, C. Q. F.; PAVAN, F. R.; CHORILLI, M. Nanotechnology-based drug delivery
systems for treatment of tuberculosis-a review. Journal of Biomedical Nanotechnology, v.
12, n. 2, p. 241-260, 2016b.

DAI T.; VRAHAS, M. S.; MURRAY, C. K.; HAMBLIN, M. R. Ultraviolet C irradiation: An
alternative antimicrobial approach to localized infections? Expert Review of Anti-Infective
Therapy, v. 10, n. 2, p. 185-195, 2012.

DANAEI, M.; DEHGHANKHOLD, M.; ATAEI, S.; DAVARANI, F. H.; JAVANMARD,
R.; DOKHANI, A.; KHORASANI, S.; ID, M. R. M. Impact of Particle Size and
Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems.
Pharmaceutics, v. 10, n. 57, p. 1-17, 2018.

DE SOUZA VON ZUBEN, E.; ELOY, J. O.; ARAUJO, V. H. S.; GREMIAO, M. P. D;;
CHORILLI, M. Insulin-loaded liposomes functionalized with cell-penetrating peptides:
influence on drug release and permeation through porcine nasal mucosa. Colloids and



64

Surfaces A: Physicochemical and Engineering Aspects, v. 622, n. April, 2021.

DESHPANDE, D.; SRIVASTAVA, S.; MEEK, C.; LEFF, R.; HALL, G. S.; GUMBO, T.
Moxifloxacin pharmacokinetics/pharmacodynamics and optimal dose and susceptibility
breakpoint identification for treatment of disseminated mycobacterium avium infection.
Antimicrobial Agents and Chemotherapy, v. 54, n. 6, p. 2534-2539, 2010.

DRLICA, K.; MALIK, M. Fluoroquinolones : Action and Resistance. Current Topics in
Medicinal Chemistry, n. February, p. 249-282, 2003.

EKINS, S.; REYNOLDS, R. C.; KIM, H.; KOO, M. S.; EKONOMIDIS, M.; TALAUE, M.;
PAGET, S. D.; WOOLHISER, L. K.; LENAERTS, A. J.; BUNIN, B. A.,; CONNELL, N;
FREUNDLICH, J. S. Bayesian models leveraging bioactivity and cytotoxicity information for
drug discovery. Chemistry and Biology, v. 20, n. 3, p. 370-378, 2013. Disponivel em:
<http://dx.doi.org/10.1016/j.chembiol.2013.01.011>.

EUROPEAN MEDICINES AGENCY (EMA). An overview of Libtayo and why it is
authorised in the EU What is Libtayo and what is it used for? v. 44, n. 0, p. 1-2, 2021.
Disponivel em: <https://www.ema.europa.eu/en/documents/overview/mylotarg-epar-
summary-public_en.pdf>.

FARZANEH, H.; EBRAHIMI NIK, M.; MASHREGHI, M.; SABERI, Z.; JAAFARI, M. R.;
TEYMOURI, M. A study on the role of cholesterol and phosphatidylcholine in various
features of liposomal doxorubicin: From liposomal preparation to therapy. International
Journal of Pharmaceutics, v. 551, n. 1-2, p. 300-308, 2018. Disponivel em:
<https://doi.org/10.1016/j.ijpharm.2018.09.047>.

FENECH, M. Cytokinesis-block micronucleus cytome assay. Nature Protocols, v. 2, n. 5, p.
1084-1104, 2007.

FILIPE, V.; HAWE, A.; JISKOOT, W. Critical Evaluation of Nanoparticle Tracking Analysis
(NTA) by NanoSight for the Measurement of Nanoparticles and Protein Aggregates.
Pharmaceutical Research, v. 27, n. 5, p. 796-810, 2010.

FREITAS, E. S. De; BENTO DA SILVA, P.; CHORILLI, M.; BATISTA, A. A.; LOPES, E.
D. O.; MARTINS, M.; LEITE, C. F. Q.; PAVAN, F. R. Nanostructured Lipid Systems as a
Strategy to Improve the in Vitro Cytotoxicity of Ruthenium(1l) Compounds. Molecules, v. 19,
p. 5999-6008, 2014.

