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RESUMO

As leishmanioses sdo um grupo de doencas causadas por parasitos do género
Leishmania, da familia Trypanosomatidae. Estima-se que 350 milh6es de pessoas
estdo em risco de contrair a doenca em 102 paises de diferentes continentes. As
leishmanioses apresentam trés formas clinicas: cutdnea, mucocuténea e visceral,
esta Ultima € a mais severa e apresenta o0 maior numero de O6bitos. Apesar do
avanco em biotecnologia no ultimo século, o diagndstico para as leishmanioses
baseia-se em métodos diretos, os quais detectam o estagio intracelular do parasito
por microscopia Optica. No entanto, estes procedimentos invasivos requerem
microscopista experiente e ndo fornecem diagndstico assertivo em todos os casos,
pois a distribuicdo dos parasitos nos tecidos afetados ndo € homogénea. Os exames
de sangue sdo os mais faceis de realizar, porém ha pouquissimas células
parasitadas circulantes. Com o objetivo de desenvolver métodos mais sensiveis e
especificos, novas estratégias tecnolégicas estdo sendo desenvolvidas. Nesse
contexto, este estudo visou desenvolver um instrumento para um novo método de
diagnéstico baseado na técnica de acustofluidica, a qual combina a tecnologia de
microfluidica com for¢cas acusticas para manipulacdo de células e microrganismos.
De maneira inovadora, estamos combinando métodos de espectroscopia Optica e
imagens com acustofluidica. Para tanto, foram usados macréfagos da linhagem
J774.A1, células hospedeiras da leishmania, foram armadilhados e paralisados
através da técnica de acustofluidica utilizando ondas de ultrassom, permitindo que
um espectro Raman completo fosse obtido dentro de alguns intervalos de segundos
e minutos. Os resultados produzidos confirmam a robustez dos métodos
acustofluidicos como uma plataforma capaz de armadilhar células macrofagicas da
linhagem J774.A1. promastigotas de Leishmania amazonensis e Leishmania
chagasi, e também, células J774.Al infectadas com amastigotas de L. amazonensis,
as quais sao alvos de testes de diagndstico. Também foi demonstrado que o
dispositivo acustofluidico desenvolvido pelo grupo de pesquisa foi capaz de
armadilhar macréfagos da linhagem J774.A1 para bio-Raman espectroscopia, como
demonstrado no artigo derivado desta tese, intitulado, “3D - Printed Acoustofluidic
Devices for Raman Spectroscopy of Cells”. Por fim, o trabalho desenvolvido pode
facilitar e aperfeicoar o diagnostico das leishmanioses, utilizando amostras
biolégicas menos invasivas.

Palavras-chave: Leishmaniose; Acustofluidica; Bioespectroscopia.



ABSTRACT

The leishmaniases are a group of diseases caused by protozoan parasites of the
genus Leishmania, family Trypanosomatidae. Approximately 350 million people are
at risk of developing the disease in 102 countries. The leishmaniases are composed
of three main clinical forms, namely cutaneous, mucosal, and visceral, with the last
one being the most severe and causing most deaths. Despite the technological
advances, routine diagnostics is based on direct methods which detect the
intracellular stage of the parasite using microscopy in tissue samples from aspiration
of the spleen, liver, bone marrow, and lymph nodes. However, these invasive
procedures require an experienced microscopist and do not provide a safe diagnosis
in all cases because parasite distribution in affected tissues is not homogenous.
Blood tests are the most practical ones to perform, but there are little circulating
infected cells. With the aim of developing more sensitive and specific methods, new
technological strategies are being developed. Then, this study aimed to develop an
instrument for a new diagnostic method based on the acoustofluidic method which
combines the technology of microfluidics with acoustic forces to manipulate cells and
microorganisms. As an innovation, we are combining optical spectroscopy with
acoustofluidics. The obtained results confirm the robustness of acoustofluidc
methods as a platform to trap macrophages of the J774.Al cell line, Leishmania
amazonensis and Leishmania chagasi promastigotes, and J774.A1 cells infected
with L. amazonensis amastigotes, which are targets of diagnostic methods. It was
also demonstrated that the acoustofluidic device developed by our research group
was able to trap J774.A1 macrophages for bio-Raman spectroscopy as showed in
the paper, obtained from this thesis, which is entitled “3D - Printed Acoustofluidic
Devices for Raman Spectroscopy of Cells”. Therefore, this study can facilitate and
improve leishmaniasis diagnosis using less invasive biological samples.

Keywords: Leishmaniasis, Acoustofluidics, Bioespectroscopy.
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1. INTRODUCAO

As leishmanioses s&@o doencas causadas pelo protozoario parasito que
pertence ao género Leishmania, ordem Kinetoplastida e familia Trypanosomatidae.
A transmissdo ocorre durante o repasto sanguineo de fémeas de flebotominio
infectadas com o parasito. Existem 53 espécies de Leishmania, sendo 20 delas
patogénicas para o homem, diferindo nas manifestacdes clinicas provocadas no
hospedeiro, divididas em trés grupos principais, assim classificadas: leishmaniose
cutanea (LC) ou tegumentar, mucocutanea (LMC) e visceral (LC), esta ultima
também conhecida como calazar (AKHOUNDI et al., 2016; SUNDAR &
CHAKRAVARTY, 2013).

Caracterizadas como doencas negligenciadas, apresentam formas clinicas
distintas, sendo a LV a mais severa e a que apresenta maior numero de obitos. A
Leishmania infantum (syn. Leishmania chagasi) € o agente causador da LV nas
Américas, na China e na bacia do Mediterraneo, apresentando o cao (Canis
familiaris) como reservatorio de importancia epidemiologica (ANVERSA et al., 2018).
Os casos caninos, na maioria das vezes, precedem o0s casos humanos,
principalmente devido a proximidade destes. Além da presenca do vetor e do
reservatorio, ha outros fatores importantes para a progressao da doenga, como a
imunidade do hospedeiro e a viruléncia do parasito (ALVAR et al., 2004,
KRAUSPENHAR et al., 2007).

Segundo a OPAS (2020), na América latina, as leishmanioses sdo zoonoses
com diferentes padrdes de transmissdo, sendo o ciclo silvestre o principal da
leishmaniose cutdnea e o doméstico rural e urbano da leishmaniose visceral.
Embora ainda mantenha algumas caracteristicas rurais, a LV se apresenta em
processo de urbanizacdo com significativa expansdo geografica. A grande
populacdo de cées que fica nas ruas dos grandes centros pode abrigar animais
assintomaticos que tem grande importancia na saude publica, pois também sao
fontes de infeccdo para os flebotomineos e assim apresentam papel ativo na cadeia
de transmissao da doenca (MULE et al, 2020).

Até o presente momento, o tratamento basico da LV e LC baseia-se em
poucas opcoOes terapéuticas. Estibogluconato de sédio e antimoniato de meglumina

sdo a base da quimioterapia de primeira escolha em paises endémicos,
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especialmente no subcontinente indiano, sendo os farmacos de segunda escolha a
anfotericina B e sua formulacgdo lipossomal, paromomicina e miltefosina. De acordo
Srivastava et al. (2016), além de poucas opcdes terapéuticas, o uso destes farmacos
é limitado devido a alta toxicidade, a via de administracdo parental, exceto a
miltefosina, a ineficicia devido ao surgimento de cepas resistentes aos farmacos e
elevado custo de tratamento no caso de formulagdes lipidicas da anfotericina B.

Em se tratando do diagndstico de rotina, este baseia-se em métodos diretos,
0S quais detectam o estagio intracelular do parasito por microscopia em tecido de
bidpsia ou puncdo aspirativa do baco, figado, medula éssea ou linfonodos. No
entanto, estes procedimentos invasivos requerem microscopista experiente e nao
fornecem diagndstico positivo em todos 0s casos, pois a distribuicdo dos parasitos
nos tecidos afetados ndo é homogénea. Além disso, para uma investigacao
diagndstica completa € importante avaliar o estado imunol6gico do hospedeiro e a
evolugdo clinica da doengca (NOLI; SARIDOMICHELAKIS, 2014; SAKKAS;
GARTZONIKA; LEVIDIOTOU, 2016).

Portanto, é de notdria importancia o estudo de novos métodos de diagndstico
para doencas negligenciadas a exemplo das leishmanioses. Também torna-se
relevante o estudo sob novas metodologias de manipulacdo de células a fim de
baratear os custos de experimentos laboratoriais.
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2. REVISAO DA LITERATURA

Para fins de exposicdo de nossa revisdo de literatura, a seguir apontaremos
um apanhado dos nossos pressupostos, comecando pelo agente etioldgico e seu
ciclo de vida, bem como a imunopatogenia e as manifestagdes clinicas, passando
pelos vetores e reservatérios, concluindo com a epidemiologia, tratamento,

diagndstico e os avancos em Biotecnologia.

2.1 Agente etioldgico e ciclo de vida

A Leishmania é um parasito intracelular que possui ciclo de vida digenético, o
qual existe sob duas formas evolutivas: amastigota e promastigota. As
promastigotas metaciclicas sdo alongadas (Figura 1a), possuem um flagelo bastante
desenvolvido, sdo encontradas dentro do intestino das fémeas dos flebotomineos
(inseto vetor) e sdo as formas infectantes, seu corpo celular mede entre 6 e 8 um de
comprimento. As amastigotas sao esféricas (Figura 1b), medem cerca de 3 um de
largura e 6 ym de comprimento, possuem flagelo externalizado e estdo presentes
dentro dos fagdcitos mononucleares dos hospedeiros vertebrados, como exposto na
Figura 2. (DE ALMEIDA et al., 2003).

Figura 1 — Esquema tridimensional das formas promastigota metaciclica e amastigota de L.
amazonensis mostrando as principais estruturas, sendo A - Forma promastigota e B - Forma
amastigota
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Fonte: Teixeira et al., 2013.
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Figura 2 — Micrografia da forma amastigota dentro de um vacuolo parasitéforo no interior de
um macrofago através de um microscoépio eletrénico de varredura

Vacuolo
parasitoforo

Amastigota

Fonte: Rodrigues et al., 2008.

Como reforcam atores como Burza, Croft e Boelaert (2018) e Paho (2019), no
Brasil, existem sete espécies distintas do parasito, sendo que destas, seis
(Leishmania braziliensis, Leishmania amazonensis, Leishmania guyanensis,
Leishmania lansoni, Leishmaia shawii, e Leishmaia naiffi) sdo responsaveis pela LC
e uma espécie (Leishmania chagasi) responséavel pela LV.

Durante 0 repasto sanguineo, 0 inseto vetor regurgita as formas
promastigotas metaciclicas no hospedeiro vertebrado. Estas formas séo fagocitadas,
iniciando a fase de desenvolvimento intracelular do parasito e, quando
internalizadas, se localizam dentro do vacuolo parasitéforo ou fagolisossomo, onde
ocorre a diferenciacdo da forma promastigota para amastigota, as quais se
multiplicam por divisdo binaria, levando ao rompimento dos macréfagos (Figura 2).
Por sua vez, as amastigotas livres ou células infectadas podem ser ingeridas pelo
flebotomineo durante o repasto sanguineo (SRIVASTAVA et al., 2016) .

Na concepcao de SRIVASTAVA et al. (2016) e BATES (2018), no interior do

intestino dos insetos, as células infectadas se rompem, liberando as formas
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amastigotas, que se transformam em promastigotas, recomec¢ando o ciclo bioldgico
do parasito, como ilustrado na Figura 3 apresentada a seguir.

Figura 3 — Ciclo de vida de Leishmania spp
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Fonte: Site sanarsadde.com, 2019.*

2.2 Imunopatogenia e manifestagdes clinicas

Na perspectiva de Lukes et al. (2014), embora os macrofagos sejam células
fagocitarias especializadas no combate a agentes infecciosos, as leishmanias
desenvolveram mecanismos de defesa capazes de subverter sua capacidade
microbicida, conseguindo sobreviver neste ambiente potencialmente téxico e
multiplicar-se até a ruptura da célula, quando sédo liberadas para infectar outros
macrofagos, propagando a infecgéo.

A internalizacdo das promastigotas ocorre por fagocitose mediada pelo

reconhecimento receptor/ligante. Nesse processo geralmente participam 0s

! Disponivel em: https://www.sanarsaude.com/portal/residencias/artigos-noticias/leishmaniose-
resumo-completo-tudo-que-o-veterinario-precisa-saber. Acessado em: 08 nov. 2020.


https://www.sanarsaude.com/portal/residencias/artigos-noticias/leishmaniose-resumo-completo-tudo-que-o-veterinario-precisa-saber
https://www.sanarsaude.com/portal/residencias/artigos-noticias/leishmaniose-resumo-completo-tudo-que-o-veterinario-precisa-saber
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receptores para complemento CR1 e CR3 dos macréfagos. As moléculas do
complemento C3b e C3bi fixadas nas formas promastigotas de Leishmania ligam-se
aos receptores de macrofagos CR1 e CR3, respectivamente, mostrando o
importante papel do receptor de complemento na internalizacdo do parasita na
célula hospedeira (ROBLEDO, 1994).

A resposta adaptativa contra 0s parasitos ocorre ap0s a apresentacao de
antigenos por macrofagos e células dendriticas, via Complexo Principal de
Histocompatibilidade (Major Histocompatibility Complex - MHC) classe Il para as
células T. Contudo, as leishmanias sdo também susceptiveis a acdo dos neutrofilos
que possuem grande capacidade de produzir peréxido de hidrogénio (H,O,) e 6xido
nitrico (NO). Porém, como afirmam Carvalho, Passos e Jesus (2005) e Alexander et
al. (2012), ao penetrar no hospedeiro, o parasito infecta os macrofagos escapando
do ataque dos neutrdfilos.

Ainda na visao dos Ultimos autores supracitados, em consonancia com 0s
pressupostos de Scott e Novais (2016), as células T podem exercer sua funcéo
através da toxicidade mediada por células CD8" ou através da secrecéo de citocinas
que vao ativar macréfagos para destruir os microorganismos intracelulares. Ja as
células T CD4" podem ser diferenciadas por varias subpopulacgdes. Entre elas estio
as ceélulas Thl e Th2, que séo respectivamente de fundamental importancia para a
defesa e susceptibilidade do hospedeiro contra as infeccdes.

Em resposta a estimulagdo, as células Th1 produzem IFNy e IL-2 e é
necessaria para controlar a infeccdo. A liberagao de IFNy acarreta na ativacdo do
macréfago e producdo de NO, importantes na erradicacdo do parasito intracelular. A
atividade leishminicida do macréfago induzida por IFNy pode ser aumentada por
outras citocinas, como TNFa e Fator Inibitério de Migracdo (Migration Inhibitory
Factor - MIF). Por outro lado, as células Th2 sdo responsaveis por produzir IL-4, IL-
10, IL-13 e TGF-B (SCOTT, NOVAIS, 2016).

No entendimento de Mccall et al. (2013) e Tomiotto-Pelleissier et al. (2018),
este tipo de resposta ndo é capaz de controlar a infec¢do, ja& que aumenta a
expressao de arginase e multiplicacdo dos parasitos resultando no agravamento da

doenca, como ilustrado na Figura 4 a seguir.
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Figura 4 — Esquema do mecanismo imunoldgico que induz a diferenciacdo das células T
CD4" nas subpopulaces Thl e Th2
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Fonte: Adaptado de Alexander et al., 2012.

2.2.1 Leishmaniose visceral

A LV é caracterizada por sinais clinicos incluindo hepatoesplenomegalia e
caquexia, podendo levar a morte se ndao houver tratamento (Figura 5); no entanto,
segundo Alvar et al. (2012), dependendo da fase da doenca e da imunidade do

hospedeiro, este por muitas vezes apresenta-se assintomético. O periodo de
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incubacdo varia de duas semanas a 18 meses, podendo aparecer lesdes cutaneas
iniciais de dois a oito meses ap0s a infec¢cdo, podendo os sintomas da LV
demorarem anos para aparecer.

Efetivamente, a doenca é bastante progressiva e se a infeccdo sintomatica
nao for tratada € geralmente fatal, com uma taxa de mortalidade de 75 a 95%. Os
parasitos proliferam onde ha células do Sistema de Fagocitico Mononuclear,
especialmente macréfagos. Estas sdo mais abundantes no baco e no figado e,
consequentemente, a infeccdo resulta em um aumento de ambos os 6érgdos. As
células da medula 6ssea também sdo infectadas e os pacientes desenvolvem
pancitopenia e imunossupressao, tornando-os susceptiveis a infec¢cdes secundarias
(READY, 2014).

Figura 5 — Hepatoesplenomegalia em paciente com leishmaniose visceral

Fonte: Teixeira et al., 2013.

Os cdes domésticos sao o0s principais reservatorios para L. infantum em
regibes endémicas e a maioria deles é assintomatica. De acordo com Shokri, Fakhar
e Teshnizi (2017), os sinais clinicos da LV em cdaes infectados incluem caquexia,
gueda de pelo, feridas na derme, perda de peso, linfadenopatia e letargia, como

evidenciado na Figura 6 abaixo.
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Figura 6 — Cdes com sinais clinicos da leishmaniose visceral canina, como queda de pelo,

feridas na derme e perda de peso

Fonte: Teixeira et al., 2013; Noli e Saridomichelakis, 2014.

2.2.2 Leishmaniose cutanea

Segundo PAHO (2019), a forma cutédnea ou tegumentar é tida como uma
forma benigna da leishmaniose, apresenta acometimento da pele com lesbes
indolores, Unicas ou multiplas, bordas elevadas, concentrando-se em partes do
corpo como a face, bracos e pernas, que tendem a ter cura espontanea ou
apresentam uma significativa resposta a terapéutica. Em consonancia, Verma et al
(2012) apontam que esta dispde de formato arredondado que varia de alguns
milimetros até centimetros de didmetro, com base eritematosa e infiltrada, associada
a bordas bem delimitadas e elevadas. O fundo da ferida é avermelhado e com
granulagfes. A partir das Ulceras ou isoladamente podem surgir lesdes vegetantes e
verrucosas, como retratado na Figura 7A.

Na LC, o periodo de incubacéo é relativamente variavel, podendo a infec¢éo
evoluir apés um periodo de incubacédo de uma a doze semanas, em uma papula que
aumenta de tamanho podendo formar Ulcera. Na visdo de Silveira (2019), a leséo
tipica, em aspecto de cratera de lua, é indolor e apresenta bordas salientes com

fundo necrotico umido e granuloso, ilustrado também na Figura 7.
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A Leishmaniose Cutanea Difusa (LCD) € uma forma rara da leishmaniose,
causada pela L. amazonensis ou pela L. aethiopica. Verma et al. (2012) e PAHO
(2019) evidenciam que nesta forma € verificada a ocorréncia de diversas lesdes nao
ulceradas, nodulares ou em placas, que afetam principalmente a face, e podem
chegar a cobrir o corpo inteiro, como mostra a Figura 7B). Assim sendo, conforme
Burza, Croft e Boelaert (2018), a LMC compromete a mucosa, com destruicao
tissular progressiva da mucosa nasal e orofaringeana, podendo levar a perfuracéo
do septo e ocasionar uma possivel desfiguracdo da face e perda do septo, palato e
pavilhdo auditivo, devido a intensa resposta inflamatdria, como exposto na Figura
7C.

Figura 7 — Formas clinicas da Leishmaniose Cutanea (LC): A: Leishmaniose cuténea; B:

Leishmaniose Cutanea difusa; C: Leishmaniose Mucocutanea

Fonte: BRASIL, 2017.

Se ndo tratadas, as lesbes podem evoluir para cura espontanea, deixando
cicatrizes atréficas, no periodo de meses a poucos anos. Além disso, podem
também permanecer ativas e coexistir com lesdes mucosas que surgem
posteriormente. Conforme apontam Mcgwire e Satoskar (2013), na maioria dos
casos, a doenca mucosa ocorre ap0s as lesbes cutaneas e o diagnostico de
comprometimento da mucosa é estabelecido apenas meses a anos depois da cura
clinica da lesdo cutédnea primaria, embora haja casos em que a mucosa é o local

primario.

2.3 Vetores e reservatorios
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Na natureza, todas as espécies de Leishmania sdo transmitidas ao homem ou
a outros hospedeiros vertebrados durante o repasto sanguineo de fémeas
hematofagas infectadas. Estes insetos denominados flebotomineos (Figura 8),
pertencem a ordem Diptera, familia Psychodidae, subfamilia Phlebotominae e
género Lutzomyia, e sdo popularmente conhecidos como mosquito-palha, asa dura,
birigui ou cangalhinha. Estes dipteros possuem o corpo revestido por pelos e séo de
coloracdo clara, medindo de 1 a 3 mm de comprimento. Possuem uma grande
distribuicdo nos climas quentes e temperados, apresentando atividade crepuscular e
pés-crepuscular e abrigando-se durante o dia em lugares Umidos, escuros e
protegidos dos ventos. Rath et al. (2003) e Marques e Forattini (2005) reforcam que
ambos 0s sexos necessitam de carboidratos como fonte energética, mas apenas as

fémeas se alimentam de sangue para o desenvolvimento de seus ovos.