GADAD, A. P.; CHANDRA, P. S.; DANDAGI, P. M.; MASTIHOLIMATH, V. S.
Moxifloxacin Loaded Polymeric Nanoparticles for Sustained Ocular Drug Delivery.
International Journal of Pharmaceutical Sciences and Nanotechnology, v. 5, n. 2, p.
1727-1734, 2012.

GILLESPIE, S. H. The role of moxifloxacin in tuberculosis therapy. European respiratory
review : an official journal of the European Respiratory Society, v. 25, n. 139, p. 19-28,
2016. Disponivel em: <http://dx.doi.org/10.1183/16000617.0085-2015>.

GRAND VIEW RESEARCH. Nanomedicine market analysis by products, by application,
by nanomolecule and segment forecast. Disponivel em:
<https://lwww.grandviewresearch.com/industry-analysis/nanomedicine-market>.

GRANDIS, R. A. De. Avaliagdo da atividade mutagénica de complexos heterolépticos de
Ruténio(ll) com atividade anti - Mycobacterium tuberculosis. 2016. Universidade Estadual
Paulista “Julio de Mesquita Filho” (UNESP), 2016.

GREF, R.; MINAMITAKE, Y.; PERACCHIA, M. T.; TRUBETSKOY, V.; TORCHILIN, V.;
LANGER, R. Biodegradable Long-Circulating Polymeric Nanospheres. Science, v. 263, p.



65

1600-1605, 1994.

GREGORIADIS, G.; RYMAN, B. E. Liposomes as carriers of enzymes or drugs: a new
approach to he treatment of storage diseases. Cell, n. July, p. 8-10, 1971.

GUO, X.; SEO, J.; PETIBONE, D.; TRYNDYAK, V.; JUNG, U.; ZHOU, T.; ROBISON, T.
W.; MEI, N. Performance of HepaRG and HepG2 cells in the high-throughput micronucleus
assay for in vitro genotoxicity assessment ABSTRACT. Journal of Toxicology and
Environmental Health, Part A, v. 00, n. 00, p. 1-16, 2020.

HOLZER, P. Acid sensing in the gastrointestinal tract. AM J Physiol Gastrointest Liver
Physiol, v. 3, 2007.

HOY, S. M. Amikacin Liposome Inhalation Suspension in Refractory Mycobacterium avium
Complex Lung Disease: A Profile of Its Use. Clinical Drug Investigation, v. 41, n. 4, p.
405-412, 2021. Disponivel em: <https://doi.org/10.1007/s40261-021-01010-z>.

HUA, S. Comparison of in vitro dialysis release methods of loperamide-encapsulated
liposomal gel for topical drug delivery. International Journal of Nanomedicine, v. 9, n. 1,
p. 735-744, 2014.

HURST, M. N.; DELONG, R. K.; INNOVATION, N.; STATE, K. Spectral signature analysis
of surface functionalized nanoparticles. Molecular Diveces, 2016.

INSMED INCORPORATED. Medication Guide - Arikayce. [s.l: s.n.]. Disponivel em:
<https://www.arikayce.com/pdf/medication-guide.pdf?v=2.19>.

INSTITUTO DE TECNOLOGIA EM FARMACO. Farmanguinhos.

JI, C.; JUAREZ-HERNANDEZ, R. E.; MILLER, M. J. Exploiting bacterial iron acquisition:
siderophore conjugates. Future Medicinal Chemistry, v. 4, n. 3, p. 297-313, 2012.
Disponivel em: <http://www.future-science.com/doi/10.4155/fmc.11.191>.

JOHNSON, J. L.; HADAD, D. J.; DIETZE, R.; LEONOR, E.; MACIEL, N.; SEWALI, B,
GITTA, P.; OKWERA, A.; MUGERWA, R. D.; ALCANESES, M. R.; QUELAPIO, M. |;
TUPASI, T. E.; HORTER, L.; DEBANNE, S. M.; EISENACH, K. D.; BOOM, W. H.
Shortening Treatment in Adults with Noncavitary Tuberculosis and 2-Month Culture
Conversion. n. 8, p. 1-6, 2009.

JOSEPH, E.; SINGHVI, G. Chapter 4 - Multifunctional nanocrystals for cancer therapy: a
potential nanocarrier. In. GRUMEZESCU, A. M. B. T.-N. FOR D. D. AND T. (Ed.). [s.l.]
William Andrew Publishing, 2019. p. 91-116.

JUAREZ-HERNANDEZ, R. E.; FRANZBLAU, S. G.; MILLER, M. J. Syntheses of
mycobactin analogs as potent and selective inhibitors of Mycobacterium tuberculosis.
Organic & Biomolecular Chemistry, v. 10, n. 37, p. 7584, 2012. Disponivel em:
<http://xlink.rsc.org/?DOI=c20b26077h>.

JUAREZ-HERNANDEZ, R. E.; MILLER, P. A.; MILLER, M. J. Syntheses of siderophore-
drug conjugates using a convergent thiol-maleimide systemACS Medicinal Chemistry
Letters, 2012. .

KAKUTA, K.; ORINO, K.; YAMAMOTO, S.; WATANABE, K. High Levels of Ferritin and
its Iron in Fetal Bovine Serum. Comp. Biochem. Physiol., v. 118, n. 1, p. 165-169, 1997.

KALAM, M.; HUMAYUN, M.; PARVEZ, N.; YADAV, S.; GARG, A.; AMIN, S;
SULTANA, Y.; ALI, A. Release Kinetics of Modified Pharmaceutical Dosage Forms: a
Review. Continental J. Pharmaceutical Sciences, v. 1, n. January, p. 30-35, 2007.
Disponivel em: <http://www.wiloludjournal.com/pdf/pharmsci/2007/30-35.pdf>.



66

KASKOOS, R. A. Investigation of moxifloxacin loaded chitosan — dextran nanoparticles for
topical instillation into eye: In-vitro and ex-vivo evaluation. International Journal of
Pharmaceutical investigation, v. 4, n. 4, p. 164-173, 2014.

KELLUM, J. A. Determinants of blood pH in health and disease. p. 6-14, 2000.

KIM E. SAPSFORD, W. RUSS ALGAR, L. B. Functionalizing Nanoparticles with
Biological Molecules: Developing Chemistries that Facilitate Nanotechnology. Chemical
reviews, v. 113, n. 3, p. 1904-2074, 2013.

KIMELBERG H.K., TRACY T.F., BIDDLECOME S.M., B. R. S. The effect of entrapment
in liposomes on the in vivo distribution of [3H]methotrexate in a primate. Cancer Research,
v. 36, n. August, p. 2949 — 2957, 1976.

KISICH, K. O.; GELPERINA, S.; HIGGINS, M. P.; WILSON, S.; SHIPULO, E,;
OGANESYAN, E.; HEIFETS, L. Encapsulation of moxifloxacin within poly (butyl
cyanoacrylate) nanoparticles enhances efficacy against intracellular Mycobacterium
tuberculosis. International Journal of Pharmaceutics, v. 345, p. 154-162, 2007.

KOCH, R. The etiology of tuberculosis. The Germ Theory of Disease, p. 109-115, 1882.

LARACUENTE, M. L.; YU, M. H.; MCHUGH, K. J. Zero-order drug delivery: State of the
art and future prospects. Journal of Controlled Release, v. 327, n. July, p. 834-856, 2020.
Disponivel em: <https://doi.org/10.1016/j.jconrel.2020.09.020>.

LUO, M.; FADEEV, E. A.; GROVES, J. T. Mycobactin-mediated iron acquisition within
macrophages. Nature Chemical Biology, v. 1, n. 3, p. 149-153, 2005.

MAHOR, A.; PRAJAPATI, S. K.; VERMA, A.; GUPTA, R.; IYER, A. K.; KESHARWANI,
P. Moxifloxacin loaded gelatin nanoparticles for ocular delivery: Formulation and in-vitro, in-
vivo evaluation. Journal of Colloid And Interface Science, 2016. Disponivel em:
<http://dx.doi.org/10.1016/j.jcis.2016.08.018>.

MALIK, S.; WILLBY, M.; SIKES, D.; TSODIKOV, O. V.; POSEY, J. E. New insights into
fluoroquinolone resistance in Mycobacterium tuberculosis: Functional genetic analysis of
gyrA and gyrB mutations. PLoS ONE, v. 7, n. 6, 2012.

MCCALLUM, A. D.; PERTINEZ, H. E.; ELSE, L. J; DILLY-PENCHALA, S
CHIRAMBO, A. P.; SHEHA, I.; CHASWEKA, M.; CHITANI, A.; MALAMBA, R. D,
MEGHJI, J. Z; GORDON, S. B.; DAVIES, G. R.; KHOO, S. H.; SLOAN, D. J;
MWANDUMBA, H. C. Intrapulmonary Pharmacokinetics of First-line Anti-tuberculosis
Drugs in Malawian Patients with Tuberculosis. Clinical Infectious Diseases, v. 73, n. 9, p.
E3365-E3373, 2021.