Figura 8 — Fémea de flebotomineo (Diptera: Psychodidae) ingurgitada durante repasto
sanguineo realizado em pele de isca humana

Fonte: Site do CDC — Centers for disease control and prevention, 2006. 2

O género Lutzomyia é o responsavel pela transmisséo das leishmanioses nas
Américas, existindo 350 espécies catalogadas, distribuidas desde o sul do Canada
até o norte da Argentina. De acordo com Rocha et al. (2010), destas, pelo menos
200 ocorrem na bacia amaz6nica. As principais espécies envolvidas na transmissao
da leishmaniose tegumentar americana sdo: Lutzomyia flaviscutellata, Lutzomyia

whitmani, Lutzomyia umbratilis, Lutzomyia intermédia, Lutzomyia wellcome e

2 Disponivel em: https://phil.cdc.gov/Details.aspx?pid=10277. Acesso em: 08 jan. 2020.



https://phil.cdc.gov/Details.aspx?pid=10277
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Lutzomyia migone. O principal vetor da leishmaniose visceral no Brasil € o Lutzomyia
longipalpis, 0 qual esta distribuida no peridomicilio de areas rurais, suburbios de
baixa altitude e favelas de diversas regides tropicais da América Latina
(STEVERDING, 2017).

2.4 Epidemiologia

As leishmanioses estdo presentes principalmente em paises localizados em
regides tropicais e subtropicais, acometendo paises mais pobres e em
desenvolvimento, atingindo populacbes mais vulneraveis, sem e/ou com pouco
acesso ao saneamento basico e com educacdo sanitaria escassa. Sua expansao €
multifatorial e geralmente estd associada as condi¢cdes subsistentes de habitacéo,
desnutricdo, baixa escolaridade e deficiéncia do sistema imunolégico. Estas também
representam uma problematica na salde publica, pois sdo necessarios grandes
investimentos dos governos em prol da erradicacdo da doenca, partindo da
prevencdo, como pulverizacdo de ruas com inseticida, até o tratamento, o qual é
custoso para os sistemas publicos (BRASIL, 2017; PAHO, 2019).

Este grupo de doencas € o segundo mais frequente em todo o mundo, e é
endémico em 102 paises, com incidéncia anual de 1 milhdo de novos casos,
prevaléncia de 12 milhdes de casos por ano e cerca de 30 mil ébitos por ano (WHO,
2021). Nas Ameéricas, as leishmanioses acometem 18 paises, sendo a LV a forma
mais severa e quase sempre fatal, se ndo tratada, e a LC representa a forma clinica
mais comum. Além disso, a LMC possui uma evolugdo cronica podendo causar
deformidades e sequelas (OPAS, 2020).

Segundo dados da OPAS (2020), no Brasil, a LC e LMC apresentaram juntas
uma incidéncia de 17,7 e ocorréncia de 17.526 novos casos, sendo 95,3% de LC e
4,7% de LM, entre 2015 e 2017. Neste mesmo triénio foi observado que 91,8% das
pessoas acometidas pela doenca sdo maiores que 10 anos, onde 16,3% dos casos
totais ocorreram nas fronteiras e que a doenca prevalece no sexo masculino
(72,7%). A Figura 9 mostra um panorama geral da situacdo no pais, mostrando

regides que sofrem com a doenca.
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Figura 9 — Incidéncia de leishmaniose cutanea e mucosa no Brasil
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Fonte: OPAS, 2017.

A forma mais severa da doenca, a LV, acomete todos os continentes do
planeta (Figura 10), sendo que 90% destes relatados ocorrem em seis paises: india,
Bangladesh, Suddo, Suddo do Sul, Brasil e Etiopia. Mesmo com acesso ao
tratamento, a LV pode resultar em taxas de letalidade de 10-20%. Essa parasitose
apresenta 0,2 a 0,4 milhdes de casos em todo o0 mundo, com incidéncia anula de 58
mil casos, exceto na Nova Zelandia e no Sul do Pacifico. (AKHOUNDI et al., 2016;
ALVAR et al., 2012). A figura abaixo, demonstra geograficamente as regibes ao
redor do mundo acometidas pela LT (Figura A) e LV (figura B) até o ano de 2019,

segundo a Organizacao Mundial de Saude.
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Figura 10 - Situagéo epidemiolégica das leishmanioses no mundo no ano de 2019: A -
Distribuicdo da leishmaniose tegumentar; B - Distribuigdo da leishmaniose visceral
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$ Disponivel em: https://www.who.int/health-topics/leishmaniasis#tab=tab_1. Acesso em: 20 maio
2021.
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Estima-se que no Brasil h4 uma incidéncia anual de 4.200 casos de LV
(AKHOUNDI et al., 2016; ALVAR et al., 2012). Entre os anos de 2007 e 2013 foram
registrados em nosso pais mais de 26 mil casos de LV, sendo que a regido Nordeste
possui 0 maior percentual de casos registrados no pais (51%). De acordo com 0s
dados do SINAM (2014), o Brasil é o terceiro maior foco de LV do mundo e é
responsavel por 90% dos casos notificados nas Américas. No pais, a LV é uma
doenca que requer a notificagdo compulsoéria, e que cujos medicamentos para o
tratamento sdo fornecidos exclusivamente pelo governo (BELO et al.,, 2013; DE
ARAUJO et al., 2013).

O Brasil € endémico para as duas formas da doenca, fato este que se justifica
devido ao clima tropical do pais, o que é favoravel a proliferacdo do diptero
transmissor da doenca. Esse carater endémico € observado ao avaliar um periodo
de 10 anos no Brasil, e a despeito da forma visceral, houve uma curva decrescente

no mundo que néo foi acompanhada pelo Brasil. (WHO, 2021).

2.5 Tratamento

A leishmaniose é uma doenca antiga, tendo descricbes de suas
manifestacfes clinicas cutdneas que datam de 1500 a 2500 anos a.C. No entanto,
os relatos sobre o seu tratamento sdo apenas do final do século XIX, quando se
comecou a usar acido latico puro para cauterizar as lesdes. Além disso, foram
utilizados sulfato de cobre, acido de bateria velha e extratos de plantas. (OPS,
2020).

Conforme Rath et al. (2003) e Frezard, Demicheli e Ribeiro (2009), embora o
uso medicinal de compostos de antiménio seja conhecido desde séculos antes da
era cristd, para diversos fins terapéuticos, apenas em 1912 o tartaro emético foi
utilizado pela primeira vez para tratar a Leishmaniose Cutédnea pelo médico Gaspar
de Oliveira Vianna, o qual era utilizado na época como substancia emética,
tratamento contra sifilis, gota, dentre outros. Entretanto, seu uso foi contestado por
outros estudiosos 0s quais enalteceram os seus efeitos colaterais, 0 que levou ao
desenvolvimento dos antimoniais pentavalentes, que apresentam maior taxa de cura
e menos efeitos toxicos que a forma trivalente. Tais informacgfes serdo exploradas

ao longo das proximas subsecoes.



30

2.5.1 Antimoniais

Dentre os compostos de antimoniais utilizados no tratamento da leishmaniose
destacam-se os complexos de antiménio trivalentes tais como o tartarato antimonial
de potassio (Tartaro emético), antimoniato de bis-catecol-3,5-dissulfonato sddico
(Stibophen®, Repodral®, Fuadina®) e tioglicolato de sédio e antiménio, bem como os
antimoniais pentavalentes, antimoniato de N-metilglucamina (Glucantime®,
antimoniato de meglumina), gluconato de antimdnio sédico (Pentostan®,
Solustibosan®, estibogluconato sédico) e ureia estibamina (Estibamine®) (BRASIL,
2014).

Estudiosos como Wyllie, Cunningham e Fairlamb (2004) sugerem que o
antiménio compromete o potencial redox tiol da célula, induzindo o efluxo de tiois
intracelulares e inibicdo de tripanotiona redutase. Outra hipétese, segundo Demicheli
et al. (2002), diz respeito & capacidade do SbhY em formar complexos com
nucleotideos, inibindo a topoisomerase e interferindo no metabolismo do parasito.
No entanto, devido a cardiotoxicidade e intolerancia gastrintestinal dos antimoniais

"), sd0 os antimoniais pentavalentes (SbY) que apresentam maior uso

trivalentes (Sb
terapéutico (SERENO et al., 1998).

Ao longo dos anos diferentes regimes de dosagens foram propostos numa
tentativa de alcancar a menor dose terapéutica eficaz e com menos efeitos
colaterais. A Organizacdo Mundial de Saude (2014) preconiza que as doses de
antimoniais ndo devem ultrapassar 20 mg/kg/dia, ndo se ultrapassando o limite de
850 mg de antimdnio, devido a sua elevada toxicidade. Mialgias, dores abdominais,
alteracdes hepaticas e distlrbios cardioldgicos e renais sdo efeitos colaterais
frequentemente associados ao uso destes farmacos.

Ainda que o antimoniato de metilglucamina seja bastante eficaz em regredir
rapidamente as manifestacbes clinicas e hematolégicas da doenca e provocar
esterilizacdo do parasita, a crescente incidéncia de casos de resisténcia tem sido
uma séria preocupacao para a sua utilizagdo em areas endémicas. Devido as baixas
dosagens e tratamentos descontinuos, comecaram a ocorrer falhas na terapia e
consequente aumento da resisténcia de parasitos (RATH et al., 2003; SUNDAR &

CHAKRAVART, 2019).
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O aumento da incidéncia de falha terapéutica nos ultimos anos vem se
tornando uma grande ameaca, principalmente aos pacientes coinfectados com
Leishmania e HIV. A principal causa dessa emergéncia € o mau uso dos farmacos,
gue leva a selecdo de pequenas populacfes resistentes. Esse fenbmeno de falha
terapéutica € complexo, uma vez que ha varios fatores envolvidos: caracteristicas do
hospedeiro, como genética e resposta imunoldgica; fatores técnicos, como a
qualidade do farmaco e a via de administracdo parenteral; a duracdo do tratamento;
e a biologia do parasito, como uma variabilidade intrinseca em relacdo a
susceptibilidade ao antiménio (CROFT; SUNDAR & FAIRLAMB, 2006).

Sendo assim, Plano et al. (2011) reforcam que 0s principais pontos contrarios
a terapia com antimoniais sdo o desenvolvimento de resisténcia de varias cepas
frente a estes tratamentos, os regimes de tratamento com altas doses por longos
periodos, administracdo parenteral, além de elevada toxicidade renal e cardiaca,

muitas vezes levando os pacientes a abandonarem o tratamento.

2.5.2 Anfotericina B

E um antibi6tico macrolideo da classe dos polienos, derivado de uma cepa de
Streptomyces nodosus, largamente utilizado para o tratamento de infec¢des fungicas
sistémicas que pertence ao grupo de farmacos leishmanicidas de segunda geracao,
usada extensivamente no caso de falhas no tratamento com compostos antimoniais.
O mecanismo de acdo, assim como da toxicidade, envolve a formacédo de poros
artificiais ao longo da membrana celular do parasito e hospedeiro, alterando a
permeabilidade seletiva a cétions e levando a morte celular. A anfotericina B
também interfere na sintese do ergosterol, um importante componente de membrana
da Leishmania (LEMKE; KIDERLEN & KAYSER, 2005; SANGSHETTI et al, 2015).

Apesar de sua eficicia a anfotericina B também é tOxica e esta associada a
efeitos secundéarios graves. No entanto, em areas em que existem niveis elevados
de resisténcia ao ShY, a anfotericina B é o farmaco de escolha (HAMILL, 2013;
BRASIL, 2014). Alguns desses efeitos foram contornados por alteragbes em sua
formulagéo, tais como lipossomal, dispersdo coloidal e complexo lipidico. Estas
formulacdes lipidicas da anfotericina B mantém sua atividade e reduz a toxicidade.

Assim sendo, foi visto que a anfotericina B é efetiva no tratamento de

leishmaniose visceral, com toxicidade mais baixa quando encapsulada em
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lipossomas, porém o alto custo limita sua utilizacdo, sendo utilizada apenas em LV
(KLEMPTNER et al, 2014; FUNABASHI et al, 2020).

2.5.3 Pentamidina

A pentamidina pertence ao grupo das diaminas aromaticas e sua atividade
terapéutica foi descoberta casualmente. Basselin et al. (1997) descreveram que a
pentamidina, utilizada na clinica contra casos de leishmaniose resistente aos
antimoniais pentavalentes, apresenta resultados significantes em pacientes
imunodeprimidos. No entanto requer administracdo parenteral e tém sido
observados efeitos adversos significantes apdés sua administracdo. Dentre os
principais efeitos estdo hipoglicemia, hipotensédo, mialgias, alteracées cardiolégicas
e nefrotoxicidade. Além disso, ha relatos de morte repentina, o que limita seu
emprego terapéutico (HAFIZ; KYRIAKOPOULOS, 2021).

Embora o mecanismo preciso pelo qual a pentamidina atue néo esteja claro,
sabe-se que as diamidinas interferem na sintese de poliaminas, blogueando a
utiizacdo de S-adenosil-L-metionina ao inibir enzimas como a ornitina
descarboxilase e a espermidina sintetase, impedindo, assim, a sintese de
biomoléculas de importancia em varios processos bioquimicos da fisiologia celular
do parasita. Além disso, outra teoria bastante aceita tem proposto que ocorre
inibicdo da topoisomerase mitocondrial. JA& 0 mecanismo de resisténcia pode estar
associado a reducao do potencial da membrana mitocondrial e reducdao do acumulo
do farmaco em terapias prolongadas (MUKHERJEE; DAS & SEN, 2006;
PORCHEDDU et al., 2012).

2.5.4 Miltefosina

A miltefosina é um antineoplasico alquilfosfolipidico que se mostrou eficaz
contra Leishmania spp. in vitro e in vivo. No entanto, a grande vantagem do uso
desse farmaco é o fato de ser o primeiro e unico usado por via oral, quer seja para
tratar a LV ou LC. A dose de miltefosina atualmente recomendada, como
monoterapia, é de 2,5 mg/kg/dia durante 28 dias, embora na pratica clinica outras

doses sejam administradas. De maneira geral ela tem sido bem tolerada, com
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excecdo de leves efeitos colaterais gastrointestinais, embora o seu potencial
teratogénico dificulte seriamente a sua utilizagcdo generalizada na clinica e em
programas nacionais de eliminacédo (BRASIL, 2018; BRASIL, 2020).

As dificuldades encontradas no tratamento da leishmaniose, como o alto
custo, o longo periodo de tratamento, a via de administracéo, os efeitos colaterais,
as contraindicagdes e a resisténcia sao fatores que relatam o quanto a quimioterapia
da leishmaniose esta distante de ser satisfatoria. Assim, € imprescindivel o
desenvolvimento de novos farmacos capazes de apresentarem alta seletividade, um

alto indice terapéutico e ser de facil administracao.

2.6 Diagnostico

O diagnéstico de rotina baseia-se em métodos diretos, 0os quais detectam o
estagio intracelular do parasito por microscopia em tecido de biopsia ou puncéo
aspirativa do baco, figado, medula Ossea ou linfonodos. No entanto, estes
procedimentos invasivos requerem microscopista experiente e nao fornecem
diagndstico positivo em todos 0s casos, pois a distribuicdo dos parasitos nos tecidos
afetados ndo € homogénea. Além disso, para uma investigacdo diagndstica
completa é importante avaliar o estado imunologico do hospedeiro e a evolucao
clinica da doenca (NOLI; SARIDOMICHELAKIS, 2014; SAKKAS; GARTZONIKA;
LEVIDIOTOU, 2016; TRONCARELLI et al., 2009).

O diagnostico parasitolégico, utilizando aspirado de medula éssea como
amostras, constitui o padrao ouro para o diagnéstico da LV. De acordo com Goto e
Lindoso (2010) e Srivastava et al. (2011), para o diagnostico etiolégico, as
alternativas incluem técnicas moleculares para a deteccao de DNA de Leishmania
spp. por meio de métodos baseados na Reacdo em Cadeia da Polimerase (PCR),
gue pode detectar o género Leishmania para confirmar a leishmaniose ou até
mesmo identificar as espécies de Leishmania. O método de diagndstico por PCR é
realizado utilizando DNA do parasito, que pode ser extraido de fragmento de pele,
mucosa, sangue periférico, medula 6ssea ou baco (BRASIL, 2014; BRASIL, 2017).

No diagnéstico laboratorial, os parasitos sdo geralmente identificados quanto
ao género Leishmania por microscopia, onde, por sua vez, a forma amastigota é
geralmente detectada microscopicamente ap0s a coloragdo com Giemsa. Os

exames de sangue sao 0s mais faceis de realizar, porém ha pouquissimas células
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parasitadas circulantes. Os aspirados de baco sdo uma fonte rica de células
parasitadas, no entanto a biopsia deve ser realizada somente por profissionais
treinados, por existir o risco de ruptura ou sangramento do o6rgdo. A aspiracdo da
medula Ossea € frequentemente utilizada, mas é uma técnica especializada com
menor sensibilidade. A inoculacdo de materiais de bidpsia em meios de cultura ou
em roedores de laboratério pode ser um método sensivel, porém requer um tempo
elevado para chegar ao resultado do diagnéstico, como destacam Noli e
Saridomichelakis (2014) e Sakkas, Gartzonika e Levidiotou (2016).

Os métodos mais utilizados para o diagndstico sorolégico das leishmanioses
sdo imunofluorescéncia indireta (IFI) e o ensaio imunoenzimético (ELISA), também
sao utilizados o teste rapido imunocromatografigo, aglutinacao direta e imunobloting.
Esses testes sao sensiveis, porém a especificidade pode variar, principalmente em
areas endémicas de Trypanosoma spp. Os anticorpos antileishmania permanecem
detectaveis durante meses ou anos apés o tratamento, porém, quando ha baixos
niveis de infeccao é dificil diagnosticar.

Ademais, € comum gue o resultado sorologico positivo seja encontrado em
um paciente infectado que ndo tem LV, mas outra doenc¢a. Dessa forma, novamente
autores como Noli e Saridomichelakis (2014) e Sakkas, Gartzonika e Levidiotou
(2016) enfatizam a importancia de uma andlise cuidadosa para 0 maior nimero
possivel de diferenciais de reacéo cruzada, especialmente quando o quadro clinico
nao é tipico da doenca.

Sabe-se que cdes com leishmaniose sdo reservatérios dos parasitos e, por
conseguinte, contribuem para a transmissdo da doenca, o diagndstico precoce e
tratamento sdo considerados um componente essencial no controle da doenca
(RIBEIRO et al., 2013). Destarte, Baneth e Aroch (2008) afirmam que alguns cées
apresentam sintomas clinicos, como lesGes oculares e na pele, alteracdes no
esqueleto 6sseo e emagrecimento. Porém, ha casos ndo sintométicos, que por sua
vez representam as maiores dificuldades para identificacdo da doenca.

A maioria das infec¢des é diagnosticada clinicamente com sintomas de febre
irregular, leucopenia e anemia, hepatoesplenomegalia e supressdo da medula
Ossea. Para o diagnostico laboratorial de cdes assintomaticos ou que apresentam
poucos sintomas (oligossintomaticos) sdo requeridos testes de alta sensibilidade e

especificidade. De modo a proporcionar mais sensibilidade aos testes, novas
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ferramentas baseadas em métodos moleculares estdo sendo desenvolvidas (LEITE
et al., 2010; MOHAMMADIHA et al., 2013; MOTAZEDIAN et al., 2008).

Recentemente, o Ministério da Agricultura, Pecuaria e Abastecimento (MAPA)
aprovou a venda e uso do teste rapido para leishmanioses, o qual foi desenvolvido
pela empresa Victory Square Health® em parceria com a Universidade Federal de
Minas Gerais (UFMG). A VS Health desenvolveu e validou o desempenho clinico de
seu teste de diagnodstico para leishmaniose com resultados que excede os testes
atualmente disponiveis, com maior sensibilidade (93,2%) e especificidade (91,3%)
em diagnosticar corretamente a leishmaniose tanto em animais quanto em humanos
(VS TECHNOLOGIES, 2020).

2.7 Avancos na biotecnologia em saude

A biotecnologia pode ser definida como um conjunto de disciplinas, como
engenharia quimica, biologia e fisica, inter-relacionadas no desenvolvimento de
novos conhecimentos. A bioinforméatica, por exemplo, relne aspectos da biologia e
ciéncias da computacdo; a nanociéncia, apresenta caracteristicas da fisica e da
quimica. A modalidade da biotecnologia tem tornado pesquisadores mais
interdisciplinares, que desenvolvem projetos de maior complexidade, contribuindo
com o desenvolvimento da Ciéncia, Tecnologia e Inovacao (CT&l) (FOLEY, 2016).

As técnicas e aplicacBes da biotecnologia para a satde humana séo inUmeras
e abrange uma diversidade de profissdes. Classificando-as em quatro grupos, o
primeiro é composto por substancias biotecnolégicas, como as proteinas
recombinantes, anticorpos monoclonais, genes e células-tronco para uso
terapéutico. O segundo, reune os biofarmacos. O terceiro, os reagentes e Kits
utilizados em diagnésticos de analises clinicas. E o quarto grupo compreende as
vacinas preventivas e terapéuticas (REIS et al., 2009).

Na visdo de Madureira (2011), a importancia do avanco na biotecnologia
frente as doencas negligenciadas € relevante para a erradicacdo destas doencas,
gque em sua maioria estdo presentes nos paises menos desenvolvidos e que
apresentam recursos humanos e financeiro devastados. Pode-se citar a aplicagcéo
da biotecnologia no diagndstico molecular para detectar possiveis doencas como
dengue, leishmaniose, malaria, doenca de chagas, tuberculose, sifilis e leptospirose,

apenas para destacar algumas dentre o0 amplo espectro de doencas.
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Dentre as ciéncias citadas, a fisica se destaca por estar presente em diversos
avancos biotecnologicos, como raios X, tomografias, PET-SCAN (do inglés Positron
Emission Tomography), ressonancia magnética e radioterapia. Alguns dispositivos
fisicos se encontram presentes em areas como farmacia e biotecnologia, como o
controle e medicdo de fluidos bioldgicos nas atividades cientificas e industriais.
Deste modo, ha a possibilidade de uma atuacdo mais rapida e precisa sobre o
escalamento das dimensdes celulares, como exemplo na utilizacdo de dispositivos

microfluidicos, que serdo abordados nas subsecdes seguintes.