MCMAHON, T.; ZIJL, P. C. M. Van; GILAD, A. A. NIH Public Access. v. 27, n. 3, p. 320—
331, 2015.

MINISTERIO DA SAUDE - SECRETARIA DE VIGILANCIA EM SAUDE. Boletim
Epidemiologico: Tuberculose. [s.I: s.n.].

MINISTERIO DA SAUDE (BRASIL). PANORAMA DA TUBERCULOSE NO BRASIL:
indicadores epidemiologicos e operacionais. p. 72, 2019.

MINISTERIO DA SAUDE DO BRASIL. Tuberculose | 2021. Boletim Epidemioldgico, v. 3,
n. 1, p. 44, 2021. Disponivel em: <https://www.gov.br/saude/pt-
br/media/pdf/2021/marco/24/boletim-tuberculose-2021 24.03#:~:text=Em 2020%2C o Brasil
registrou,obitos por 100 mil habitantes.>.

NATIONAL INSTITUTE OF HEALTH. Brief Bactericidal Activity of Anti-Tuberculosis



67

Drugs (BBA). Disponivel em:
<https://clinicaltrials.gov/ct2/show/NCT02236078?term=moxifloxacin&recrs=abc&cond=%2
2Tuberculosis+Infections%22&draw=1&rank=4.>.

NATIONAL INSTITUTE OF HEALTH. Pragmatic Clinical Trial for a More Effective
Concise and Less Toxic MDR-TB Treatment Regimen(s). Disponivel em:
<https://clinicaltrials.gov/ct2/show/NCT02589782?term=moxifloxacin&recrs=abc&cond=%2
2Tuberculosis+Infections%22&draw=1&rank=7.>.

NATIONAL INSTITUTE OF HEALTH. Pharmacokinetic and Pharmacodynamic Study
of High-Dose Rifapentine and Moxifloxacin for Treatment of Tuberculosis (S31PK/PD).
Disponivel em:
<https://clinicaltrials.gov/ct2/show/NCT02563327?term=moxifloxacin&recrs=abc&cond=%2
2Tuberculosis+Infections%22&draw=1&rank=1.>.

NIKAIDO, H. Preventing drug access to targets : cell surface permeability barriers and active
efflux in bacteria. CELL & DEVELOPMENTAL BIOLOGY, v. 12, p. 215-223, 2001.

PAI, M.; BEHR, M. A.; DOWDY, D.; DHEDA, K.; DIVANGAHI, M.; BOEHME, C. C.;
GINSBERG, A.; SWAMINATHAN, S.; SPIGELMAN, M.; GETAHUN, H.;: MENZIES, D.;
RAVIGLIONE, M. Tuberculosis. Nature Reviews Disease Primers, v. 2, 2016.

PALOMINO, J.; MARTIN, A.; CAMACHO, M.; GUERRA, H.; SWINGS, J.; PORTAELS,
F. Resazurin Microtiter Assay Plate : Simple and Inexpensive Method for Detection of Drug
Resistance in Mycobacterium tuberculosis Resazurin Microtiter Assay Plate: Simple and
Inexpensive Method for Detection of Drug Resistance in Mycobacterium tuberculosis.
Antimicrobail Agents and Chemotherapy, v. 46, n. 8, p. 2720-2722, 2002.

PARBHOO, T.; SAMPSON, S. L.; MOUTON, J. M. Recent Developments in the Application
of Flow Cytometry to Advance our Understanding of Mycobacterium tuberculosis Physiology
and Pathogenesis. Cytometry Part A, v. 97, n. 7, p. 683-693, 2020.

PIENAAR, E.; SARATHY, J.; PRIDEAUX, B.; DIETZOLD, J.; KIRSCHNER, D. E,;
LINDERMAN, J. J. Comparing efficacies of moxifloxacin , levofloxacin and gatifloxacin
in tuberculosis granulomas using a multi-scale systems pharmacology approach. [s.I:
s.n.]

PINHEIRO, M.; LUCIO, M.; LIMA, J. L.; REIS, S. Liposomes as drug delivery systems for
the treatment of TB. Nanomedicine, v. 6, n. 8, p. 1413-1428, 2011.