2.7.1 Microfluidica

A microfluidica é uma ciéncia tecnolégica que se encontra em crescente
expansao, podendo ser aplicada em diversas ferramentas, as quais Ssdo promissoras
para estudos em areas como engenharia e medicina. Exemplos de dispositivos
microfluidicos utilizados no cotidiano do ser humano sdo os testes de medicdo de
glicemia e de gravidez, que no século passado eram realizados apenas com testes
robustos em laboratério. As técnicas de microfabricacdo foram desenvolvidas pela
Bell Labs na década de 1970 e apds 10 anos houve o registro da primeira aplicacdo
da microfluidica na biologia celular (SACKMANN; FULTON & BEEBE, 2014).

O avanco nas tecnologias de microfabricagcdo abriu caminho para novas
abordagens para manipular e monitorar células em um ambiente que mimetiza as
condi¢bes in vivo. Conforme Vickerman et al. (2008), os recursos encontrados nos
experimentos in vivo, como presenca de Varios tipos de células em uma Unica regido
e em imagem tridimensional (3D) sdo facilmente alcangaveis por técnicas atuais de
microfabricacdo e podem ser combinados com protocolos de cultura de células. As
principais vantagens dos sistemas de cultura de células nos dispositivos
microfluidicos sdo a capacidade de usar pequenas quantidades de células e de
reagentes, possuir controle preciso do ambiente espacial e temporal e visualizacéo
de alta resolugéo de eventos celulares em tempo real.

A microfluidica também esté inserida no ambito da industria farmacéutica, a
qual fornece solugbBes inovadoras. A P&D (pesquisa e desenvolvimento) esta
concentrada na capacidade de replicacdo das funcdes vitais de 6rgdos humanos em
um microchip, conhecida como tecnologia de 6érgdao em um chip (do inglés “organ-

on-a-chip”) (Figura 11). Esta técnica nasceu da jungdo da tecnologia de
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microfabricagédo e da engenharia de tecidos, o que possibilitou o desenvolvimento de

dispositivos para testes de novos medicamentos (XIONG et al., 2014).

Figura 11: Esquema representativo de um 6rgao em um chip (do inglés “organ-on-a-chip”)

Fonte: Ufluidix, 2022.

O desenvolvimento e aplicacdo de microchips simples e acessiveis esta
ascendendo mundialmente e é constantemente aplicado na area da saude. Pode-se
citar o resultado do trabalho realizado com colaboragcdes de cientistas americanos,
europeus e africanos que desenvolveram um dispositivo para diagnosticar o virus da
imunodeficiéncia humana (HIV).

Na verdade, o diferencial do dispositivo em relacdo as técnicas ja existentes
foi a utilizacdo de cerca de um milésimo de mililitro do sangue periférico dos
pacientes, e o HIV foi diagnosticado com sucesso na maior parte dos pacientes.
Segundo Chin et al. (2011), este estudo demonstrou o potencial dos dispositivos
microfluidicos para substituir testes de laboratorio convencionais, a fim de contribuir

para a saude em paises em desenvolvimento.
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2.7.2 A técnica de acustofluidica e suas aplicaces biotecnoldgicas

A técnica de acustofluidica conjuntura a metodologia microfluidica com ondas
de ultrassom em cavidades com submilimetro. A técnica de ultrassom agregou
tecnologias para manipulacdo sem contato de microparticulas, tais como células e
outros microorganismos para separacdo, enriguecimento e bioensaios. A
acustofluidica apresenta aspectos promissores nos ensaios de células que podem
ser levitadas e padronizadas em 1D e 2D em uma cavidade acustica com dimensodes
da ordem de alguns milimetros. O aprisionamento acustico é realizado no regime
ultrassénico através de ondas estacionarias que exercem a forca de radiacéo
acustica sobre uma microparticula (PATEL et al., 2014; WESER et al., 2020).

Dispositivos microfluidicos acusticos séo ferramentas que utilizam ondas
sonoras para manusear objetos ou fluidos em micro ou nanoescala em biomedicina
e quimica analitica. Eles apresentam designs simples e compacto e sua operagao é
biocompativel, o que os caracterizam como plataformas ideais para pesquisa basica,
de diagndstico e terapéutica. Além disso, na microfluidica acustica, as células ou
materiais n&o necessitam estar fisicamente em contato com outros alvos para serem
manipulados. De acordo com Zhang et al. (2020), isso implica em impactos
mecanicos minimos, bem como reducdo do calor conduzido pelos transdutores
utilizados, diminuindo os danos fisicos e bioldgicos nos materiais em estudo.

Sabe-se que os dispositivos de acustofluidica apresentam a capacidade de
manipular células em fluidos, podendo apresentar uma vasta variabilidade, por
exemplo, utilizacdo do sangue total e periférico, saliva e urina, independente das
propriedades fisicas da particula ou célula alvo. Outrossim, torna-se viavel manipular
varios grupos de células dentro de um dominio fluido simultaneamente, sendo
possivel separa-los. A técnica de acustofluidica também é empregada na separacao
de célula, baseando-se em um dispositivo capaz de distinguir diferencas na
densidade celular e nas propriedades mecéanicas, como demonstra a Figura 12. (XIE
et al., 2020; ZHANG et al., 2020).

Figura 12: (a) Esquema e (b) foto do dispositivo de separagéo de células acusticas
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Fonte: Xie et al., 2020.

Em vista disso, o Grupo de Acustica Fisica (GAF-UFAL) planejou a fabricacéo
de dispositivos de acustofluidica com tecnologia de impresséo 3D para realizagédo de
ensaios celulares com Leishmania spp. e macréfagos realizados no Laboratério de
Farmacologia e Imunidade (LaFl) para investigar a influéncia do aprisionamento por
acustofluidica e da nano-termometria, assim como desenvolver um protétipo de teste

de diagnostico por aglutinacdo direta aprimorados por ultrassom.
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3. JUSTIFICATIVA

Sabe-se que as doencas negligenciadas carecem de investimentos
financeiros e humanos, sendo necessario otimizar aspectos como diagnostico e
tratamento das leishmanioses. A pesquisa cientifica, por sua vez, apresenta uma
oportunidade de novos conhecimentos, otimizando técnicas ja descritas na literatura
e inovando tecnologicamente, eventualmente resultando em novos métodos de
diagnéstico e tratamento, visando menor toxicidade para as células hospedeiras.
Além da toxicidade seletiva contra as diferentes espécies de Leishmania spp., com
alvos farmacoldgicos especificos para o parasito, € capaz de reduzir a probabilidade
de efeitos colaterais, tornando-se assim uma alternativa mais eficaz para o
tratamento das leishmanioses.

Como destacam Edmondson et al. (2014), os ensaios celulares baseados em
microarranjos tém grande importancia no processo de drug-discovery, fornecendo
um processo que utiliza ferramentas simples, rapidas e econémicas, evitando dessa
maneira testes em animais em grande escala e com alto custo. Assim sendo, as
plataformas de separacdo baseadas em microfluidos sdo promissoras, pois podem
realizar a separacdo com uma amostra de volume reduzida, diminuindo o consumo
de reagentes e assim ocupam menos espaco. Além do mais, as escalas de
comprimento da microfluidica sdo da mesma ordem de magnitude que as células
manipuladas, o que torna a técnica de microfluidica uma plataforma de separacao
ideal para aplicacdes em células (REBOUD et al., 2012).

Sabe-se que a busca de novos métodos para o diagnéstico de doencgas
infecciosas é de benfeitoria para a saude publica, o que permite o rastreamento de

enfermidades, como exemplo, a leishmaniose, que por sua vez facilita a erradicagéao
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da doenca. Partindo disso, este trabalho visou contribuir no desenvolvimento de um
método diagndstico inovador através de uma plataforma de opto-acustofluidica
inédita projetada para a identificacdo de amostras microfluidicas contendo

Leishmania.

4. OBJETIVOS

Para a realizacéo desta pesquisa, destacam-se 0s objetivos listados a seguir.

4.1 Obijetivo geral

Investigar a influéncia do aprisionamento por acustofluidica e nano-
termometria de Leishmania spp. e macrofagos como inovacdo metodoldgica para o

monitoramento de eventos em ensaios bioldgicos.

4.2 Objetivos especificos

e Desenvolver protocolos para manipulacdo e posicionamento de formas
promastigotas e amastigotas de Leishmania spp. e de células hospedeiras
(linhagem J774.A1) em armadilhas acusticas geradas por ondas estacionarias de

ultrassom em dispositivos de acustofluidica;

e Contribuir para o desenvolvimento de técnicas em dispositivos de acustofluidica a
fim de avaliar células e parasitos individualmente, extraindo informagfes sobre
reacoes enzimaticas, propriedades mecéanicas das ceélulas e taxa de divisao

celular, através de espectroscopia Raman.
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5. METODOLOGIA

Os procedimentos de armazenamento das células e parasitos e a
experimentacdo foram realizados no Laboratério de Farmacologia e Imunidade
(LaFl) da UFAL sob coordenacédo da Profa. Dra. Magna Suzana Alexandre Moreira.
O dispositivo utilizado nos experimentos foi desenhado e fabricado pelo doutorando,
Giclénio Cavalcante, orientado pelo professor Dr. Glauber Thomaz do Grupo de
Acustica Fisica (GAF). O manuseio do equipamento foi realizado pelo Dr. Harisson

Santos, em colaboracdo com o professor Dr. Carlos Jacinto no LabRAM.

5.1 Experimentos realizados no LAFI

A seguir, serdo detalhados os procedimentos envolvidos nos experimentos

realizados no LAFI.

5.1.1 Macréfagos murinos J774.A1

A linhagem de macrofagos murinos fendtipo aderente, J774.A1, foi cultivada
em meio RPMI (Sigma®), em garrafas para cultura de 75 cm?, suplementado com
10% de SFB (soro fetal bovino) em estufa a 37°C com atmosfera Umida de 95%
contendo 5% de CO..

Assim sendo, 0s macrofagos foram cultivados até atingirem 90% de

confluéncia, e em seguida foram centrifugados a 1500 rpm, por 5 minutos na
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temperatura de 4°C para a separacdo de células vivas e mortas. Apdés a
centrifugacdo, as células foram contadas com microscopio Optico em camara de
Newbauer. Para a realizacdo do experimento, utilizou-se 2x10’ células/mL diluidas

em 1mL de PBS (tampé&o fosfato salina, do inglés “phospate buffer saline”).

5.1.2 Promastigotas de Leishmania spp

As formas promastigotas do parasito foram mantidas in vitro em meio
Schneider’s, suplementado com 10% de SFB e 2% urina humana a 27 °C em estufa
de Demanda Bioquimica de Oxigénio (BOD). No momento do uso, 0s parasitos
foram colocados em tubos tipo falcon e centrifugados a 3.500 rpm durante 10
minutos a 25 °C. Em seguida, o sobrenadante foi descartado e o pellet formado foi
ressuspenso em PBS. Fez-se, entdo, a contagem dos parasitos em camara de

Neubauer, para posterior realizacdo dos experimentos.

5.1.3 Amastigotas de Leishmania amazonensis

Macrofagos foram plaqueados sobre garrafas de cultivo e infectados com
formas promastigotas de L. amazonensis, na propor¢cdo de 10 parasitos: 1
macrofago. A garrafa com as células infectadas foi incubada por 4 horas em estufa
de CO, a 37°C com atmosfera Umida contendo 5% de CO,. Apds este tempo de
infeccado, os macréfagos foram “lavados” com PBS para remoc¢éo dos parasitos nao
fagocitados. Os macréfagos infectados foram desaderidos da placa por forca

mecanica, e as células foram contadas com o auxilio da caAmara de Neubauer.

5.1.4 Armadilhamento das células e parasitos

Os experimentos de armadilhamento foram realizados no GAF e LabRAM
com as células e os parasitos diluidos em PBS. Para isso, foi injetado 10 pL de
células e/ou parasitos no dispositivo acustofluidico com o auxilio de seringa e scalp.
Em continuidade, o fluido foi submetido a frequéncia de ondas de ultrassom de
3.319 MHz e tensdo pk-pk menor que 5 volts, dentro do dispositivo, a fim de

aprisionar promastigotas das espécies de L. amazonensis e L. chagasi, macrofagos
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infectados e nao infectados. Os experimentos foram realizados em triplicata

experimental e bioldgica.

5.2 Experimentos realizados no GAF

A sequir, serdo detalhados os procedimentos envolvidos nos experimentos

realizados no GAF.

5.2.1 Fabricacéo do dispositivo de acustofluidica

O armadilhamento acustico de microparticulas ou células é realizado em uma
camara acustica cilindrica com uma altura de H = 750 um e diametro de 2R =4 mm.
A camara é produzida dentro de um disco cilindrico, que é fabricado com uma
impressora 3D (Moonray D75, Sprintray, Inc., EUA) através da técnica de
processamento digital de luz. Um atuador piezoceramico (titanato zirconato de
chumbo, PZT-8) com um diametro de 25 mm € colado por baixo da camara
ressonante com epoxi (Huntsman, Corp., EUA). Uma lamina de vidro de 150 yum de
espessura é colocada no topo da camara, funcionando como um refletor acustico
(Figura 13).

Este dispositivo foi desenhado e fabricado pelo doutorando, Giclénio

Cavalcante, orientado pelo professor Dr. Glauber Thomaz.

Figura 13. Demonstracdo do dispositivo de acustofluidica
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Fonte: Santos, 2021.
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5.2.2 Espectroscopia Raman

As medicdes Raman foram realizadas por um microscopio Raman confocal
(LabRam HR Evolution, HORIBA, Franca). O microscépio compreende uma lente
objetiva de 40x (com uma abertura numérica NA = 0,65) e um diodo laser CW que
gera um laser de 785 nm com uma poténcia abaixo de 100 mW. O sinal Raman
espalhado posteriormente é coletado pela mesma lente e € disperso por 300

ranhuras/mm. O sistema é calibrado usando uma banda de fénon de silicio a 520

cm-1 como referéncia. O laser Raman € posicionado por um estégio translacional

controlavel xyz. O manuseio do equipamento foi realizado pelo Dr. Harisson Santos,
em colaborag&o com o professor Dr. Carlos Jacinto no LabRAM.

5.2.3 Instrumentacgéo Eletronica

O atuador piezoceramico do dispositivo acusticofluidico, como demonstrado
na figura 14 abaixo, é excitado com um sinal sinusoide produzido por um gerador de
fungcdo (AFG1022, Tektronix, Inc., EUA) e amplificado por um amplificador de
poténcia RF (240L, Electronics & Innovation, Ltd., EUA). Os sinais de conduc¢ao sao
monitorados com um osciloscépio de dois canais (TDS 2012C, Tektronix, Inc., EUA)

Também na Figura 14 a seguir € possivel ver a seguinte ordem de materiais:
1. Microscépio 6ptico com camera utilizado para a visualizacdo das células no
dispositivo; 2. Gerador de funcbes; 3. Computador para visualizac&o e registro das
imagens. 4. Seringa acoplada a um scalp para insercao do fluido no dispositivo; 5.
Dispositivo acustofluidico; 6. Osciloscopio.

Figura 14: Instrumentos eletronicos utilizados no experimento
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Fonte: Silva, 2022.

6. RESULTADO E DISCUSSAO

Em continuidade ao apresentado, serdo detalhados os resultados e

discussfes da presente pesquisa, tomando como base o artigo derivado da tese.

6.1 Artigo derivado datese
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3D-Printed Acoustofluidic Devices for Raman Spectroscopy

of Cells

Harrisson D. A. Santos,* Amanda E. Silva, Giclénio C. Silva, Everton B. Lima,
Alisson S. Marques, Magna S. Alexandre-Moreira, Aline C. Queiroz, Carlos Jacinto,

J. Henrigue Lopes, Uéslen Rocha,* and Glauber T. Silva*

Acoustofluidics technology can be used to trap live cells (and also micro/nano-
) in microenvi suitable for cell assays. Herein, a cheap and easy-
ate device is proposed that works with Raman spectroscopy for biosensing
applications. The device comprises a 3D-printed microchamber working as a half-
wavelength acoustic resonator. By tuning the resonance frequency with a low
voltage (~4V), cells or p are aggregated and levitated in ds by the
action of the acoustic radiation force. Based on finite element simulations, the
radiation force field produced inside the device is described. In the cellular
enrichment (aggregation) process, a metastable honeycomb lattice is formed
mostly due to the cell-to-cell attraction caused by the secondary acoustic radiation
force. Orderly and metastable levitating aggregates provide an llent arrange-
ment for Raman spectroscopy to investigate cells individually. Polystyrene particles
are used for the device characterization and Raman acquisition process. Biosensing
applications are showcased with Ilve murine macmphags )774.A1, which are used
in infection assay of leishmaniasis d The unique fe of the device, e.g.,
simple fabrication process with cheap ials, simple operation, fast time
response, and formation of metastable cellular aggregates; hold a noteworthy
potential for applications in life sciences and biotechnology involving cell assays.

P
tefah

torque)®'” generated by ultrasonic waves
in microfluidic lab-on-a-chip devices. In a
typical arrangement, microparticles or cells
are injected into a small-volume resonant
microchamber or microchannel of an acous-
tofluidic device (with a few microliters or
less), and the acoustic radiation force aggre-
gates them in a levitating state."""?) Most
acoustofluidic devices are easily integrated
into microscopy settings."* Moreover, it
has been demonstrated that acoustically
trapped cells have been kept alive for as long
as seven days." Compared with optical
tweezer methods, which are also used for
cell handling, acoustofluidics generally uses
less power upon cells."”!

Raman spectroscopy!'® is a label-free opti-
cal method that can determine the cell chem-
ical structure, including proteins, lipids,
and DNA assessed according to their molec-
ular vibrational modes. There has been an
increasing interest in Raman spectroscopy
of live cells,””! in part because it may allow
observations of how cellular dynamics and
metabolism change under the influence of

. Introduction an external agent (drug or substance).'® Commonly, Raman sig-
nals obtained from seeded cells onto a substrate can be masked by

Acoustofluidics harbors a collection of methods that are promot-  information pertaining to the substrate’s surface. The acoustic lev-
ing a revolution in the manipulation, patterning, and analysis of itation of a sample under analysis can significantly reduce the back-
cells and particles at the micro/nanoscale.!""* These methods use  ground signal to the acquired spectrum. The unique features of the
the mean acoustic fields (i.e., the acoustic radiation force and  aforementioned acoustofludics, e.g., a microenvironment for a
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metastable aggregation and levitation of cells with low-power con-
sumption, and easy integration with microscope setups, offer a
pathway indeed to improve the Raman biosensing of live cells.

Acoustofluidics and Raman spectroscopy have worked hand in
hand for revealing molecular information of microparticles sus-
pended in liquid flows!'” and in suspensions.***! Ultrasonic
aggregation-induced enrichment with surface-enhanced Raman
scattering (SERS) was introduced in an acoustofluidic device built
with polydimethylsiloxane (PDMS) circular walls, a piezoelectric
actuator, and a glass slide reflector.”? The enhanced Raman was
achieved via gold nanorods, which were used to enhance the
detection of nucleic acids. Another acoustofluidic device, com-
prising a microchannel made with a double-sided adhesive tape
glued on a quartz substrate, sealed with a glass slide reflector, and
driven by a lithium-niobate actuator, was proposed for SERS real-
time biosensing of live mycobacteria (Mycobacterium smegmatis)
in the presence of isoniazid (antibiotic) for over eight hours.”*!
A Dbiosensor based on surface acoustic waves (SAWs) actuating
on a functionalized glass capillary was developed to perform
immunoffiuorescence and SERS of nanosized exosomes.?")
The detection of biomarkers such as miRNA molecules with fluo-
rescence microscopy has also benefited from acoustofluidics. A
microchip formed by four orthogonal ultrasonic actuators was
developed to produce a 2D array where biomarkers were enriched
and detected.” Acoustofluidics can also regulate the collective
behavior of particles such as catalytic nanomotors, which holds
promise for practical applications of biosensing,**!

The acoustofluidics-assisted biosensing systems mentioned
previously share the same attractive features for bioanalytical
applications: simple operation and integration with sensing tech-
niques and sample enrichment with minute acoustic forces in a
sealed microenvironment for long-term monitoring. However,
the cost and complexity to fabricate the referenced devices might
be an obstacle for their widespread use, especially on the research
of neglected tropical diseases in developing countries. Hence, an
invaluable ingredient to be added to acoustofluidics-assisted
Raman spectroscopy (in short, Raman acoustofluidics) is to have
an easy fabrication process using cheap materials without
compromising the aforementioned key functionalities.

The digital light processing (DLP) 3D printing method is
emerging as a low-cost and easy-to-fabricate technique in micro-
fluidics lab-on-a-chip technology.!””! In this work, we introduce a
3D-printed acoustofluidic device with the DLP technique using a
liquid photopolymerizing resin to assist in Raman spectroscopy
of cells. The device's fabrication cost is under 50 USD. The device
has a cylindrical chamber of a 10 pul volume sealed by a glass
cover slide and a piezoelectric emitter that operates in a low-
voltage regime (~4V) at 1MHz resonance frequency.
Although 3D printing fabrication techniques have been dis-
cussed in the acoustofluidics context,?®! we provide for the first
time a detailed description of the acoustic radiation force within
3D-printed chambers using finite element simulations. Using 10
and 30 pm diameter polystyrene microparticles, we find the levi-
tation plane at 285 pm height, which is in good agreement with
numerical predictions. We also explain the observed honeycomb
aggregate formation using a scale analysis of the secondary radi-
ation force.””! A confocal microscope takes the Raman spectrum
of single polystyrene particles with virtually no interference of the
device parts. We also observed the ejection of 10 pm particles
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from the aggregate’s periphery”® as a result of the laser
interaction.

As a proof of concept, we obtain the Raman spectrum of
live murine macrophages |774.A1 without special preparations.
These cells serve as a model for infection and drug discovery
assays of Leishmania amazonensis that causes leishmanasis dis-
ease.?" The influence of acoustic microstreaming and tempera-
ture on metastable cell aggregates is discussed. Some aspects of
cell viability such as morphology as well as safe operating of the
Raman laser power are also addressed. The acquired Raman
spectra are remarkably consistent with previously reported
results obtained by standard Raman spectroscopy.’!! Hence,
the proposed 3D-printed acoustofluidic chip is a reliable tool
to assist the Raman monitoring of biological assays. Finally,
the acoustofluidic device can be readily integrated to other micro-
fluidic units (microchannels, valves, and pumps) into custom-
ized 3D-printed lab-on-a-chip platforms for applications in life
sciences, clinical diagnosis, and biotechnology.

2. Experimental Section

2.1. Acoustofluidic Device Fabrication

The acoustic trapping of microparticles or cells was performed in
a cylindrical acoustic chamber with a height of H = 750 pm and
diameter of 2R = 4 mm. The chamber was cast inside a cylindri-
cal disk, which was fabricated with a 3D printer (Moonray D75,
Sprintray, Inc., USA) through the digital light-processing tech-
nique. A piezoceramic actuator (lead zirconate titanate, PZT-8)
with a diameter of 25 mm was glued with epoxy (Huntsman
Corp., USA) as the bottom of the resonant chamber. A glass
cover slide of 150 pm thickness was placed at the chamber’s
top, working as an acoustic reflector. In Figure 1, the acoustoflui-
dic device is shown.

2.2. Raman Spectroscopy

The Raman measurements are conducted by a confocal Raman
microscope (LabRam HR Evolution, Horiba, France). The
microscope comprises a 0.65/40x objective lens (series PLCN,
Olympus Corp., Japan) and a 785 nm laser with power under
100 mW. The Raman backscattered signal is collected by the
same lens and is dispersed by 300 gr mm . The system is cali-
brated using the silicon phonon band at 520 cm " as reference. A
notch filter smooths out the backscattered light from the unde-
sirable elastic signal, e.g., the so-called Rayleigh scattering, which
has the same wavelength as the excitation laser. The inelastically
scattered light passes toward the detection system to form the
Raman spectrum.

2.3. Electronic Instrumentation

The piezoceramic actuator of the acoustofluidic device was
excited with a sinusoidal signal produced by a function generator
(AFG1022, Tektronix Inc., USA) and amplified by an RF power
amplifier (240L, Electronics & Innovation, Ltd., USA). The driv-
ing signals were monitored with a two-channel oscilloscope (TDS
2012C, Tektronix Inc., USA).

© 2021 Wiley-VCH GmbH
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Figure 1. a) Photography of the Raman-acoustofluidic integrated system comprising a cylindrical acoustic chamber and a confocal Raman apparatus.
b) Transverse cut of the device with the resonant chamber (40 mm diameter and 750 pm height) in light blue. A piezoceramic actuator (PZT) and glass
slide form the bottom and top of the chamber, respectively. c) Zoom-in illustration of the acoustofluidic device. d) Microparticles sedimented at the
chamber bottom. The focused Raman laser is displayed as red cones. e) After switching on the device, the microparticles are trapped in the central area of
the nodal pressure plane. The blue-dashed curve show the acoustic standing wave in the axial direction.

2.4. Preparation of J774.A1 Murine Macrophages

The adherent-phenotype macrophage line |774.A1 was cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM, Merck KGaA,
Germany) supplemented with 10% fetal bovine serum (FBS) at
37°C, 95% humidity, and 5% CO,. Cells were cultured to 90%
confluence and later centrifuged at 1500 rpm for 5 min at 4 °C to
separate dead cells from living cells. Subsequently, the living
cells were counted using an optical microscope and a
Neubauer’s chamber.

3. Results and Discussion
3.1. Raman-Acoustofluidics-Integrated Method

In Figure 1, we display the Raman-acoustofludic system pro-
posed for cell enrichment and enhancement of the Raman
signal-to-background ratio. A photography of the device mounted
on the confocal Raman microscope is shown in panel (a). In
panel (b), we show the acoustofluidic device’s schematics.
Ultrasonic waves at 1.056 MHz frequency are pumped into
the resonant chamber by the piezoceramic actuator.
Microparticles are expected to levitate in a pressure nodal plane
of height h ~ 4, /2 = 325 pm. The acoustic levitation plane
should match the confocal plane of the objective lens. Hence,
the Raman-acoustofludic system should have a lens working dis-
tance satisfying

WD > 8¢ + b (1)

where &, is the thickness of the acoustic reflector. The working
distance for our system reads WD > 475 pm. This gives us rea-
sons to use a 40x objective lens, with numerical aperture
NA=0.65 and working distance of 600pm, to focus the
Raman laser on the levitation plane (see Figure 1).
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3.2. Acoustofluidic Fields

We assume the fluid inside the chamber is characterized by mass
density p, and adiabatic compressibility 3. The piezoelectric vibra-
tions at angular frequency  induce a harmonic acoustic pressure
and fluid velocity whose spatial amplitude is denoted by p,, and
Vg, respectively, where the subindex “ch” refers to the device's
chamber. For applications in the Raman spectroscopy system,
we seek for radially symmetric resonant modes. In so doing,
we use Comsol Multiphysics Software (Comsol Inc., USA) to com-
pute the acoustic fields numerically through the finite element
method. The numerical model considers the device geometry
and its material composition (fluid, viscoelastic and elastic solid,
and piezoelectric parts) for the numerical simulations—see details
in the Supporting Information. The pressure and fluid velocity are
used in the next section to calculate the acoustic radiation force.

3.2.1. Primary Acoustic Radiation Force

The acoustic radiation force exerted on microparticles and cells
results from a change in the linear-momentum flux of an incident
wave during the scattering process. In our approach, we assume
that the radius of a microparticle, denoted by a, much smaller than
the acoustic wavelength, e.g., a < 4,.. In this case, the primary radi-

ation force is given as minus the gradient of a potential function!**

Fed = vy @)
4na® 3
0 =22 (Do upput - o

The coefficients f, and f, represent the compressibility and
density contrast factors between the particle and surrounding liq-
uid. The minimum of the radiation force potential U™ at the
chamber’s center corresponds to the metastable acoustic trap.?*!

The computed pressure field inside the resonant chamber is
used to calculate the acoustic radiation force exerted on a

© 2021 Wiley-VCH GmbH
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Figure 2. The finite element simulation of the acoustic radiation force field represented by gray arrows exerted on a 10pm polystyrene bead. The
background images correspond to the radiation force potential. The device is simulated with a 1.19 MHz frequency and a peak-to-peak voltage of
3.8V. a,b) The potential in the axial (xz plane) and levitation plane (xy plane) at h = 286 um, respectively. In panel (a), the white dotted line shows

the potential minimum position, which corresponds to the levitation plane.

10 pm polystyrene bead (see details of the computational simula-
tions in the Supporting Information). The acoustofluidic device is
simulated with a frequency of 1.19 MHz and a 3.8 V peak-to-peak
voltage. In Figure 2, the radiation force potential is shown with the
origin of the coordinate system set in the principal chamber axis at
the bottom. Panel (a) shows the axial plane’s radiation force poten-
tial (xz plane), whereas panel (b) showns the same as (a) but in the
levitation plane (xy plane). The gray arrows represent the radiation
force vector field. In panel (a), the potential minimum is shown in
the white dotted line, which corresponds to the levitation plane
at h =286 pm. This is in good agreement with the experimentally
measured height h =285 + (15) ym at a frequency of 1.056 MHz.
Note that the frequencies in the experiment and simulation are
apart by 0.037 MHz. The radiation force action will make particles
aggregate in the central portion of the chamber.

The estimation of the ultrasonic wave’s pressure amplitude
inside the chamber is important in the cell viability analysis."*!
To perform this task, we use the gravity—radiation force balance
method presented for a particle in a standing plane wave."")
Considering a 10 pm polystyrene bead in water at room temper-
ature with a 1.056 MHz frequency and 3.8V, voltage, we have
the following model parameters a = 5 pm, f, = 0.31, f; = 0.03,
po = 998kgm™3, and ¢, = 1493 ms™". Hence, the experimental
pressure amplitude is about p, = 50 kPa, with a stored acoustic
energy density of E, = 0.55 ] m.
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3.2.2. Secondary Acoustic Radiation Force

When two or more microparticles in the nodal plane are in close
proximity, the secondary radiation force (also known as the acoustic
interaction force) arises on the microparticles due to rescattering
events.”?* Consider a pair of identical trapped particles, namely,
particle 1 and 2, with interparticle distance d. Say particle 1 scatters
the incoming wave, with the scattered wave’s fluid velocity v,
being given regarding the reference frame in particle 1. The acous-
tic interaction force on particle 2 is'*!

Fint = _VJ. Uint (4)
U™ = —ra’f,poRe[V, - Vsd] )

where V| is the transverse gradient, “Re” means the real part of a
complex function, and the dot denotes the scalar product.

As indicated by Equation (2b) and (3b), both radiation force
potentials U™ and U™ rely upon the particle sizes; so do the
related force amplitudes. Nonetheless, the aggregate position,
which corresponds to the minimum of U™¢, depends on the
pressure and velocity fields inside the microcavity. These fields
are not influenced by particles as long as the aggregate’s volume
is small, contrasted to the microchamber’s volume.
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In the levitation plane, we expect the acoustic interaction force
to be a central force; i.e., the interaction potential U™ depends on
the interparticle distance. To estimate the acoustic interaction
force, we first notice that the nearfield scattered-wave velocity is
proportional toP* vy ~ a*fv,/1, with r being the distance from
the center of particle 2 to the observation point. Hence, the
nearfield interaction potential reads U™ ~ —rzaSf3p,lv, |2/ 1.
Moreover, the only transverse variations of the acoustic fields
are of the order of the chamber radius R; then
Vi |[Veu|* ~ [V |*/ R. Therefore, we estimate the acoustic interac-
tion force as Fint = |V U™| _, ~ 7a®f2py|vey|? /d*.

To compare the interaction force with the primary radiation
force (in the nodal plane), we use Equation (2) to obtain the ratio

Fint ast1
~ 0)
Frad d (©)

For two 10 pm diameter polystyrene particles in water, this
ratio is 0.75, with d = 2a. We see that in close proximity, the pri-
mary and secondary radiation forces are about the same order of
magnitude. It is important to fully determine the secondary
radiation force in the levitation plane as it provides us with a basic
understanding of microparticle close-packing arrangements.
However, the aforesaid analysis is beyond the scope of this study.

3.2.3. Acoustic Microstreaming

In addition to transverse radiation forces in the levitation plane,
acoustic microstreaming exerts a drag on aggregated particles,
causing their in-plane movement.?® Nonetheless, Raman spectros-
copy should be performed on a standstill particle for as long as the
acquisition process requires. Microstreaming can then be a show-
stopper of the Raman acoustofluidics as a tool for selectively mon-
itoring single cells. Particles with a diameter smaller than 15 um
are more prone to microstreaming effects.””! A possible route to
suppress acoustic microstreaming is to develop shape-optimized
chambers.*® Furthermore, the method selectivity may benefit
from patterned particles in the one-cell-per-trap configuration.*”!

3.3. Raman-Acoustofluidics Case Studies

3.3.1. Polystytene Particles

Our first experiment using the Raman-acoustofluidic settings was
performed with monodispersed polystyrene beads immersed in
distilled water. Here, the acoustofluidic device operates with
1.056 MHz and a low peak-to-peak voltage of V,,, = 3.8V.

In Figure 3, we show the micrographs of aggregated polysty-
rene beads in the device chamber. Panels (a)-(d) show 10 pm
diameter beads, whereas panels (e)—(h) show 30 um diameter
particles. The particle concentration ranges from C=50 to
900 particlespL ™', with a 20x and 40x objective lens (see
Figure S1 and S2, Supporting Information). The microparticles
are trapped in a single layer in less than 1 min after switching on
the device. The aggregation efficiency is defined as the ratio
between the number of particles N counted in the central area
of the levitation plane and the particle concentration C times
the chamber’s volume Vg,
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. N
E= Wc}]
Clearly, ¢ =1 means all diluted particles are trapped in the
levitation plane. Based on the number of particles seen in panels
(b) and (f), the efficiencies are ), = 0.28 and &3, = 0.40, for the
10 and 30 pm particles, respectively. The efficiency €5 is larger
because the primary radiation force is proportional to the particle
cross-section area.

Regarding the close-packed arrangement seen in Figure 3, we
note that the aggregations form a hexagonal lattice. This geomet-
rical arrangement has been noticed in other acoustic resonant
chambers.”***!] Computer simulations considering rigid particles
demonstrate that a central force leads to hexagonal lattice pack-
ing!*?! A possible central force in the levitation plane is the inter-
particle secondary radiation force. As the observed aggregates
remain stable for at least a few hours, we could selectively complete
Raman acquisitions of any particle in the bead ensemble. With
small particle concentrations (C < 50 particles pL '), we observed
displacements of a few tens of micrometers of the 10 pm bead
aggregate due to acoustic microstreaming. Aggregates with larger
beads remained at standstill. Furthermore, we note that the Raman
laser could eject peripheral particles out of an aggregate. Indeed the
acoustic trap breakup by light has been experimentally observed.””
We found that the particle-ejection effect by light is more likely on
10 pm beads with laser intensities greater than 5 mW.

In Figure 4, we show the average Raman spectrum out of ten
measurements of a levitating (a) 10 pm and (c) 30 pm diameter
bead. The Raman laser acted on a single bead with 2 mW power.
In all measurements, the exposure time is 30's, without accumu-
lations. The blue line in panels (a) and (c) show the spectrum
taken at a particle in the levitation plane (referenced as z = 0
in depth). The obtained spectra are very alike and compatible with
previously reported results,**! although there is a small band
around 1320 cm ™! found to be assigned to the glass slide used
to seal the microfluidic device. In contrast, the red line corre-
sponds to the spectrum at z = —80 um (underneath the levitation
plane). As no particle is trapped at this height, the Raman signal
polystyrene is almost negligible. To further investigate the single-
particle spectrum in depth, we laser scanned along the axial line
from —60 to 60 um. Then we took the average Raman intensity
around 1000cm ' (e.g., the Raman signal is numerically inte-
grated into a narrow interval around the peak intensity at
1000 cm ™). After fitting the obtained data with a Gaussian curve,
we estimate the full width at half maximum (FWHM) for the par-
tides as FWHM =15 pm (10 pm diameter) and FWHM = 33 ym
(30 pm diameter). This result is consistent with focusing the
Raman laser within a single particle, albeit a deviation in diameter
of the smaller particle is noted. We may attribute this discrepancy
to alaser depth close to 2.0 ym and variations in the particle’s size
distribution. This result reasonably supports that a single layer of
beads is formed at the levitation plane, even considering higher
concentrations in the range of C=50-900 particles pL ' (see
Figure S3, Supporting Information). For concentrations such
as C > 50-900 particles pL~ ! the FWHM broadens due to the for-
mation of other microparticle layers underneath the levitation
plane (see Figure S4, Supporting Information).

Another aspect of the Raman-acoustofluidic platform con-
cerns the signal-to-background ratio (SBR) defined as
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Figure 3. Micrographs of monodispersed polystyrene beads immersed in distilled water in the acoustofluidic device: a-d) 10pum diameter beads;
e-h) 30um diameter beads. The microparticles are trapped at 280 ym height in the center of the resonant chamber. The device operates at
1.056 MHz with a voltage amplitude of 3.8 V. Different concentrations are shown versus optical magnification.

{Iy) absent), respectively. We want to determine the SBR considering

1= Iy 30 pm diameter particles in two distinct configurations as shown
in Figure 5. In panel (a), we show the Raman spectrum of an

where (Iy) and (I) are the integrated Raman intensity over the  acoustically trapped particle in the device (blue solid line), and

acquisition bandwidth of a sample and background (sample is  the spectrum a particle sandwiched between a silicon (Si) wafer

SBR = 10log ®)
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Figure 4. The average Raman spectrum of a) a 10 pm and c) 30 um diameter polystyrene particle at different depths z = 0 (levitation plane) and z =
—80 pm inside the resonant chamber. No baseline correction was applied to the spectra. The polystyrene particles were dispersed in distilled water with
concentrations of C = 50 and 100 particles L~ for sizes of 10 and 30 um, respectively. In both cases, the Raman spectrum is taken by a 785 nm
excitation laser of 2mW power with 30's acquisition time. The average value around the 100cm ' peak is used to assess the Raman signal axial broad-
ening, as shown in panels (b) and (d). During the acquision, the axial scan step size was 2 um. The FWHM is (b) 15 pm and (d) 33 pm, with the red line

showing a Gaussian fit of the measured data.
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Figure 5. The average Raman spectrum is shown for a 30 pm diameter
polystyrene bead in two experimental settings, namely, particles sand-
wiched between a silicon (Si) wafer at the bottom and a glass slide at
the top (red dotted lines), and particles in the acoustofluidic device (blue
solid lines). a) In the sandwiched configuration, the particles are sedi-
mented on the silicon wafer, whereas in the device the particles are
trapped at h = 286 pm. b) The background Raman signal (without focus-
ing on a particle) of the Siwafer and in the switched-off device. The signal-
to-background ratios of the sandwiched and acoustofluidic device are,
respectively, SBR = 32 + 1.5dB and SBR = 3.0 +0.1dB.

and a glass slide (red dotted line). The glass slide is the same used
to seal the device. We then take the spectra of the background on
the Si wafer and in the device switched off. A remarkable differ-
ence in the results of the two acquisition methods is noted. In the
sandwiched setup, a very large peak at 520 cm ™! is noted, which
corresponds to the Si wafer. Outstanding discrepancies are seen
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in the 500-775, 915-990, and 1275-1430 cm ' bands. The glass
slide peak at 1320 cm ! is barely noticed in both settings. The
SBR of the device and that of the sandwitched apparatus are
32+15 and 3.2+0.1dB, respectively. About 30dB improve-
ment is brought in by the acoustofluidic method.

3.3.2. Murine Macrophages |774.A1

Let us now present our results considering biological cells. We
have conducted experiments on macrophages of mice (cell line
]J774.A1), with an averaged diameter of 20 pm. These cells have
been chosen as they are commonly used in infection assays of L.
Amazonensis with the purpose of new drug discovery for leish-
maniasis treatment.*") The cells were immersed in phosphate
buffer saline (PBS) solution and injected in the resonant cham-
ber. The acoustic trapping protocol was the same as that used for
polystyrene beads. As the Raman scattering efficiency of biologi-
cal cells is much smaller than that of inorganic compounds,!****!
we had to increase the laser power from 2 to 75 mW. Also, a
longer acquisition time of 1 min with an average of 40 accumu-
lations was required to obtain the cellular spectrum. The
obtained Raman spectrum is the population average over five
measurements taken on different cells. Here no cell ejection
by light interaction was observed.

Raman acoustofluidics may induce collateral damage due
to laser (photodamage) and acoustic interaction with cells, as

© 2021 Wiley-VCH GmbH
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well as temperature rise and acoustic cavitation. We have not
observed photodamage in the probed cell after the Raman acqui-
sition. In fact, photodamage may not occur for a laser power as
high as 115mW for nearly 1h of cell exposure to light**!
Temperature rise may be caused by ultrasonic absorption in
the liquid and biosample, heat losses in the piezoelectric actua-
tor, and in thin glue layers used to bond different device parts.*®!
We have measured the overall chamber temperature with an
infrared thermographic camera (E40bx, FLIR Systems, USA)
with thermal sensitivity of 0.045 °C in the —20 to 120 °C range.
At voltages as low as 8V, the temperature variations remained
under 1°C over a few hours’ measurement, as shown in
Figure S5, Supporting Information. Nonetheless, the local tem-
perature of the Raman-investigated cell was not measured. An
approach based on luminescent nanothermometers, which pro-
vide intracellular temperature readings,*’”~** can be used for this
task. Also, the ultrasonic effects on cellular viability and meta-
bolic activity were not investigated. For reference, human dermal
fibroblasts have good viability (above 80%) for a voltage range of
6-8V and a time interval under 15 min, when conducted at room
temperature.”” Finally, a few words should be said about inertial
cavitation that may provoke cell lysis and death. Inertial cavitation
is caused by a large bubble oscillation over a few cycles ending in
a violent bubble collapse. Because the cavitation threshold
depends on the wave pressure amplitude, cavitation is less likely
to take place in a pressure node. In addition, for a frequency of
1-10 mHz, the estimated pressure amplitude for cavitation is
0.1-1MPa. This is well above the estimated pressure
amplitude inside the device chamber, e.g., p, = 0.05MPa.
Therefore, it is unlikely that inertial cavitation occurs in the levi-
tation plane wherein cells are investigated.

In Figure 6a—, we present trapped macrophages with a con-
centration of 50 cells pL " and the average macrophage spectrum
at room temperature. The bright-field images show a collection
of macrophages in the levitation plane after a Raman acquisition
(/240 min). The observed macrophages are well packed in a stable
configuration during the acquisition, without notable acoustic
microstreaming effects. By visual inspection, we see the mem-
brane integrity and cell morphology are good indicators of the
cell preserved viability. In panel (c), we exhibit the experimentally
measured Raman spectra (gray lines) for the acoustofluidic
device “ON” and “OFF.” The red and blue lines correspond to
the average over five measurements. We should mention that
the polystyrene particle and cell aggregations were formed at
the same height with a very similar geometrical arrangement
(honeycomb array). This hints that their compressibility (f,)
and density (f,) contrast factors should have the same sign to
produce similar qualitative behavior.