POETA, P.; DJAFAR, J.; MARINHO, C.; SANTOS, T.; L, C. J.; FERNANDEZ-LODEIRO,
J.; TORRES, C.; SANTOS, H. M.; LOFEIRO, C. Antibacterial properties of functionalized
nanoparticles (AgNPs-AB and AuNPs-AB) against antibiotic resistant bacteria with public
health concerning. 6th Clinical Microbiology Conference, v. 5, n. 5, p. 5073, 2016.

PROSPERI, D.; COLOMBO, M.; ZANONI, I.; GRANUCCI, F. Drug nanocarriers to treat
autoimmunity and chronic inflammatory diseases. Seminars in Immunology, n. August, p.
1-7, 2017. Disponivel em: <http://dx.doi.org/10.1016/j.smim.2017.08.010>.

QIAO, Z.; YUAN, Z.; ZHANG, W.; WEI, D.; HU, N. Preparation , in vitro release and
antibacterial activity evaluation of rifampicin and moxifloxacin- loaded poly ( D , L-lactide-
co-glycolide ) microspheres. Artificial Cells, Nanomedicine, and Biotechnology, v. 47, n. 1,
p. 790-798, 2019. Disponivel em: <https://doi.org/10.1080/21691401.2019.1581792>.

RAMESHKUMAR, P.; RAMARAJ, R. Gold nanoparticles deposited on amine functionalized
silica sphere and its modified electrode for hydrogen peroxide sensing. Journal of Applied
Electrochemistry, v. 43, n. 10, p. 1005-1010, 2013.



68

RATLEDGE, C. Iron, mycobacteria and tuberculosis. Tuberculosis, v. 84, n. 1-2, p. 110-
130, 2004.

RIBEIRO, L. N. de M.; COUTO, V. M.; FRACETO, L. F.; DE PAULA, E. Use of
nanoparticle concentration as a tool to understand the structural properties of colloids.
Scientific Reports, v. 8, n. December 2017, p. 1-8, 2018.

ROSE, S. J.; NEVILLE, M. E.; GUPTA, R.; BERMUDEZ, L. E. Delivery of aerosolized
liposomal amikacin as a novel approach for the treatment of nontuberculous mycobacteria in
an experimental model of pulmonary infection. PLoS ONE, v. 9, n. 9, p. 1-7, 2014.

ROY, B.; GUHA, P.; BHATTARAI, R.; NAHAK, P.; KARMAKAR, G.; CHETTRI, P.;
PANDA, A. K. Influence of Lipid Composition, pH, and Temperature on Physicochemical
Properties of Liposomes with Curcumin as Model Drug. Journal of Oleo Science, v. 411, n.
5, p. 399411, 2016.

SAARINEN-SAVOLAINEN, P.; JARVINEN, T.; TAIPALE, H.; URTTI, A. Method for
evaluating drug release from liposomes in sink conditions. International Journal of
Pharmaceutics, v. 159, n. 1, p. 27-33, 1997.

SALOUTI, M.; AHANGARI, A. Nanoparticle based Drug Delivery Systems for Treatment of
Infectious Diseases. In: Intech Open Science Open Minds. [s.l: s.n.]p. 155-192.

SAMIMI, S.; MAGHSOUDNIA, N.; EFTEKHARI, R. B.; DORKOOSH, F. Chapter 3 -
Lipid-Based Nanoparticles for Drug Delivery Systems. In. MOHAPATRA, S. S.; RANJAN,
S.; DASGUPTA, N.; MISHRA, R. K.; THOMAS, S. B. T.-C. AND B. OF N. FOR D. D.
(Ed.). Micro and Nano Technologies. [s.l.] Elsevier, 2019. p. 47-76.

SEMPLE, S. C.; CHONN, A.; CULLIS, P. R. Interactions of liposomes and lipid-based
carrier systems with blood proteins: Relation to clearance behaviour in vivo. Advanded Drug
delivery Reviews, v. 32, p. 3-17, 1998.

SHAH, V.; TARATULA, O.; B. GARBUZENKO, O.; L. PATIL, M.; SAVLA, R.; ZHANG,
M.; MINKO, T. Genotoxicity of Different Nanocarriers: Possible Modifications for the
Delivery of Nucleic Acids. Current Drug Discovery Technologies, v. 10, n. 1, p. 8-15,
2013.