The differences between the spectra are straightforward.
Indeed, before turning on the device, no Raman signal from a
cell could be detected. The more visible contributions are
observed around 1320 and 1640 cm ', probably assigned to
the culture medium (PBS) and glass slide used to seal the device.
The green line represents the average spectrum after subtracting
the background signal. This Raman signature is in accordance
with previously reported results (pink curve) for the fixed cell
of the same line.*" We observe that several peaks in both spectra
are alike. The spectrum delivered by Raman acoustofluidics
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Figure 6. Bright-field images of macrophages in the levitation plane taken
by a) a 10x and b) a 40x objective lens. The cell concentration is 50
cells uL . ¢) The room-temperature Raman spectra (gray lines) of a single
macrophage obtained with the 40 x objective lens. The red and blue curves
correspond to the average spectrum with the device “OFF” and “ON,”
respectively. The green curve is the averaged Raman spectrum after back-
ground subtraction. For comparison, the spectrum obtained from fixed
macrophages is also shown (pink curve), which was adapted from Ref.*"!

shows prominent peaks in the 900-1400cm ' band, which
are smoothed out in the mentioned reference. According to
Tfaili et al,”" some Raman bands are described as follows.
The band around 1240 cm ™' corresponds to random coil amide
111, while at 1371 cm ™!, the peak relates to §(CH,) lipids, ade-
nine, and cytosine in DNA/RNA. The peak around 1446 cm ™'
is associated with §(CH) in lipids and proteins and is also attrib-
uted to cholesterol. The band at 1657 cm ™' could be associated
with the carbonyl stretching (vC=O0) in peptide bonds and C=C
stretching in lipids.

4. Conclusion

We have presented a detailed description of Raman sspectro-
scopy of cells in a 3D-printed acoustofluidic device. The key
aspects of the acoustofluidic system include particle aggregation
and levitation in a metastable configuration, fast response, and
low-power consumption with a slight temperature variation
(=1°C).

By controlling the concentration of polystyrene beads in the
chamber, we observed the formation of a 2D hexagonal lattice,
which appears to be caused by the secondary radiation force
between neighbor particles. These results are achieved with an
aggregation efficiency of 30-40%. At low voltages ~4V, the

© 2021 Wiley-VCH GmbH
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acoustic microstreaming does not affect the trapping stability of
any of the particle concentrations investigated. The obtained
Raman spectrum of a single polystyrene bead in the device is
in excellent agreement with previous observations.**! As a proof
of concept, we took the Raman spectrum at room temperature of
live levitating macrophages. We obtained a good agreement with
previously reported results based on Raman acquisition from
fixed cells of the same line.*"

Our study has expounded that the acoustofluidic-assisted
Raman spectroscopy based on a cheap, easy-to-fabricate, and
robust 3D-printed device can be a valuable technique for cell
monitoring in biological assays. At last, the acoustofluidic device
presented here can be incorporated as a unit into a 3D-printed
microfluidic lab-on-a-chip system. Also, enhanced Raman
spectroscopy methods such as SERS can be assisted by the acous-
tofludic chip. These envisioned possibilities, along with the
attractive features previously discussed to assist Raman spectros-
copy, point out the proposed device can become a platform of
widespread use in a variety of applications in life sciences, medi-
cal diagnostics, and biotechnology.
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O artigo exposto apresenta resultados preliminares do desenvolvimento de
um dispositivo de acustofluidica desenvolvido por membros do GAF do IF-UFAL,
coordenado pelo professor Dr. Glauber T. Silva. Os resultados confirmam a
capacidade do dispositivo em aprisionar células macrofagicas e de melhorar as
informacdes oriundas das células através da espectrometria de massas obtida por
RAMAN.

Neste trabalho, foi demonstrado o uso de métodos de nanoscopia e
nanotermometria integrados em dispositivos de micro-acusticofluidica para
monitoramento de eventos em ensaios celulares. Esta técnica permite a
investigacdo de uma célula isolada ou um aglomerado de células que serdo
acusticamente armadilhadas e levitadas em uma cavidade (biorreator) com
dimensbes da ordem de alguns milimetros. Através das analises de
nanotermometria, pode-se extrair informacfes sobre rea¢fes enzimaticas, taxa de
divisdo celular, propriedades mecanicas da membrana celular, e processos
fundamentais, como distin¢édo entre células cancerosas e sadias, dentre outras.

A investigacdo dessas propriedades foi realizada através de nanosensores
fluorescentes multifuncionais capazes de realizar imagens e sensoriamento termo-
optico simultaneamente. Além disso, é de fundamental importancia que as bandas
de emissao e absorgdo destes nanosensores fluorescentes operem nas janelas
bioldgicas (regides espectrais onde as células sdo parcialmente transparentes,
devido uma baixa absorcédo e espalhamento da luz incidente e emitida).

Apbés a execucdo dos experimentos preliminares, procedeu-se com a
investigacdo da aplicacdo da acustofluidica e nano-termometria como inovacgao
tecnolégica para o estudo das leishmanioses, utilizando o dispositivo para o
aprisionamento dos macrofagos e dos parasitos. Para isto, promastigotas de L.
amazonensis (agente etiolégico da leishmaniose tegumentar) e L. chagasi (agente
etiolégico da leishmaniose visceral) foram submetidas a frequéncia de ondas de
ultrassom de 3.319 MHz e tensdo pk-pk menor que 5 volts, dentro do dispositivo.
Observa-se na figura 15 o aprisionamento de promastigotas das espécies de L.

amazonensis e L. chagasi, que se mantiveram estaticas durante o experimento.



Figura 15: Promastigotas de L. amazonensis (A) e L. chagasi (B), estaticas durante o

aprisionamento, no aumento de 40x

REREAEEN)

P
L

Fonte: Silva, 2022.

58

Para demonstrar a capacidade do dispositivo acustofluidico em aprisionar

formas amastigotas de Leishmania, macréfagos J774.A1 foram infectados com

promastigotas de com L. amazonensis

(Figura 16). O resultado da andlise foi

promissor, demonstrando que através da acustofluidica o dispositivo apresenta a

capacidade de aprisionar ndo somente células sadias como também células

infectadas, as quais séo os alvos de testes de diagnostico.

Figura 16: Macrofagos infectados com L. amazonensis, estaticos durante o aprisionamento,

Fonte:
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No trabalho descrito por Xie et al. (2020), os autores demonstram a
separacdo de células por acustofluidica, baseando-se na densidade e
compressibilidade, independentemente de seus tamanhos e manipulando as
propriedades acusticas em meio fluidico. A separacdo foi realizada devido a
variagdo das dimensdes dos canais microfluidicos, os comprimentos de onda dos
sinais acusticos e as propriedades do meio fluido. O método foi aplicado para
separar células Hela selvagens e tratadas com paraformaldeido com base nas
diferencas das propriedades mecanicas; foi alcancada uma taxa de recuperacao de
85% para células fixadas. Também foi aplicado para separar glébulos vermelhos
(RBCs) e glébulos brancos (WBCs) que tém densidades diferentes. Assim sendo,
conforme os autores supracitados, uma taxa de recuperacéo de 80,5% para WBCs
foi alcancada.

Cardoso et al. (2009) desenvolveram um dispositivo acustufluidico para medir
acido urico em saliva humana, o qual foi baseado em medic¢des espectrofotométricas
Opticas e em fluxo acustico, que potencializa a reacdo dos fluidos devido ao
aguecimento e agitacdo. A transmissdo acustica foi fornecida por um piezoelétrico
de B-PVDF depositado sob a matriz microfluidica do dispositivo. Além disso, um
dispositivo eletronico foi utilizado para a deteccéo, leitura, processamento de dados
e atuacado de sinal. Segundo os autores acima mencionados, os resultados
experimentais comprovaram que a transmissao acustica baseada neste polimero
piezoelétrico é vantajosa e reduz em 55% o0 tempo necessario para a obtencdo dos
resultados das andlises.

Por sua vez, no trabalho de Papadakis et al. (2019) foi possivel desenvolver
um método e plataforma para deteccédo de acidos nucléicos portatil utilizando ondas
fluidicas como ferramenta. A amplificacdo do DNA da Salmonella foi realizada em
trés amostras bioldgicas, swab nasal, sangue total e saliva. Como apontam o0s
autores abordados acima, a simplicidade do método combinada com a operacéo e
deteccdo do smartphone, o rapido tempo de analise amostra-resposta (30 min) e
alto desempenho em trés das amostras humanas mais importantes em diagndstico,
sugerem que a metodologia poderia se tornar uma ferramenta movel de escolha

para deteccao de acidos nucleicos.
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7. CONCLUSAO

O presente estudo confirma a robustez dos métodos acustofluidicos como
uma plataforma capaz de armadilhar células macrofagicas da linhagem J774.A1,
promastigotas de Leishmania amazonensis e Leishmania chagasi, e também células
J774.A1 infectadas com amastigotas de L. amazonensis, as quais sao alvos de
testes de diagndstico. Também comprovou-se que o dispositivo acustofluidico
desenvolvido pelo grupo de pesquisa foi capaz de armadilhar macrofagos da
linhagem J774.A1 para bio-Raman espectroscopia, como demonstrado no artigo
derivado desta tese, intitulado, “3D-Printed Acoustofluidic Devices for Raman
Spectroscopy of Cells”. A tese desenvolvida pode facilitar e aperfeicoar o diagndéstico
das leishmanioses, utilizando amostras bioldégicas menos invasivas.

O trabalho apresentado ressalta um carater inovador, bem como a
interdisciplinaridade, envolvendo profissionais de areas diversas, como engenheiros,
fisicos, farmacéuticos, biélogos, entre outros. Além disso, a tese descrita esta
correlacionada com o projeto do PPSUS (Programa de Pesquisa para o SUS),
coordenado pela professora Dra. Aline Cavalcanti de Queiroz, intitulado,
Desenvolvimento de um novo método de diagndstico para as leishmanioses
utilizando acustofluidica - Fase 1 - Processo n° E:60030.0000000194/2021,
aprovado no Programa de pesquisa para o SUS/Chamada FAPEAL N° 06/2020 —
PPSUS.

Mais recentemente a autora da tese, junto com colaboradores liderados pelo
Me. Giclénio Cavalcante concorreram ao edital do Catalisa ICT do SEBRAE e foram
aprovados. A proposta € projetar e desenvolver dispositivos com a tecnologia
acustofluidica de baixo custo para aplicacdes as ciéncias da vida e biotecnologia.
Utilizaremos impressédo 3D para prototipagem em resina e termoplasticos, e técnicas
industriais de réplica como moldagem por inje¢do e hot embossing, uma vez que o
uso de métodos de fabricacdo industrial visa a escalabilidade de nossos produtos.

Além disso, a tese consta com a exposi¢do de quatro artigos demonstrados
no "Material Suplementar”, onde a autora participou de outros projetos académicos

durante o seu doutoramento, contribuindo para a sua formacgéo e outros alunos de
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pés-graduacdo e graduacdo do LaFl, coordenado pela professora Dra. Magna
Suzana Alexandre Moreira.

8. MATERIAL SUPLEMENTAR

Artigos desenvolvidos durante o doutorado em colaboracgéo:
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ARTICLE INFO ABSTRACT

Keywords:
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A series of organotin(IV) derivatives was investigated in vitro for their antibiotic and adjuvant antibiotic prop-
erties (efflux pump inhibitors) against Staphylococcus aureus strains that overexpress efflux pump proteins for
norfloxacin (SA-1199B), erythromycin (RN-4220) and tetracycline (IS-58). Most organotin(IV) compounds
showed significant antibacterial activity with small Minimum Inhibitory Concentration (MIC) values, some of
which were close to 1.0 pg/mL (3.1 uM), but this feature was also associated with substantial cytotoxicity.
Nevertheless, the cytotoxicity of these organotin(IV) compounds can be overcome when they are used as anti-
biotic adjuvants. Their remarkable adjuvant antibiotic properties allow potentiation of the action of tetracycline
(against IS-58 strain) by up to 128-fold. This likely indicates that they can act as putative inhibitors of bacterial
efflux pumps. These results reinforce organotin(IV) complexes as promising antibacterial agents, and many of
these complexes, if associated with antibiotics, can act as potential adjuvant antibiotic candidates.

1. Introduction Indeed, S. aureus is a major cause of hospital-acquired infections and

lower respiratory tract infections. In addition, it is the second major

The increasing incidence of bacterial resistance in clinical practice
has become a significant public health problem since resistance is not
restricted to a specific antibiotic, but affects many drugs. According to
the report published in 2013 by the Center for Disease Control and
Prevention of the USA, every year, in the United States, > 2 million
people are infected by resistant bacteria, of which at least 23,000 are
killed by these infections, due to the ineffectiveness of the antibiotics
available in the clinic. “Superbugs” (organisms that are resistant to
most antibiotics used clinically) are emerging at a fast pace. In parti-
cular, Staphylococcus aureus is responsible for many cases of infection
each year [1,2].
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cause of nosocomial pneumonia bacteremia and cardiovascular infec-
tions [3]. Infections caused by this microorganism are particularly
difficult to treat due to the evolution of resistance to antimicrobial
drugs [4].

The inefficiency of the antibacterial agents used, which have a high
therapeutic limitation of systemic infections, high risk of toxicity, and
bacterial inefficiency, as well as the emergence of resistant bacterial
strains [5], combines with the increasing indiscriminate use of these
drugs, leading to selective pressure, which is responsible for the de-
velopment of or increase in resistant pathogenic bacteria [6].

Of the main mechanisms of bacterial resistance, efflux pumps,
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which are constituted by transmembrane proteins, stand out as being
responsible for pumping drugs to the extracellular medium. This lowers
the antimicrobial intracellular concentration and therefore allows the
survival of bacteria [7].

These data reinforce the need for immediate action [8], mainly with
regard to the development of new active compounds [9,10] to combat
one of the greatest clinical challenges of the 21st century [11]. Strate-
gies against bacterial resistance include an increase in the clinical uti-
lity of existing antibiotics, the use of drug resistance modulators, and
the development of efflux pump inhibitors, which can be co-adminis-
tered with known antibiotics [12].

Organotin compounds are currently the most widely produced or-
ganometallic complexes in the world [13,14]. In industrial applications,
they are largely employed as catalysts in reactions to produce esters
[15], polyesters [16,17] and lactones [18] at high yields. Furthermore,
organotin compounds also show a wide range of important biological
applications [19,20], for example, they have been demonstrated to
have significant antitumor [21,22], antifungal [23,24], antiviral [25],
and antibacterial [26,27] activities.

In terms of their chemical and structural properties, organotin(IV)
compounds are known to display significant Lewis acid characteristics
and expand their coordination number via interactions with non-
bonding electron pairs of atoms. Thus, these compounds have addi-
tional ligands and intramolecular coordination or association to pro-
duce dimers, oligomers, or polymers [14,28].

Organotin(IV) chloride and carboxylate complexes are the most
studied organotin derivatives [14], but the carboxylate derivatives are
the most studied for biological application because of the enormous
number of compounds that can be envisaged and prepared but also
because of the different biological properties that can be achieved [29].
Indeed, the most interesting feature for such compounds is the fact that
the carboxylate moiety already displays important biological activity
[30,31]; this, together with the organotin fragment, can modulate the
biological application of the whole complex.

Fatty acids are one of the most abundant groups of organic com-
pounds in nature, which are associated with various biological activ-
ities. Most of them are related to defense against pathogenic or op-
portunistic microorganisms and mainly act through inhibition of
growth or direct killing. Thus, for this work, we chose three bioactive
fatty acids to prepare organotin(IV) carboxylate derivatives, namely,
undecylenic, caprylic, and ricinoleic acids.

Undecylenic acid (UndH), an unsaturated 11-carbon fatty acid, is a
terminal unsaturated fatty acid that has antifungal [32], antibacterial
[33] and antiviral activity [34]. Although rarely found in great abun-
dance in nature, it can be found in tears and sweat. It is used as a topical
antifungal agent to treat dermatomycoses, aphthae [35] and denture
stomatitis [36]. This acid is primarily a fungistatic agent, and its fun-
gicidal activity can be observed with prolonged exposure to high con-
centrations [37]. Caprylic acid, a saturated 8-carbon fatty acid, is found
in its natural form in milk and palm, coconut and babassu oils. It is
reported an antifungal, antibacterial, anti-protozoal, anthelminthic and
larvicidal agent [38] and is considered to be a reliable substance by the
FDA (Food and Drug Administration, USA) for use as a preservative
[39]. Ricinoleic acid, an unsaturated 18-carbon fatty acid, is derived
from castor oil and is primarily known for its laxative properties, but
may present pro-anti-inflammatory or anti-inflammatory actions
through acute or repeated topical application, respectively, resembling
those described for capsaicin as well as its vanilloid analogues, but has
the advantage of no poignant or painful effects, a drawback of capsaicin
[40]. This fatty acid and its derivatives are used in dressings as a che-
mical debriding and facilitator of the healing process [41] as well as in
the treatment of infected wounds as an adjunct to systemic antibiotic
therapy [42,43]. In addition, ricinoleic acid easily penetrates deep into
the skin and enhances trans-dermal penetration of other chemicals
[44]. Thus, the association of organotin(IV) moieties with bioactive
fatty acids can extend the range of action of drugs via the metal-ligand
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synergistic effect and consequently lead to the development of new
metallodrug prototypes [45].

In this context, the aim of this work was to synthesize and evaluate
the antibiotic and antibiotic adjuvant activities (efflux pump inhibitor)
of a series of organotin(IV) compounds against Staphylococcus aureus
strains.

2. Experimental
2.1. Organometallic Sn(IV) derivatives

Two sets of organotin(IV) compounds were evaluated in this work:
organotin(IV) chlorides and organotin(IV) carboxylates. The organotin
(IV) chloride derivatives — dimethyltin dichloride (Me,SnCl.,), dibu-
tyltin dichloride (n-Bu.SnCl.), tributyltin chloride (n-Bu;SnCl), and di-
t-butyltin dichloride (+-Bu.SnCl) — were purchased from Gelest
(Morrisville, PA, USA) and used without further purification (NMR
analysis was used to confirm their state - available in Supplementary
material). The organotin(IV) carboxylates were prepared from the
former organotin(IV) chlorides in the presence of the respective fatty
acid sodium salts. Chloroform-d (99.8 at% D), metallic sodium, and the
fatty acids undecylenic (UndH), caprylic (CapH), and ricinoleic (RicH)
acids were purchased from Sigma-Aldrich (Saint Louis, MO, USA) and
used without further purification. Methanol was purchased from Di-
namica (Diadema, SP, Brazil) and used without further purification.
Toluene was purchased from Tedia Brasil (Rio de Janeiro, RJ, Brazil),
dried from Na/Benzophenone under reflux and argon atmosphere, and
stored under argon before use. The IR spectra were recorded on a
Varian 640-IR with an ATR device. The 'H, '*C, and ''°Sn NMR spectra
were recorded at 400.130, 100.613, and 149.211 MHz, respectively, on
a Bruker Avance 400 instrument and were externally referenced to
tetramethylsilane for 'H, and '*C and tetramethyltin for '*°Sn. Che-
mical shifts (8) and coupling constants (/) were expressed in ppm and
Hz, respectively. High resolution mass spectrometry (HRMS) was per-
formed at the LTQ Orbitrap XL Hybrid Ion Trap-Orbitrap Mass Spec-
trometer by electrospray ionization (ESI).