SIEPMANN, J.; SIEPMANN, F. Mathematical modeling of drug delivery. International
Journal of Pharmaceutics, v. 364, n. 2, p. 328-343, 2008.

SILVA, I. C.; POLAQUINI, C. R.; REGASINI, L. O.; FERREIRA, H.; PAVAN, F. R.
Evaluation of cytotoxic , apoptotic , mutagenic , and chemopreventive activities of semi-
synthetic esters of gallic acid. Food and Chemical Toxicology, v. 105, p. 300-307, 2017.
Disponivel em: <http://dx.doi.org/10.1016/j.fct.2017.04.033>.

SINGH, M.; PILANI, S. Review: In vitro Drug Release Characterization Models.
International Journal of Pharmaceutical Studies and Research, v. 2, n. April, p. 77-84,
2021. Disponivel em:
<https://www.researchgate.net/publication/285447890 Review_In_vitro_Drug_Release Char
acterization_Models>.

SOLCIA, M. C.; CAMPOS, D. L.; GRECCO, J. A,; PAIVA SILVA, C. S.; BENTO DA
SILVA, P.; CRISTIANE DA SILVA, |.; BALDUINO DA SILVA, A.P.; SILVA, J.; ODA, F.
B.; GONZAGA DOS SANTOS, A.; PAVAN, F. R. Growth-inhibitory effects of tris-(1,10-
phenanthroline) iron (Il) against Mycobacterium tuberculosis in vitro and in vivo.
Tuberculosis, v. 128, n. March, p. 1-8, 2021.

SOUZA, A. O. de; SILVA, C. L.; DURAN, N.; ANDRADE-SANTANA, M. H.



69

Antimycobacterial and Cytotoxicity activities of free and liposome-encapsulated 3-(4’-
Bromo[1,1’-Biphenyl-4-YL)-3-(4-Bromo-Phenyl)-N,N-Dimethil-2-Propen-1-Amine. Quim.
Nova, v. 33, n. 4, p. 871-874, 2010.

SOUZA, C. O. De; VALENZUELA, C. A,; BAKER, E. J.; MILES, E. A.; NETO, C. R;;
CALDER, P. C. Palmitoleic Acid has Stronger Anti-Inflammatory Potential in Human
Endothelial Cells Compared to Oleic and Palmitic Acids. Molecular Nutrition and Food
Research, v. 1800322, p. 1-12, 2018.

STASS, H.; KUBITZA, D. Pharmacokinetics and elimination of moxifloxacin after oral and
intravenous administration in man. The Journal of antimicrobial chemotherapy, v. 43
Suppl B, p. 83-90, 1999.

STEENWINKEL, J. E. M. De; KNEGT, G. J. De; KATE, M. T.; BELKUM, A. Van;
VERBRUGH, H. A.; KREMER, K.; SOOLINGEN, D. Van; BAKKER-WOUDENBERG, |I.
A. J. M.; DE STEENWINKEL, J. E. M.; DE KNEGT, G. J.; TEN KATE, M. T.; VAN
BELKUM, A.; VERBRUGH, H. A.; KREMER, K.; VAN SOOLINGEN, D.; BAKKER-
WOUDENBERG, I. A. J. M. Time-kill kinetics of anti-tuberculosis drugs, and emergence of
resistance, in relation to metabolic activity of Mycobacterium tuberculosis. Journal of
Antimicrobial Chemotherapy, v. 65, n. 12, p. 2582-2589, 2010.

SULKOWSKI, W. W.; PENTAK, D.; NOWAK, K.; SULKOWSKA, A. The influence of
temperature, cholesterol content and pH on liposome stability. Journal of Molecular
Structure, v. 747, p. 737747, 2005.

SUNDAR, S.; PRAJAPATI, V. K. Drug targeting to infectious diseases by nanoparticles
surface functionalized with special biomolecules. Current medicinal chemistry, v. 19, n. 19,

: 3196-202, 2012. Disponivel em:
<http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3384774&tool=pmcentrez&rend
ertype=abstract>.

SZUMOWSKI, J. D.; ADAMS, K. N.; EDELSTEIN, P. H. Antimicrobial Efflux Pumps and
Mycobacterium tuberculosis Drug Tolerance : Evolutionary Considerations. n. December
2012, p. 81-108, 2013.