2.1.1. Synthesis of organotin(IV) carboxylate derivatives

The reactions involving the synthesis of the organotin(IV) carbox-
ylates—dimethyltin diricinoleate (Me,SnRic), dimethyltin diundecy-
lenate (Me,SnUnd,), dimethyltin dicaprylate (Me,SnCap,), dibutyltin
diricinoleate (1-Bu,SnRic,), dibutyltin diundecylenate (n-Bu,SnUnd.),
dibutyltin dicaprylate (n-Bu,SnCap,), tributyltin ricinoleate (n-
Bu,SnRic), tributyltin undecylenate (n-Bu,SnUnd), tributyltin caprylate
(n-BusSnCap), di-t-butyltin diricinoleate (t-Bu.SnRic.), di-t-butyltin
diundecylenate (-Bu,SnUnd,), and di-t-butyltin dicaprylate (&
Bu,SnCap,)—were prepared, according to previously described prac-
tices [46]. Briefly, all of the sodium salts of fatty acids were prepared
(quantitatively) under a common atmosphere by dropwise addition of
an equimolar amount of an aqueous solution (30 mL) of NaHCO,
(4,16 g; 50 mmol) into a methanolic solution (20 mL) of fatty acid.
These solutions were stirred for approximately 2 h at room tempera-
ture, and the volatiles were removed under reduced pressure to give
white solids, which were vacuum dried. The organotin(IV) carboxylates
were prepared using the same strategy, respecting the equivalence be-
tween the number of chlorides and carboxylates. These reactions were
performed under an argon atmosphere using a dual vacuum/argon line
and standard Schlenk techniques. Example: to a 50-mL two-neck round-
bottom flask, a solution of n-Bu,SnCl, (0.61 g; 2.0 mmol) in dry toluene
(15mL), and suitable equivalents of powdered sodium undecylenate
(1.24 g; 6.0 mmol) were added. After 24 h under reflux, the mixture
was cooled to room temperature, diethyl ether (15mL) is added, and
the mixture filtered. The solution was transferred to a rotary evaporator
to remove the volatiles. The product was finally dried under vacuum,
leading to a light yellow oil.
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n-Bu,SnUnd, - Colorless oil. Yield: 68%. HRMS-ESI for C3oHs604Sn
(m/z): calculated 623.3093 (M + Na®); found 623.3082 (M
+ Na®). IR (Vpa/cm ™ 1): 3078 (v =CH), 2956 and 2886 (v,./v,
CH3), 2923 and 2852 (v,,/v, CH,), 1738 (v C=0), 1639 (v C=C),
1599 and 1381 (v,/v, COO), 1460 (8,; CH; and &, CH,), 991 and
908 (y=CH); 722 (p CH,), 633 and 560 (v,/v, Sn—C), 538 (v Sn—0).
'H NMR (CDCls, ppm): § 5.82 (m, 2H, =CH), 4.97 (m, 4H, =CH,),
2.36 (t, 2H, CH,COO, J = 7.44Hz), 2.04 (q, 4H, CH,CH=,
J = 7.17 Hz), 1.65 (m, 12H, Sn(CH,), + CH,CH,CO0), 1.34 (m,
24H, Sn(CH,),CH, + (CHy)s), 0.91 (t, 6H, Sn(CH,);CHa,
J=727Hz). >C NMR (CDCl;, ppm): & 184.07 (CH.CH
(CH,)gCO0), 139.15 (CH,CH(CH,)sCOO), 114.12, (CH,CH
(CH,)gCO0), 34.12 (CH,CH(CH,),CH,CO00), 33.14
(CH,CHCH,(CH,),C00), 29.30, 29.24, 29.19, 29.04, and
2890  (CH,CHCH,(CH,)s(CH,),CO0), 26.67 and 26.30
(SnCH>(CH,)>CH3), 25.50 (CH>CH(CH.)sCH>CH>COO), 24.90
(SnCH,(CH,),CH3), 13.53 (Sn(CHz);CHs). ''°Sn NMR (CDCls,
ppm): —148.19.

t-Bu,SnUnd, - Light yellow oil. Yield: 64%. HRMS-ESI for
Cs0Hs048n  (m/2): calculated 623.3093 (M + Na™); found
623.3090 (M + Na*). IR (Vmax/cm ™ '): 3075 (v =CH), 2974 and
2883 (V,,/v, CH,), 2925 and 2853 (v,,/v; CH,), 1737 (v C=0), 1638
(v C=C), 1602 and 1367 (v,,/v; COO); 1460 (8,; CH; and 8, CH,),
1387 (8, CHs), 993 and 908 (y =CH), 723 (p CH,), 640 and 555
(Vas/vs S1—C), 532 (v Sn—0). 'H NMR (CDCl, ppm): 8 5.81 (m, 2H,
=CH), 4.96 (m, 4H, =CH>), 2.37 (t, 4H, CH»COO, J = 7.57 Hz),
2.08 (q, 4H, CH,CH=, J = 7.13Hz), 1.65 (qt, 4H, CH,CH,COO,
J=7.48Hz), 1.31 (m, 38H, Sn-C(CH); + (CH,)s). '*C NMR
(CDCl;, ppm): & 183.20 (CH,CH(CH,)sCO0), 139.16 (CH,CH
(CH,)gC00), 114.14 (CH,CH(CH,)3COO0), 45.13 (SnC(CH5)5), 34.10
(CH>CH(CH>);CH,COO0), 33.79 (CH.CHCH(CH:);COO), 29.78
(SnC(CH5)3), 29.34, 29.30, 29.19, 29.03 and 28.88
(CH,CHCH,(CH,)5(CH,),C00), 25.61 (CH,CH(CH,)sCH,CH,COO0).
119%Sn NMR (CDCl,, ppm): § — 211.65.

n-Bu;SnUnd - Light yellow oil. Yield: 66%. HRMS-ESI for
C23H46028n  (m/z): calculated 497.2412 (M + Na®); found
497.2403 (M + Na™). IR (Vpax/cm ™ '): 3076 (v =CH), 2954 and
2870 (v,s/vs CH3), 2923 and 2853 (v,,/v; CH,), 1738 (v C=0), 1641
(v C=0), 1559 and 1376 (v/v, COO), 1460 (8, CH; and 8, CH,),
994 and 906 (y =CH), 724 (p CH), 668 and 609 (v,,/v, Sn—C), 536
(v Sn—0). 'H NMR (CDCls, ppm): § 5.78 (m, 1H, =CH), 4.95 (m,
2H, =CH,), 2.28 (t, 2H, CH,COO, J = 7.15Hz), 2.01 (q, 2H,
CH,CH=, J = 7.15Hz), 1.58 (m, 8H, SnCH, + CH,CH,C0O0), 1.27
(m, 22H, SnCH,(CH,), + (CHp)s), 0.88 (t, 9H, Sn(CH,);CH,,
J=715Hz). ®C NMR (CDCl;, ppm): & 179.49 (CH,CH
(CH»)sCO0), 139.18 (CH>CH(CH»)sCOO), 114.07 (CH>CH
(CH,)gC00), 34.91 (CH,CH(CH,),CH,CO00), 33.77
(CH,CHCH,(CH,),C00), 29.34, 29.30, 29.28, 29.07 and
2891  (CH,CHCH,(CH,)5(CH,),CO0O), 27.84 and 27.00
(SnCH,(CH,),CH;), 25.83 (CH,CH(CH,),CH,CH,CO0), 16.37
(SnCH,(CH,)>CH3), 13.61 (SnCH2(CH2).CHs). *°Sn NMR (CDCls,
ppm): § 103.93.

Me,SnUnd, - Light yellow oil. Yield: 69%. HRMS-ESI for
Cp4H44048n  (m/2): calculated 539.2154 (M + Na®); found
539.2144 (M + Na™). IR (Vpa/cm ™ 1: 3076 (v =CH), 2979 and
2863 (Vas/vs CH3), 2923 and 2852 (Vas/vs CHz), 1734 (v C=0), 1639
(v C=C), 1556 and 1393 (v,/v, COO), 1457 (8,; CH; and 8 CH,),
993 and 908 (y =CH), 722 (p CH,), 634 and 574 (v,,/v, Sn—C), 540
(v Sn—0). "H NMR (CDCls, ppm): & 5.81 (m, 2H, =CH), 4.97 (m,
4H, =CH,), 2.35 (br, 4H, CH,COO), 2.04 (q, 4H, CH,CH=,
J = 7.01 Hz), 1.63 (br, 4H, CH,CH,COO), 1.32 (m, 20H, (CH>)s),
0.98 (br, 6H, SnCH,). '*C NMR (CDCls, ppm): § 184.32 (CH,CH
(CH,),CO0), 139.14 (CH,CH(CH,)4CO0), 114.12 (CH,CH
(CH,)gCO0), 34.05 (CH,CH(CH,),CH,CO0), 33.76
(CH,CHCH,(CH,),C00), 29.68, 29.27, 29.17, 29.02 and 28.88
(CH,CHCH,(CH>)5(CH>)>C00), 25.36 (CH>CH(CH,)sCH,CH,COO0),
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4.12 (SnCHs). ''?Sn NMR (CDCls, ppm): § —119.74.

n-Bu,SnCap, - Light yellow oil. Yield: 70%. HRMS-ESI for
Cy4Hyg045n  (m/2): calculated 543.2467 (M + Na™); found
543.2460 (M + Na ™). IR (V;nae/cm ™ 1): 2954 and 2869 (v,,/v, CHs),
2923 and 2855 (v,/v; CHy), 1734 (v C=0), 1596 and 1378 (v /v,
C00), 1458 (8,; CH; and 8 CH,), 722 (p CHy), 670 and 631 (v,/v,
Sn—C), 530 (v Sn—0). 'H NMR (CDCl;, ppm): § 2.35 (t, 4H,
CH,COO0, J = 7.66 Hz), 1.65 (m, 12H, CH,CH,COO + Sn(CH,),),
1.31 (m, 20H, (CH,),CH; + Sn(CH,),CH,), 0.88 (m, 12H,
(CH,),CH; + Sn(CH,);CH,). '*C NMR (CDCl;, ppm): § 183.70
(CH3(CH2)6CO0), 34.09 (CH3(CH2)sCH»C00), 31.67
(CH,CH,CH,(CH,)4,C00), 2920 and 2891 (CH,;(CH,),
(CH,),(CH,),CO0), 26.67 and 26.32 (SnCH,(CH,),CH,), 25.43
(CH;(CH,)4CH,CH,CO0), 24.94  (SnCH,(CH,),CH;), 22.59
(CH,CH,(CH;)sC0O0), 14.03 (CH3(CH,),CO0), 13.52 (Sn
(CH,)3CHs). ''?Sn NMR (CDCls, ppm): § — 149.55.

t-Bu,SnCap, - Light yellow oil. Yield: 70%. HRMS-ESI for
Cy4H4g045n  (m/2z): calculated 543.2467 (M + Na™); found
543.2455 (M + Na™). IR (Vjyoe/cm™ 1): 2956 and 2870 (v,,/v, CHs),
2926 and 2853 (v,/v; CHy), 1737 (v C=0), 1602 and 1367 (v,s/v,
C00), 1458 (8,s CH3 and 8; CHy), 1383 (8; CHs), 724 (p CH.), 668
and 563 (v4./v, Sn—C), 532 (v Sn—0). 'H NMR (CDCl,, ppm): § 2.37
(br, 4H, CH,COO), 1.65 (br, 4H, CH,CH,COO), 1.31 (m, 34H,
(CH,)4CH, + Sn-C(CH,),), 0.87 (br, 6H, (CH,);CH,). '>C NMR
(CDCl;, ppm): & 183,09 (CH5(CH,),CO0), 45.15 (SnC(CH,),), 34.09
(CH3(CH2)sCH2CO0), 31.68 (CH3CH»CH»(CH:)4C00), 29.78
(SnC(CH,)5), 29.30 and 28.92 (CH,(CH,),(CH.,),(CH,),C00), 25.58
(CH;(CH,)4CH,CH,CO0), 22.58 (CH,;CH,(CH,)sCO0), 14.06
(CH5(CH,),CO0). 11°Sn NMR (CDCl,, ppm): § — 211.55.
n-Bu;SnCap - White oily solid. Yield: 73%. HRMS-ESI for
CooH42028n  (m/z): calculated 457.2099 (M + Na™); found
457.2089 (M + Na™). IR (Vnae/cm ™ '): 2954 and 2870 (v,/v, CHs),
2920 and 2853 (v,/vs CH,), 1545 and 1404 (v,,/v; CO0), 1457 (8,
CH; and 8 CH,), 1376 (8, CH,), 725 (p CH,), 667 and 609 (v /v,
Sn—C), 532 (v Sn—0). 'H NMR (CDCl;, ppm): § 2.30 (t, 2H,
CH»COO, J = 7.35Hz), 1.63 (m, 8H, CH,CH,COO + SnCH>), 1.30
(m, 20H, (CH,),CH; + SnCH,(CH,),), 0091 (m, 12H,
(CH,)4CH; + Sn(CH,);CH;). '*C NMR (CDCl;, ppm): § 179.53
(CH,(CH,),CO0), 34.94 (CH5(CH,)sCH,COO0), 31.74
(CH,;CH,CH,(CH,)4,C00), 2929 and 29.01 (CH,(CH),
(CH1)2(CH,).CO0), 27.85 and 27.03 (SnCH»(CH:).CH3), 25.87
(CH,(CH,),CH,CH,CO0), 22.60 (CH,CH,CH,(CH,),C00), 16.37
(SnCH,(CH,),CHj;), 14.05 (CH;3(CH,)sCO0), 13.63 (Sn(CH,);CH,).
119%6n NMR (CDCl,, ppm): § 103.89.

Me,SnCap, - Light yellow oil. Yield: 69%. HRMS-ESI for
CisH36048n  (m/2): calculated 459.1528 (M + Na™); found
459.1518 (M + Na™). IR (Vper/cm ™ 1): 2954 and 2869 (v,./v, CH3),
2925 and 2855 (v,,/v; CH,), 1714 (v C=0), 1556 and 1404 (v,/v
C00), 1458 (8,; CH; and 8, CH,), 1378 (8; CH3), 724 (p CH,), 640
and 571 (v,/v, Sn—C), 532 (v Sn—0). 'H NMR (CDCl,, ppm): § 2.34
(br, 4H, CH»COO), 1.63 (br, 4H, CH>CH>COO), 1.29 (m, 16H,
(CH,),CHs), 0.96 (m, 12H, (CH,),CH; + SnCH,). *C NMR (CDCls,
ppm): § 183.57 (CH,(CH,)sCO0), 34.19 (CH,(CH,)sCH,COO),
31.65 (CH3CH,CH,(CH,),C00), 29.16 and 28.90
(CH;(CH,)»(CH,),(CH,),C00), 25.36 (CH,(CH,),CH,CH,COO0),
22.57 (CH3CH,CH>(CH2)4CO0), 14.03 (CH3(CH»)sCOO), 6.40
(SnCH,). '*°Sn NMR (CDCl,, ppm): § — 121.82.

n-Bu,SnRic, - Light yellow oil. Yield: 78%. HRMS-ESI for
C44Hg406Sn (m/2): calculated 827.5206 (M — H); found 827.5195
(M — H). IR (vm‘,x/cm"): 3011 (v =CH), 2957 and 2870 (v,/v;
CH3), 2925 and 2853 (v4s/vs CHz), 1723 (v C=0), 1598 and 1378
(Vas/vs CO0), 1461 (8,, CH; and §; CH,), 667 and 611 (v,,/v, Sn—C),
529 (v Sn—0). 'H NMR (CDCl, ppm): §5.45 (m, 4H, CH=CH), 4.88
(qt, 1H, CH-OH), 3.61 (qt, 1H, CH-OH), 2.29 (m, 8H,
CH,CH = CHCH,), 2.03 (br, 4H, CH,COO), 1.52 (m, 52H, Sn
(CH3)3 + (CH2)sCH,COO + (CH2)sCH3), 0.90 (m, 12H,
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(CH»)sCHs + Sn(CH,);CHs). '>C NMR (CDCls, ppm): § 173.50
((CH,),C00), 133.27 (CH(CH,),C00), 125.23 (CHCH(CH,),CO0),

7151  (CHCH,(CH),(CH,),C00), 36.86  (CH,(CH,),CH,),
3536  (CH,(CH),(CH,),C00), 34.02 ((CH,COO), 31.81
(CH,CH,CH,(CH,);), 29.57, 29.53, 2922 and 29.12
((CH,)(CH,),CO0), 29.33 (CH5(CH,),CH,), 27.33

(CH2(CH2)sCO0) 26.65 and 26.28 (SnCH2(CH:),CH3), 25.69
(CH3(CH,)5CH,), 25.50 (SnCH»(CH,),CH5), 25.09 (CH,CH,COO),
22.59 (CH;CH,(CH,),), 14.02 (CH,(CH,)s5), 13.51 (Sn(CH,);CHs).
119Gn NMR (CDCl;, ppm): § — 147.76.

t-BupSnRic; - Light yellow oil. Yield: 79%. HRMS-ESI for
C44Hg4O06Sn (m/2): calculated 827.5206 (M — H); found 827.5199
M — H). IR (Vppa/cm™ '): 3008 (v =CH), 2952 and 2867 (v,./V.
CH,), 2925 and 2853 (v,,/v; CHy), 1731 (v C=0), 1602 and 1367
(Vas/vs CO0), 1458 (8, CH; and 8, CH,), 727 (p CH,), 665 and 566
(Vas/Vs S1—C), 534 (v Sn—0). "H NMR (CDCls, ppm): § 5.44 (m, 4H,
CH=CH), 4.88 (qt, 1H, CH—OH), 3.62 (qt, 1H, CH—OH), 2.33 (m,
8H, CH,CH=CHCH,), 2.03 (br, 4H, CH,COO), 1.44 (m, 58H,
Sn—C(CH3); + (CH,)sCH,COO + (CH,)sCH;), 0.88 (br, 6H,
(CH,)sCHy). *C NMR (CDCls, ppm): § 173.50 ((CH,),C00), 133.30
(CH(CH>),C00), 125.22 (CHCH(CH,),CO0), 71.51
(CHCH,(CH),(CH,),C00), 4512 (SnC(CHa)3), 36.86
(CH;(CH,)4CH,), 35.36 (CH,(CH),(CH,),C00), 34.65 ((CH,COO),
31.82 (CH;CH,CH,(CH,)3), 29.76 (SnC(CH,)s), 29.55, 29.51, 29.22
and 29.13 ((CH,)4(CH,),CO0), 29.26 (CH,(CH,),CH,), 27.36
(CH2(CH>)¢C0O0), 25.70 (CH3(CH»);CH»), 25.08 (CH»CH»COO),
2259 (CH,CH,(CH,),), 14.04 (CH,(CH,)s). ''°Sn NMR (CDCl,
ppm): § —106.69 and — 211.63.

n-Bu;SnRic - Light yellow oil. Yield: 75%. HRMS-ESI for
C30Hgo05Sn (m/2): calculated 587.3481 (M — H); found 587.3466
(M — H). IR (Vmax/cm ™ '): 3007 (v =CH), 2952 and 2867 (Vas/Vs
CH,), 2023 and 2852 (v,./v, CH,), 1732 (v C=0), 1618 and 1376
(Vas/vs CO0), 1458 (8, CH, and 8, CH,), 724 (p CH,), 670 and 609
(Vas/Vs S1—C), 530 (v Sn—0). 'H NMR (CDCl, ppm): § 5.42 (m, 2H,
CH=CH), 4.87 (qt, 1H, CH—OH), 3.60 (qt, 1H, CH—OH), 2.26 (m,
4H, CH,CH=CHCH>), 2.01 (br, 2H, CH»COO), 1.33 (m, 38H, Sn
(CH,); + (CH,)sCH,COO + (CH,)sCHa), 0.85 (br, 12H,
(CH,)sCH; + Sn(CH,);CH3). '*C NMR (CDCl;, ppm): § 173.48
((CH,),CO0), 133.25 (CH(CH,),C00), 125.24 (CHCH(CH,),C00),

71.48  (CHCH,(CH),(CH,),C00),  36.85  (CHs(CH,);CH,),
3535  (CHa(CH),(CH,),C00), 34.63 ((CH,CO0), 31.81
(CH,CH,CH,(CH,),),  29.58, 29.53, 2923 and 29.11

((CH,)4(CH,),CO0), 29.33 (CH3(CH,),CH,), 27.82 and 26.98
(SnCH,(CH,)»CH3y), 27.36 (CH»(CH,),CO0) 25.68 (CH3(CH,);CHy),
25.06 (CH,CH,CO0), 22.58 (CH;CH,(CH>),), 16.37
(SnCH,(CHs)>CH3), 14.02 (CH3(CH2)s), 13.59 (Sn(CH);CHs). ''”Sn
NMR (CDCl;, ppm): § 104.31.

Me,SnRic, - Light yellow oil. Yield: 71%. HRMS-ESI for C;gH;,065n
(m/z): calculated 743.4267 (M — H); found 743.4248 (M — H). IR
(Vimnax/cm ™~ 1: 3008 (v =CH), 2923 and 2852 (v,,/v, CH,), 1731 (v
C=0), 1557 and 1378 (Vas/v: COO), 1457 (8.s CH; and 8, CHy), 724
(p CH,), 623 and 581 (v,,/v, Sn—C), 543 (v Sn—0). '"H NMR (CDCls,
ppm): § 5.43 (m, 4H, CH=CH), 4.88 (qt, 1H, CH-OH), 3.62 (qt, 1H,
CH—OH), 2.29 (m, 8H, CH,CH=CHCH.), 2.03 (br, 4H, CH,COO),
1.43 (m, 40H, (CH,)sCH,COO + (CH,)sCH3), 1.01 (br, 6H, SnCH,),
0.88 (br, 6H, (CH»)sCHs). '>C NMR (CDCls;, ppm): § 173.53
((CH,),C00), 133.28 (CH(CH,),C00), 125.23 (CHCH(CH,),C0OO0),

7153  (CHCH,(CH),(CH,),CO0),  36.85  (CH,(CH,),CH,),
3534  (CHy(CH),(CH,),C00), 34.65 ((CH,CO0), 31.82
(CH,CH,CH,(CH,);), 29.58, 29.54, 2922 and 29.12
((CH»)4(CH,),C00), 29.33 (CH3(CH2),CH,), 27.35

(CH,(CH,)sCO0), 25.69 (CHs(CH,);CH,), 25.08 (CH,CH,COO),
22,59 (CH,CH,(CH,),), 14.04 (CH,(CH,)s), 6.14 (SnCH,). 19n
NMR (CDCl,, ppm): 8 — 119.30.
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2.2. Biological assays

2.2.1. Staphylococcus aureus strains

S. aureus strains that overexpress efflux pump proteins for nor-
floxacin (SA-1199B), erythromycin (RN-4220) and tetracycline (IS-58)
were provided by Dr. Simon Gibbons (University of London). All strains
were keep in inclined blood agar culture medium (Blood Agar Base —
BAB, Difco), and before use, cells were grown in infusion nutritious
broth (Brain Heart Infusion — BHI, Difco) for 18-24 h at 37 °C.

2.2.2. Evaluation of antibacterial activity

The Minimum Inhibitory Concentrations (MICs) were determined
by nutritious broth (BHI) with a microdilution technique using a sus-
pension of approximately 10° CFU/mL, with varying concentrations
from 256 to 0.25 pg/mL or from 128 to 0.125 pg/mL (serial dilutions 1/
2) [47]. The MIC was defined as the lowest concentration that com-
pletely inhibited bacterial growth. For better visualization of bacterial
growth after 24 h, a resazurin dye solution (0.01%) was used (Sigma-
Aldrich).