TIAN, M.; ZHOU, Z.; TAN, S.; FAN, X.; LI, L.; ULLAH, N. Formulation in DDa-MPla-
TDB liposome enhances the immunogenicity and Protective efficacy of a Dna Vaccine
against Mycobacterium tuberculosis infection. Frontiers in Immunology, v. 9, n. February,
2018.

TIWARI, D.; HAQUE, S.; TIWARI, R. P.; JAWED, A.; GOVENDER, T.; KRUGER, H. G.
Fast and efficient detection of tuberculosis antigens using liposome encapsulated secretory
proteins of Mycobacterium tuberculosis. Journal of Microbiology, Immunology and
Infection, V. 50, n. 2, p. 189-198, 2017. Disponivel em:
<http://dx.doi.org/10.1016/j.jmii.2015.05.014>.

UNITED STATES - ENVIRONMENTAL PROTECTION AGENCY. Moxifloxacin.
Disponivel em:
<https://comptox.epa.gov/dashboard/dsstoxdb/results?search=DTXSID3048491#safety>.
Acesso em: 15 nov. 2020.

URIBE-QUEROL, E.; ROSALES, C. Phagocytosis: Our Current Understanding of a
Universal Biological Process. Frontiers in Immunology, v. 11, n. June, p. 1-13, 2020.

WENCEWICZ, T. A.; MOLLMANN, U.; LONG, T. E.; MILLER, M. J. Is drug release
necessary for antimicrobial activity of siderophore-drug conjugates? Syntheses and biological



70

studies of the naturally occurring salmycin “trojan Horse” antibiotics and synthetic
desferridanoxamine- antibiotic conjugates. BioMetals, v. 22, n. 4, p. 633-648, 2009.

WORLD HEALTH ORGANIZATION. Multidrug and extensively drug-resistant TB
(M/XDR-TB). Global Report on Surveilance responce, 2010.

WORLD HEALTH ORGANIZATION. Multidrug-resistant tuberculosis (MDR-TB).
Burden, Global Treatment, Enrollment O N Mdr-tb Outcomes, Treatment, 2016a.

WORLD HEALTH ORGANIZATION. Global Tuberculosis Report 2016. Cdc 2016, n.
Global TB Report 2016, p. 214, 2016b. Disponivel em:
<http://scholar.google.com/scholar?hl=en&btnG=Search&qg=intitle:No+Title#0%0Ahttp://sch
olar.google.com/scholar?hl=en&btnG=Search&q=intitle:No+title#0>.

WORLD HEALTH ORGANIZATION. Global Tuberculosis Report 2020. [s.I: s.n.]
WORLD HEALTH ORGANIZATION. Global Tuberculosis Report 2021. [s.I: s.n.]

WU, L Y.; BALA, S.; SKALKO-BASNET, N.;: DI CAGNO, M. P. Interpreting non-linear
drug diffusion data: Utilizing Korsmeyer-Peppas model to study drug release from liposomes.
European Journal of Pharmaceutical Sciences, v. 138, n. July, p. 105026, 2019. Disponivel
em: <https://doi.org/10.1016/j.ejps.2019.105026>.

WU, Z.; PING, Q.; WEI, Y.; LAI, J. Hypoglycemic efficacy of chitosan-coated insulin
liposomes after oral administration in mice. Acta Pharmacol Sin, p. 966-972, 2004.

YURTDAS-KIRIMIOGLU, G.; OZER, S.; BUYUKKOROGLU, G.; YAZAN, Y.
Formulation and In Vitro Evaluation of Moxifloxacin Hydrochloride-Loaded Polymeric
Nanoparticles for Ocular Application Formulation and In Vitro Evaluation of Moxifloxacin
Hydrochloride-Loaded Polymeric Nanoparticles for Ocular Application. Latin American
Journal of Pharmacy, v. 37, n. September, 2018.

ZHANG, J.; LEIFER, F.; ROSE, S.; CHUN, D. Y.; THAISZ, J.; HERR, T.; NASHED, M,;
JOSEPH, J.; PERKINS, W. R.; DIPETRILLO, K. Amikacin liposome inhalation suspension
(ALIS) penetrates non-tuberculous mycobacterial biofilms and enhances amikacin uptake into
macrophages. Frontiers in Microbiology, v. 9, n. MAY, p. 1-12, 2018.