2.2.3. Antibiotics

Solutions of norfloxacin (NOR), tetracycline (TET) and ery-
thromycin (ERI), were prepared according to a previous procedure
[48].

2.2.4. Evaluation of modulatory activity

The S. aureus strains resistant to antibiotics were SA-1199B, RN-
4220 and 1S-58. For evaluation of organotin(IV) compounds as mod-
ifying antibiotic activity agents (putative efflux pump inhibitors), the
MIC of antibiotics were determined in the presence and absence of the
organotin(IV) compounds [49]. The concentration for the studied
compounds corresponded to 1/4 of their MIC (subinhibitory con-
centration) [50]. For better visualization of bacterial growth before
24 h, a resazurin indicator solution (0.01%) (Sigma-Aldrich) was used.

Stock solutions of all antibiotics were prepared according to NCCLS
procedures [48] and ethidium bromide was prepared in sterile distilled
water. The stock solutions of the organotin derivatives analyzed were
prepared in DMSO/sterile distilled water solutions. The highest final
concentration of DMSO after dilution in broth was 4%. At this con-
centration no bacterial growth inhibition occurred by the solvent.

2.3. Cell lines and growth inhibitory assay (MTT assay)

The toxicity profiles of the fatty acids (UndH, RicH, and CapH) and
all organotin derivatives against mammalian cells was prepared using
the cell viability test MTT assay [51], MTT = 3-(4,5-dimethylthiazol-2-
yD-2,5-diphenyltetrazolium bromide.

The murine macrophage line J774 was treated with the compounds
at different concentrations (0.1-100 pM), and the LC;, (necessary
concentration to induce the death of 50% of the cells) was determined
[52].

2.4. Statistics

Data were expressed as the mean + standard error of the mean
(S.EM.) and significant differences between the treated and control
groups were evaluated using ANOVA and Dunnett post-hoc tests by
Graph Pad Prism 5.0 software, and the 95% confidence intervals were
included. Lethal concentration of 50% (LCs,) calculated through toxic
concentration-response curves. The maximum effect was considered
significant compared to the DMSO group. Values were considered sig-
nificant when *p < 0.05, **p < 0.01 and ***p < 0.001. NT = Non-
toxic to concentrations above 100 pM [52].
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Diorganotin and  Triorganotin derivatives

R= n-Bu, t-Bu, and Me

X= Cl and carboxylates of fatty acids, such as:

(o)

OH

3. Results and discussion
3.1. Organotin(1V) derivatives

All of the organotin(IV) compounds evaluated in this work have the
general formula: R, — ,SnX,, where n = 1 or 2; R = alkyl substituents:
n-Bu, t-Bu, or Me; and X = Cl, or fatty carboxylates: Undecylenate
(Und), Caprylate (Cap), and Ricinoleate (Ric) (see Fig. 1).

As mentioned before, the organotin(IV) chloride compounds were
purchased from commercial sources, but the organotin(IV) carboxylate
derivatives were synthesized from organotin(1V) chloride by reacting
them with the corresponding fatty acid sodium salts (see Eq. (1)) [46].
In terms of their chemical structure, these compounds have in-
tramolecular coordination and intermolecular association due to the
intrinsic Lewis acid character of the metal [14,53]. All of the organotin
(IV) carboxylate derivatives isolated were light yellow oils or white oily
solids, and their chloride counterparts were white solids.

Ri_pSnCl, + nRCOONa — R;_,Sn(OOCR), + nNaCl 6))

where n = 1 or 2, and RCOO = Und, Cap, Ric.

All of the synthesized compounds were verified according to their
'H NMR spectra; most signals related to carboxylate moieties are easily
identified, as are the expected signals (chemical shift and intensities)
for hydrogens of alkyl substituents (R = n-Bu, t-Bu, or Me). This was
also observed for the 'C and ''Sn spectra. In particular, from ''°Sn
NMR analysis, it was verified that the chemical shift of the di- and
triorganotin(IV) carboxylate derivatives were as expected due to the
type and nature of the substituent around the metal center (see
Table 1), ie., between — 140 and —160 ppm for n-Bu,Sn(OOCR).;
—200 and — 220 ppm for t-Bu,Sn(OOCR),; 100 and 110 ppm for n-
BusSn(OOCR); and —110 and —130 ppm for Me>Sn(OOCR)»
[14,54,55,56,57]. Furthermore, the ''°Sn spectra of the respective di-
and triorganotin(IV) chloride precursors had signals in completely dif-
ferent regions (see Supplementary material), indicating that substitu-
tion of the chlorides by the carboxylates occurred. The synthesized
complexes were also characterized by infrared spectroscopy via ATR.
The Sn—C and Sn—O stretching vibrations were found in all carboxylic
complexes at 670-555 and 543-529 cm™ ', respectively [53]. Ac-
cording to previous studies, the difference between v,(COO™) and
v,(COO ™) (Av) can be used to classify the coordination modes for metal
carboxylates. In general, comparison of the Av value of the complex to
the Av value of the respective sodium salt can be used for assignment
following the guiding principle: (i) bidentate coordination occurs when
A(COO )studied complex < AUCOO ™ )sodium sare; (ii) bridging carboxylate
exists when Av(COO ™ )sudied complex = AUCOO ™ )odium sares (iii) mono-
dentate coordination is characterized by AV(COO )sudica

e
/\/\/\/\/\nzo

(0]

\/\/\/\H/Oe

(o]
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Fig. 1. Chemical structures of organotin(IV) compounds

evaluated.
Undecilenate (Und)
Caprylate (Cap)
<}
O Ricinoleate (Ric)
Table 1
Selected data from infrared (IR) and nuclear ic rese ce (NMR) spec pies of

the organotin(IV) carboxylate derivatives synthesized.

Compounds IR. COO vy, (AV)* NMR. "*“Sn (ppm)
n-BuzSnUnd, 1599, 1381 (218) -148.19
t-Bu;SnUnd, 1602, 1367 (235) - 211.65
n-BusSnUnd 1559, 1376 (183) 103.93
MeSnUnd, 1556, 1393 (163) -119.74
n-BuzSnCap, 1596, 1378 (218) - 149.55
t-Bu;SnCaps 1602, 1367 (235) ~211.55
n-Bu;SnCap 1545, 1404 (141) 103.89
MeSnCap; 1556, 1404 (152) -121.82
n-BusSnRic, 1598, 1378 (220) -147.76
t-BuSnRic, 1603, 1368 (235) ~211.63
n-BusSnRic 1618, 1376 (242) 104.31
MesSnRic 1557, 1378 (179) -119.30

* Respective values for fatty acid sodium salts - UndNa: 1559, 1415 (144); CapNa:
1557, 1423 (134); and RicNa: 1557, 1423 (134).

complex > AUCOO0 ™ sodium saie [58,59]. In line with this classification, all
of the carboxylate derivatives had a monodentate coordination, or at
least an asymmetric bidentate coordination [60], in their isolated
forms. Table 1 shows the main characterization data that confirmed the
general chemical structure of the organotin(IV) carboxylate derivatives
prepared in this work.

3.2. Evaluation of antibacterial activity

In this study, we used three resistant Staphylococcus aureus strains: i)
SA-1199B, which overexpresses the NorA gene encoding the NorA ef-
flux protein that is responsible for the efflux of fluoroquinolones
[61,62] and other substances that bind to nucleic acids [63], such as
quaternary ammonium compounds (e.g., benzalkonium chloride and
centrimide), and intercalating dyes (e.g., acriflavine and ethidium
bromide); ii) RN-4220, which contains the UL5054 plasmid that carries
the gene encoding the protein for macrolide efflux (MsrA) [64]; and iii)
1S-58, which contains the efflux protein of tetracycline (TetK) [65]. In
Table 2, the Minimum Inhibitory Concentration (MIC) of tin organo-
metallics complexes against these Staphylococcus aureus strains is
shown.

As expected, most of the organotin derivatives showed antibacterial
activity, some with MIC values up to 1.0 ug/mL (3.1 puM, for n-Bu,SnCl)
[66,67].

In general, the organotin(IV) chloride derivatives were more active
against the S. aureus strains tested compared to their respective car-
boxylate equivalents. Among them, the trialkyl derivative n-Bu;SnCl
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Table 2
Minimum Inhibitory Concentration (MIC) of organotin(IV) compounds against
Staphylococcus aureus strains.

Journal of Inorganic Biochemistry 180 (2018) 80-88

Table 3
Effect of the organotin derivatives, fatty acids, and pentamidine (concentrations of 1.0, 10
and 100 pM) on the viability of J774 macrophages according to the MTT assay.

Organotin(IV) derivative ~ MIC, pg/mL (uM)

RN-4220 1S-58 SA-1199B
n-BuzSnUnd, 256 (427) > 256 (> 427) > 256 (> 427)
t-BuSnUnd, 64 (106) 128 (213) 256 (427)
n-Bu;SnUnd 32 (67) 64 (135) 32 (67)
Me,SnUnd,, > 256 (> 497) > 256 (> 497) > 256 (> 497)
n-BusSnRics > 256 (> 309) > 256 (> 309) > 256 (> 309)
t-BusSnRic, 128 (154) 128 (154) 256 (309)
n-BusSnRic 8(13) 8 (13) 8 (13)
Me,SnRica > 256 (> 344) > 256 (> 344) > 256 (> 344)
n-BuxSnCap, > 256 (> 493) > 256 (> 493) > 256 (> 493)
t-Bu,SnCap, 64 (123) 128 (246) 128 (246)
n-BusSnCap 16 (37) 16 (37) 16 (37)
Me;SnCap» > 256 (> 588) > 256 (> 588) > 256 (> 588)
n-BuSnCl; 16 (53) 16 (53) 32 (106)
t-BuzSnCly 8 (26) 16 (53) 16 (53)
n-Bu;SnCl 1.0(3.1) 1.0 (3.1) 1.0 (3.1)
Me,SnCly 64 (292) 128 (584) 128 (584)

had the highest activity, with MIC values of 1.0 pg/mL (3.1 pM) for all
tested strains. This trend was also observed for the n-Bu;Sn™ carbox-
ylate counterparts, highlighting the results obtained for n-Bu;SnRic and
n-BuzSnCap, with MIC values of 8 and 16 pg/mL (13 and 37 pM), re-
spectively, against all evaluated strains. These results indicate that the
presence of three n-butyl substituents on tin(IV) has an important
contribution to the antibacterial activity of organotin(IV) derivatives.
This tendency was expected since the bactericidal activity of this class
of compounds is normally associated with the number and type
of organic groups bonded to the Sn(IV)-center
(ReSn™ > RySn** > RSn®* > $n**, bactericidal activity and
toxicity scale) and has been well documented in many scientific reports
[68]. Furthermore, it is important to note that when we only consider
bactericidal activity, the substitution of chlorides by carboxylate sub-
stituents leads to a decrease in activity. Indeed, all of the organotin(IV)
carboxylate complexes were less active than their chloride analogues
[27]. For the most active species, n-Bu,SnCl, the chloride substitution
for ricinoleate, n-Bu,SnRic, led to a decrease in potentiality of eight-fold
in terms of pg/mL (but only 2.6 times in terms of pM) for the three
strains. For n-Bu,SnCl,, the decrease in activity due to chloride sub-
stitution was seen for all strains, regardless of the carboxylate deriva-
tive used. The Me,Sn” * species, in general, demonstrated low activity,
confirming that the wide-ranging biological activity of the organotin
(IV) compounds is associated with the size of the alkyl chain. For ex-
ample, it was observed for diorganotin(IV) compounds that the biolo-
gical activity decreased when the alkyl moiety is too large or too small
(octyl or methyl groups) [69]. Most characteristics must be related to
the ratio between the solubility and lipophilicity of these compounds
[60]. Indeed, the mechanism of the biological action of organotin de-
rivatives is still not clear. However, due to their lipophilic feature, or-
ganotins are membrane-active and the cytoplasmic membrane is an
obvious target of action [55,70]1.

Despite the decrease in activity due to the replacement of chlorides
with carboxylates, it is possible that there is an improvement in anti-
bacterial activity associated with reduced side effects, e.g., toxicity. The
lipophilic characteristics of the carboxylate derivatives can yield an
important improvement in antibacterial activity, allowing easier
crossing of biological barriers [71], which is important for biocidal
efficacy against many microorganisms [72,73,74,75]. This action can
be associated with the formation of new bonds between the tin(IV)
center, with electron donor species in active biological centers
[76,77,78,79].

Compounds LCso Maximum cytotoxicity
(UM * SEM.)" (% * SEM.)"
n-Bu,SnUnd; 30 £ 0 100 + 0***
t-BuSnUnd, 25+ 15 100 = O**
n-Bu;SnUnd 23 + 03 100 + Q%™
MezSnUnd; =100 NT
UndH 41 + 7 100 + Q%
n-Bu,SnRic, 39 + 15 100 + Oo***
t-BuzSnRicy 4.1 + 06 100 + 0***
n-BusSnRic 44 * 12 100 + O***
MesSnRics 1.2+ 05 68.4 + 12
RicH 79 £ 1 46.7 + 6.3
n-BuxSnCap, < 1.0 95.4" 2. 7.9%*%
t-Bu,SnCap, <10 100 + 0%
n-Bu,SnCap <10 100 + 0%
MezSnCapz 13 + 4 66.6 + 13.4*
CapH > 100 NT
n-BuSnCl, < 1.0 100 + Q%"
t-Bu,SnCly < 1.0 100 + Q¥
n-Bu;SnCl < 1.0 100 £ Q0%
Me,SnCl, > 100 NT
Pentamidine’ 88 + 1 42.8 £ 7.3

* Lethal concentration of 50% (LCs,) calculated through toxic concentration-response
curves.

Y Mean + standard error of the mean maximum cytotoxicity in triplicate for re-
presentative experiments. The maximum effect was considered significant compared to
the DMSO group. Values were considered significant when *p < 0.05, **p < 0.01 and
***p < 0.001. NT = Non-toxic to concentrations above 100 pM.

“ Positive control [81].

3.3. Cytotoxicity assay

Toxicity, together with the desired biological activity, is a very
important parameter that must also be evaluated. In general, the toxi-
city of organotin(IV) derivatives is mainly due to their action on the cell
membrane and their high plasmatic membrane permeability [80]. In
our study, the toxicity of the organotin(IV) compounds, as well the fatty
acids used to prepare the organotin(IV) carboxylate derivatives, was
estimated via a cytotoxicity assay (MTT) performed with the murine
macrophage line J774. The results are summarized in Table 3 in terms
of the lethal concentration (LC).

To better understand these results, consider that a higher LCs, value
indicates a less toxic substance. In general, in the MTT assay, non-toxic
compounds have an LC5, > 100 pM. Thus, according to Table 3, only
the dimethyltin(IV) derivatives Me,SnUnd,, Me,SnCl, and CapH were
considered to be nontoxic against the J774 line macrophages (Table 3).
Moreover, for compounds bearing butyl substituents, one can verify
that, in general, the exchange of chloride by fatty carboxylates leads to
decreased toxicity of the respective compound.

We also evaluated the toxicity related to the fatty acids themselves
to verify the toxic features from these moieties. In general, the toxicity
of fatty acids is related to the induction of apoptosis and necrosis of
cells via a mechanism that involve changes in the transmembrane po-
tential of mitochondria and accumulation of neutral lipids; it is not
simply related to the length of the carbon chain and the number of
double bonds in their structure [82].

Most organotin(IV) compounds are relatively toxic if one compares
the MIC values of the compounds against Staphylococcus aureus-re-
sistant strains (Table 2) and the cellular viability of J774 macrophages
(Table 3).

Despite the general low selectivity demonstrated by the organotin
(IV) derivatives against S. aureus resistant strains against macrophages,
their use at lower concentrations but in association with other well-
established antibiotic drugs can overcome the resistance strategy of the
strains evaluated here, i.e., we were able to evaluate their antibiotic
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Table 4

Organotin(IV) modulating activity against Staphylococcus aureus strains. The standard
antibiotics for treating the RN-4220, 1S-58, and SA-1199B strains were erythromycin,
tetracycline, and norfloxacin, respectively.

Compound MIC, pg/mL’/modulation ratio”

RN-4220 1S-58 SA-1199B
Standard antibiotic > 256 64 128
n-Bu,SnUnd, > 256/1 64/1 128/1
n-BusSnRic, > 256/1 32/2 128/1
n-BuxSnCap, > 256/1 64/1 128/1
t-BuzSnUnd, > 256/1 2/32 128/1
t-BusSnRic, > 256/1 0.5/128 32/4
t-BusSnCap, > 256/1 64/1 128/1
n-BuzSnUnd > 256/1 32/2 128/1
n-BusSnRic > 256/1 32/2 128/1
n-BusSnCap > 256/1 64/1 128/1
Me,SnUnd, > 256/1 64/1 128/1
Me;SnRics > 256/1 64/1 128/1
Me,SnCapz > 256/1 64/1 128/1
n-BuzSnCly = 256/1 4/16 64/2
t-BusSnCl, > 256/1 0.5/128 32/4
n-Bu,SnCl > 256/1 0.5/128 128/1
MezSnCly > 256/1 16/4 128/1

“ Concentration corresponded to 1/4 of their MIC (subinhibitory concentration).

b MIC of dard antibiotic/MIC of dard antibiotics with in derivatives.

adjuvant activity properties.

3.4. Evaluation of antibiotic modulatory activity

The modulatory activities of the antibiotic action of the organotin
(IV) derivatives are shown in Table 4. The first entry in the table, the
standard antibiotics for each strain alone (erythromycin to RN-4220
strain, tetracycline to IS-58 strain, and norfloxacin to SA-1199B strain),
was utilized (i.e., in the absence of the organotin derivatives). In further
entries, these standard antibiotics were tested in association with the
organotin derivatives at subinhibitory concentrations (% of their MIC
values - presented on Table 2).

As expected, the standard antibiotics in the absence of the organotin
derivatives, were not able to inhibit the growth of strains at the highest
concentrations evaluated (256, 64 and 128 pg/mL, respectively to RN-
4220, 1S-58 and SA-1199B) since the strains evaluated possess genes
that overexpress the respective efflux proteins (bacterial resistance
mechanism). These strains expel antibiotics from the cellular interior,
making them completely ineffective [83].

In further tests performed with standard antibiotics in association
with organotin derivatives at subinhibitory concentrations, many or-
ganotin derivatives potentiated the action of tetracycline (IS-58 strain)
antibiotics, allowing inhibition of the growth of strains with lower MIC
values and rescuing the effectiveness of the antibiotics against the mi-
croorganisms. For the RN-4220 strain overexpressing the MsrA protein,
potentialization of erythromycin activity was not observed [84].

When antibiotic action was potentialized due modulation, we be-
lieve that the organotin(IV) derivatives not only allowed “reactivation”
of standard antibiotics, hindering the bacterial resistance mechanism,
but also reduced the amount of these antibiotics that were needed. This
reduction was as high as 128-fold (tetracycline in association with the
carboxylate derivative t-Bu,SnRic, and chlorine t-Bu,SnCl,). The same
trend was observed for n-Bu,;SnCl, which had high modulation against
the IS-58 strain (128-fold). Indeed, these results are significant since a
decrease in the risk of antibiotic side effects and organotin(IV) toxicity
due to the reduction of the dose of both compounds can be significantly
reduced.

From all of the compounds, we highlighted t-Bu,SnRic, as the most
promising in this study. Its toxicity was lowest among the compounds,
with a modulation effect of up to 128 against the 1S-58 strain.

These results show, for the first time, the potential for organotin(IV)
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compounds as putative inhibitors of bacterial efflux systems, especially
against tetracycline resistant strains, which contains the efflux protein
of tetracycline (TetK) with a modulation ratio up to 128. It is important
to perform further studies to reduce the toxicity of these compounds to
adopt them as possible antibiotic adjuvants against antibiotic-resistant
bacterial lines.

4. Conclusion

In this work, we observed that the substitution of chlorine by fatty
carboxylates on organotin(IV) compounds led, in most cases, to a de-
crease in the antibacterial potentiality as well as cytotoxicity. This
particular substitution can tune the relationship of biological activity
and cytotoxicity in several ways and can be used as a strategy to pre-
pare effective new antibacterial drugs, mainly against resistant strains.

Despite the relative high toxicity observed for most organotin
compounds, some complexes demonstrated promising antibacterial
activity and, particularly, modulatory activity at lower concentrations,
indicating that the strategy adopted, ie., the use of bioactive com-
pounds as substituents on organotin(IV) derivatives, is a good strategy
to overcome challenges in the development of new alternative anti-
microbial agents.

Briefly, we believe that the association of conventional antibiotics
with organotin(IV) compounds can allow the renewed use of these
antibiotics against resistant strains, with lower amount of antibiotic,
decreasing the possibility of toxicity and development of resistant
strains as well as lowering drug production cost. Therefore, these
compounds may represent a new alternative method to modify anti-
biotic activity by acting as antibiotic adjuvants.

Table of abbreviations

8 Chemical shifts

ANOVA  Analysis of variance

ATR Attenuated total reflection
BAB Blood Agar Base

BHI Brain Heart Infusion

Cap Caprylate
CapH Caprylic acid

CapNa  Sodium caprylate

CFU Colony-forming unit
DMSO  Dimethyl sulfoxide
ERI Erythromycin

ESI Electrospray ionization

FDA Food and Drug Administration

HRMS  High resolution mass spectrometry.

IR Infrared spectroscopy

1S-58 S. aureus strains resistant to tetracycline

J Coupling constants

LCsy Lethal concentration to induce death of 50% of cells

Me,SnCap, Dimethyltin dicaprylate

Me,SnCl, Dimethyltin dichloride

Me,SnRic, Dimethyltin diricinoleate

Me,SnUnd, Dimethyltin diundecylenate

MIC Minimum Inhibitory Concentration

MsrA Macrolide efflux pump

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide

NaHCO, Sodium bicarbonate

n-Bu,SnCap, Dibutyltin dicaprylate

n-Bu,SnCl, Dibutyltin dichloride

n-Bu,SnRic, Dibutyltin diricinoleate

n-Bu,SnUnd, Dibutyltin diundecylenate

n-Bu,SnCap Tributyltin caprylate

n-Bu,SnCl Tributyltin chloride

n-BusSnRic Tributyltin ricinoleate
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n-BuzSnUnd Tributyltin undecylenate

NCCLS  National Committee for Clinical Laboratory Standards
NMR Nuclear magnetic resonance

NOR Norfloxacin

NorA Norfloxacin efflux pump

P Range of statistical significance

Ric Ricinoleate

RicH Ricinoleic acid

RicNa  Sodium ricinoleate

RN-4220 S. aureus strains resistant to erythromycin

SA-1
SEM

199BS. aureus strains resistant to norfloxacin
Standard Error of the Mean

t-Bu,SnCap, di-t-butyltin dicaprylate
t-Bu,SnCl, di-t-butyltin dichloride

t-Bu,SnRic, di-t-butyltin diricinoleate
t-Bu,SnUnd, di-t-butyltin diundecylenate
TET Tetracycline

TetK Tetracycline efflux pump

Und Undecylenate

UndH  Undecylenic acid

UndNa  Sodium undecylenate
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Flavonoids induce cell death in Leishmania
amazonensis: in vitro characterization by flow
cytometry and Raman spectroscopy

Morgana V. Aratjo,? Aline C. Queiroz, @2 Jodo F. M. Silva, Amanda E. Silva,?
Jodo K. S. Silva,? Girliane R. Silva,? Elaine C. O. Silva,© Samuel T. Souza, {3 ©
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Leishmaniasis comprises a group of infectious diseases with worldwide distribution, of which both the
visceral and cutaneous forms are caused by Leishmania parasites. In the absence of vaccines, efficacious
chemotherapy remains the basis for leishmaniasis control. The available drugs are expensive and associ-
ated with several secondary adverse effects. Due to these limitations, the development of new antileish-
manial compounds is imperative, and plants offer various perspectives in this regard. The present study
evaluated the in vitro leishmanicidal activity of flavonoids isolated from Solanum paludosum Moric. and
investigated the mechanisms of cell death induced by them. These compounds were evaluated in vitro
for their antileishmanial activity against Leishmania amazonensis promastigotes and they showed promi-
nent leishmanicidal activity. The EtOAc fraction, gossypetin 3,7,8,4'-tetra-O-methyl ether (1), and kaemp-
ferol 3,7-di-O-methyl ether (3) were selected to be used in an in vitro assay against L. amazonensis amas-
tigotes and cell death assays. The flavonoids (1) and (3) presented significant activity against
L. amazonensis amastigotes, exhibiting the ICsq values of 23.3 + 4.5 pM, 34.0 + 9.6 uM, and 10.5 +
2.5 pM for the EtOAc fraction, (1), and (3), respectively, without toxic effects to the host cells. Moreover,
(1) and (3) induced blocked cell cycle progression at the G1/S transition, ultimately leading to G1/GO
arrest. Flavonoid (3) also induced autophagy. Using Raman spectroscopy in conjunction with principal
component analysis, the biochemical changes in the cellular components induced by flavonoids (1) and
(3) were presented. The obtained results indicated that the mechanisms of action of (1) and (3) occurred
through different routes. The results support that the flavonoids derived from S. paludosum can become
lead molecules for the design of antileishmanial prototypes.

of people worldwide, the currently available treatment for
leishmaniasis is restricted to a few drugs of the first choice

Leishmaniasis comprises a group of diseases caused by the such as pentavalent antimonials, pentamidine, miltefosine,

protozoa of the genus Leishmania, which can affect human
beings. Leishmaniasis is considered to be a neglected disease
with a major impact on the economically weaker individuals,
especially in underdeveloped countries."” It is the second
main cause of death, after malaria, among parasitic diseases
caused by protozoa.® Despite being a disease affecting millions
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amphotericin B with its derivatives, and paromomycin. The
main problem of conventional treatments is the intrinsic or
acquired resistance developed by the protozoan. Other restric-
tions related to the available drugs are a high incidence of
adverse effects and toxicity.* The clinical symptoms are diverse
and are associated with antigenic differences among the
Leishmania species in addition to hosting genetic and
immunological factors.’

Due to the lack of better therapies, the identification of
novel drugs, compounds, and targets is of interest to research-
ers worldwide. Natural products are potential sources of new
agents for the treatment of neglected tropical diseases,
especially those caused by protozoan parasites.® Various sec-
ondary plant metabolites such as quinones, phenolics and
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their derivatives, alkaloids, terpenes, and saponins are ben-
eficial for human beings due to their antiparasitic properties
and highly selective mode of action. Furthermore, the skel-
etons of many metabolites have been successfully used to
design more pharmacologically active compounds.”

An alternative strategy used against Leishmania is the use of
natural products. Included in the Brazilian biodiversity, the
Solanum genus is the best representative of the Solanaceae
family with 1400 species® and is characterized by the pro-
duction of a variety of glycoalkaloids® ™" and high occurrence
of flavonoids.'>**

Some Solanum species have been reported to have anti-
inflammatory, sedative, anti-spasmodic, anti-epileptic,"* hypo-
glycemic, anti-obesity, cholesterol-lowering,'*'® leishmanici-
dal, and trypanosomal activities.'”'® In addition, studies have
demonstrated their anticancer activity against hepatoma cells
(Hep3B) and tumor cells of lung lines (H441, H520, H661, and
H69).‘9'lo

In order to identify the biochemical changes induced by fla-
vonoids in the cell behavior, a combined analysis of Raman
spectroscopy and principal component analysis was per-
formed. Raman spectroscopy is a highly sensitive vibrational
spectroscopic technique that can provide information about
the molecular compositions of biological samples.*"** For
example, by the use of Raman spectroscopic analysis, the sec-
ondary structure of the promastigote surface protease was
determined™ in addition to the determination of the uptake
of nanoparticles by macrophages,® antibiotic resistance,*
and anticancer drug evaluation.”® Due to the advantages of
being noninvasive and nondestructive, this technique has
become a useful tool in the identification of the biochemical
changes caused by treatments in biological cells.”’** This
approach can contribute useful molecular information to
assess the effects of flavonoids on cells, which can be appli-
cable to the development of new therapies for the treatment of
leishmaniasis.

Therefore, the present study aimed to investigate the leish-
manicidal activity, the mechanisms of cell death, and the bio-
chemical changes induced by the flavonoids isolated from
Solanum paludosum Moric.

Materials and methods
Extraction and isolation of flavonoids

The flavonoids were obtained according to the method
reported by Silva et al.'* A fraction of the flavonoid mixture
(532.5 mg) obtained from the aerial parts of S. paludosum was
purified by semipreparative high-pressure liquid chromato-
graphy with Diode Array Detection (HPLC-DAD). HPLC was
conducted using a Shimadzu Prominence chromatograph
model CMB-20A (Shimadzu Corporation, Kyoto, Japan)
equipped with a UV-Vis detector (SPD-20A), column oven
(CTO-204), solvent pump (LC-20AD), and Luna Phenomenex
C-18 column (21 mm x 250 mm X 5 pum, Phenomenex,
Aschaffenburg, Germany). The solvents H,0 (A) and
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methanol : acetonitrile (1 : 1, B) were used as the mobile phase.
Methanol and acetonitrile were obtained from J.T. Baker
(Deventer, The Netherlands), and MilliQ water was used in the
following gradient elution: from 0-5 min, 65% B; 5-15 min,
70% B; 15-30%, 75%; 30-32, 100% and detection at 320 nm at
a flow rate of 16 mL min~". Five principal flavonoids were iso-
lated: 1 (30.0 mg), 2 (25.0 mg), 3 (29.0 mg), 4 (18.8 mg), and 5
(30.0 mg).

The purity of the compounds was examined by ultra-high
pressure liquid chromatography along with quadrupole
time of flight mass spectrometry (UHPLC-QTOF-MS/MS)
HPLC-DAD-qTOF-MS. The XEVO-G2XSQTOF mass spectro-
meter (Waters, Manchester, UK) was connected to the
ACQUITY UPLC system (Waters, Milford, MA, USA) via an elec-
trospray ionization (ESI) interface. Chromatographic separ-
ation of the compounds was performed on ACQUITY UPLC
with a conditioned autosampler at 4 °C using an Acquity BEH
C18 column (50 mm x 2.1 mm i.d., 1.7 pm particle size)
(Waters, Milford, MA, USA). The column temperature was
maintained at 40 °C. The mobile phase consisting of water
with 0.1% formic acid in water (solvent A) and acetonitrile
(solvent B) was pumped at a flow rate of 0.4 mL min~". The
gradient elution program was as follows: 0-8 min, 10-80% B;
9-1 min, 80-100% B. The injection volume was 5 pL. MS ana-
lysis was performed on Xevo G2 QTOF (Waters MS
Technologies, Manchester, UK), a quadrupole time-of-flight
tandem mass spectrometer coupled with an electrospray ionis-
ation source in the positive ion mode. The scan range was
from 50 to 1200 m/z for data acquisition. In addition, the Ms®
experiments were carried out, which allowed both the precur-
sor and production data to be acquired in one injection. The
source conditions were as follows: capillary voltage, 3.0 kv;
sample cone, source temperature, 120 °C; desolvation tempera-
ture 450 °C; cone gas flow rate 50 L h™'; desolvation gas (N)
flow rate 800 L h™". All analyses were performed using the lock
spray, which ensured accuracy and reproducibility. Leucine-
enkephalin (5 ng mL™") was used as a standard or reference
compound to calibrate the mass spectrometers during analysis
and was introduced by a lock spray at 10 pL min™" for accurate
mass acquisition. All the acquisition and data analyses were
controlled using the Waters MassLynx v 4.1 software.

Parasites

L. amazonensis [MHOM/BR/77/LTB0016] strain was maintained
in vitro as proliferating promastigotes at 26 °C in Schneider’s
medium (Sigma-Aldrich) supplemented with 10% heat-inacti-
vated fetal bovine serum (Sigma-Aldrich), gentamycin
(1 mg L) (Sigma-Aldrich), i-glutamine (2 mM) (Sigma-
Aldrich), and 2% sterile human urine. In the culture, the pro-
mastigote forms were cultured extracellularly and took an esti-
mated 7 days to complete their life cycle. After the third day,
the promastigote forms were in the exponential phase of
growth and then, they were used in the third passage, a phase
in which the parasites could infect the macrophages in the
assay of in vitro infection.
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Animals

Swiss mice (six-to-eight weeks old) were obtained from the
Central Animal House of the Federal University of Alagoas in
order to obtain the peritoneal macrophages. These studies
were approved by the Ethics Committee for Animal
Experimentation of the Federal University of Alagoas (Brazil)
(protocol no. 2015.01).

Macrophages

Peritoneal macrophages were obtained from Swiss mice
(weighing 20-25 g) through peritoneal lavage with 10 mL of
cold PBS (Phosphate-Buffered Saline; 137 mM NaCl, 8 mM
Na,HPO, (Vetec Quimica fina), 2.7 mM KCl (Vetec Quimica
fina), 1.5 mM KH,PO, (Vetec Quimica fina), pH 7.0). The per-
itoneal exudate cells were centrifuged at 1500 rpm for 5 min
and the pellet was resuspended in an RPMI-1640 medium
(Sigma-Aldrich) supplemented with 10% heat-inactivated fetal
bovine serum, gentamycin (1 mg L"), i-glutamine (2 mM),
and sodium pyruvate solution (2 mM) (Sigma-Aldrich). The
cells were then counted and seeded into 96-well plates for the
cytotoxicity assay and into 24-well plates for the intracellular
amastigote assay.

Cytotoxicity assay using the macrophages

Peritoneal macrophages were seeded (3 x 10" cells per well) in
96-well plates containing 100 pL of media. The cells were
allowed to attach to the bottom of the well for 24 h at 37 °C
and then treated with different concentrations (1, 10, and
100 pM) of flavonoids or pentamidine (Sigma-Aldrich) pre-
viously diluted in RPMI-1640 medium with dimethyl sulfoxide
(0.1% DMSO) (Sigma-Aldrich). The plates were maintained in
a 5% CO, incubator at 37 °C for 48 h. The cells were also cul-
tured in media free from compounds, a vehicle (basal growth
control), or media with 0.1% DMSO (vehicle control).
Thereafter, the supernatant was removed and the cells were
incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) (Sigma-Aldrich) (100 pL per well) for 1 h
in the dark at 37 °C. The MTT solution was then removed, the
cells were resuspended in 100 pL of DMSO, and the absor-
bance was measured using an ELISA reader at 550 nm.

Leishmanicidal activity assay

L. amazonensis promastigotes (2 x 10° cells per mL) were main-
tained in vitro in Schneider’s medium supplemented with 10%
FBS and 2% human urine in the presence of various concen-
trations of flavonoids and pentamidine (0.1, 1.0, 10, and
100 pM) for 48 h at 26 °C. The cells were also cultured in
media free from compounds (basal growth control) or with
0.1% DMSO (vehicle control). The promastigotes were adjusted
to a concentration of 10> cells per mL in PBS and the viable
cells were counted in a Neubauer’s chamber.

Intracellular amastigote assay

Peritoneal cavity macrophages of Swiss mice were seeded on
glass coverslips (13 mm diameter) in 24-well plates and incu-
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bated at 37 °C with 5% CO, for 12 hours for adhesion. The
macrophages were infected with L. amazonensis promastigotes
using a ratio of 1:10 at 37 °C overnight in isolated experi-
ments. Non-internalized promastigotes were removed by
washing (three times) with PBS. The infected macrophages
were treated with concentrations of 0.1, 1.0, and 100 pM of the
EtOAc fraction, (1), and (3) flavonoids and maintained at 37 °C
in 5% CO, for 48 h. The glass coverslips were fixed with metha-
nol and stained with May-Griinwald-Giemsa (Sigma-Aldrich)
and then, the intracellular amastigotes were counted (one
hundred macrophages were evaluated per glass coverslip). The
data were expressed as the infection index (percentage of
infected macrophages multiplied by the average number of
amastigotes per macrophage).

Cell cycle analysis

The cell cycle assay was performed according to the instruc-
tions of the Muse® Cell Cycle Kit. L. amazonensis promasti-
gotes (10° cells per mL) were treated with pentamidine, (1),
and (3) at a concentration of 100 uM for 48 h. After the incu-
bation period, the cells were centrifuged and the pellets were
resuspended in 1 mL of PBS supplemented with 1% FBS to
wash the cells; then, they were fixed with 70% ethanol for
3 hours at —20 °C. After fixation, 200 pL of each cell suspen-
sion was centrifuged and washed with PBS, and the pellets
were resuspended in 200 pL of Muse® Cell Cycle reagent. After
incubation for 30 min at room temperature and protection
from light, data acquisition was carried out by flow cytometry
on a Muse® Cell Analyzer and analyzed using the Muse™ 1400
Analysis software.

Analysis of phospholipid externalization in L. amazonensis
promastigotes by flow cytometry

The quantification of the percentage of parasites undergoing
apoptosis or necrosis was performed according to the instruc-
tions of the Annexin Muse® & Dead Cell Kit. Exponential-
phase L. amazonensis promastigotes (10° cells per mL) were
incubated with pentamidine, (1), and (3) (10 uM and 100 pM
for 48 h). After the incubation period, the cells were centri-
fuged and resuspended in PBS supplemented with 1% FBS to
wash the cells. Subsequently, 100 pL of each cell suspension
was incubated with 100 pL of the reagent containing Annexin
V-PE and 7-AAD for 30 min at room temperature with protec-
tion from light. Data acquisition was carried out by flow cyto-
metry on a Muse® Cell Analyzer and the analysis was per-
formed using the Muse® 1400 Analysis software.

Determination of caspase-like proteases

To determine the percentage of caspase-positive cells, the
Muse® Multicaspase kit was used to perform the analysis
according to the instructions of the manufacturer.
L. amazonensis promastigotes were grown to the concentration
of 10° cells per mL and then treated with pentamidine, (1),
and (3) at a concentration of 100 uM and incubated at 26 °C.
After 48 h, 1 mL of the cell culture was pelleted and resus-
pended in 1 mL of PBS buffer supplemented with 1% FBS.

This journal is © The Royal Society of Chemistry 2019

73



Published on 10 July 2019. Downloaded by Universidade Federal de Alagoas on 1/26/2022 3:32:54 PM.

Analyst

Muse® Multicaspase Reagent followed by 7-AAD was added.
Data acquisition was carried out using a Muse® Cell Analyzer
and analyzed using the Muse® 1400 Analysis software.

Assay of autophagy

The determination of autophagy induction was performed
according to the instructions of the Muse® Autophagy LC3-
based antibody kit. L amazonensis promastigotes (5 x 10" cells
per mL) were incubated with pentamidine, (1) and (3) at a con-
centration of 100 uM for 48 h. After the incubation period, the
contents of each well were transferred to microcentrifuge
tubes and centrifuged, and the pellets were resuspended in
PBS supplemented with 1% FBS to wash the cells.
Subsequently, the content was treated with reagent autophagy
A for 3 hours at 37 °C. Each cell suspension was then centri-
fuged and the pellet was resuspended in 200 pL of a solution
containing reagent autophagy B and anti-LC3 Alexa
Fluor®555. After 30 min of incubation on ice and protection
from light, the tubes were centrifuged and the pellets were
resuspended in the assay buffer. Data analysis was performed
using the Muse® 1400 Analysis software.

Raman spectroscopic measurements

Raman spectroscopy was performed on infected macrophages
according to the methodology described in “Intracellular
Amastigote Assay”; however, the fixation process was with 4%
glutaraldehyde (Sigma-Aldrich) for 5 min. Raman spectra were
obtained using a Horiba XploRA spectrometer coupled to an
Olympus microscope and equipped with a 532 nm laser that
was focused on the nucleus of the cells through a 100x objec-
tive lens (NA = 0.9). The same objective lens was used for col-
lecting the Raman scattered light after interaction with the
sample in a backscattering geometry. The frequency cali-
bration was set by the reference to the 520 em™ vibrational
band of a silicon wafer. Under the same conditions, 50 cell
spectra for each group were obtained in the spectral range
from 800 to 1800 em™". In order to minimize the laser-induced
heating of the specimens, a lower power irradiation at the
sample surface was used of about 5 mW for a short exposure
time (1 s laser exposure for 15 accumulations). The diffraction
grating used had 1200 lines per millimeter, and the spectral

resolution of the system was 1.5 em™.

Data preprocessing and spectral analysis

Before conducting the spectral analysis, all the spectra were
smoothed, background-adjusted, and normalized using an
algorithm implemented in the MatLab software. After remov-
ing the fluorescence background from the spectra, principal
component analysis (PCA) was performed. PCA is a multi-
variate technique that transforms the given data into a set of
new orthogonal variables called the principal components
(PCs), which are responsible for the significant spectral vari-
ation. This technique extracts the important information from
the data and identifies the patterns that reveal the main
characteristics of the analyzed set. The PCs are ordered so that
the first few retain most of the variations present in all of the
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original variables. Each successive component accounts for
the residual variance that is not captured by the previous com-
ponent and so on.>’ Usually, most of the variance is contained
in the first three principal components (PC1, PC2, and PC3).
PCA is a suitable statistical method for biological samples due
to its successful applications in cell sorting.*>*!

Statistical analysis

Data were expressed as the mean + S.EM. and significant
differences between the treated and control groups were evalu-
ated using ANOVA and Dunnett's post-hoc tests using the
Graph Pad Prism 5.0 software; 95% confidence intervals were
also included.

Results
Chemistry

The chemical study of the fraction of flavonoids obtained from
the aerial parts of S. paludosum resulted in the characterization
of five flavonoids by UPLC-DAD-TOF-MS/MS. Five principal
compounds (1-5, Table 1) were isolated and the structures of
1, 2, 3, and 5 were compared with the patterns of flavonoids
previously isolated from S. paludosum.""* The flavonoid 4 was

Table 1 Chemical data of flavonoids 1-5. 3,7,3',4'-Tetra-O-methyl
myricetin (4) ion at m/z 389.1230 [M + H]* (calcd for CyoH»;0s,
389.1230) and gossypetin 3,7,8,3",4"-penta-O-methyl ether (5) 389.1230
[M + H]* (calcd for CyoH2,0g, 389.1230)

Molecular
Compounds weight (g) Chemical name
1 0 300 Gossypetin 3,7,8,4"-
tetra-O-methyl ether
2 374 Kaempferol 7-0-
methyl ether
3 314 Kaempferol 3,7-di-O-
methyl ether
4 360 Myricetin 3,7,3',4%
ooy tetra-O-methyl ether
Hio. | N | .
I/ S
on
5 g 388 Gossypetin 3,7,8,3',4'-
S penta-O-methyl ether

Analyst, 2019, 144, 5232-5244 | 5235

74



Published on 10 July 2019. Downloaded by Universidade Federal de Alagoas on 1/26/2022 3:32:54 PM.

Paper

identified by various spectroscopies (UV, IR, 'H NMR, “*C
NMR, 2D NMR, and MS), and it was readily identified by the
direct comparison of its spectroscopic data with the literature
data.”” This flavonoid is being reported for the first time in the
Solanum genus.

The structures of the known isolated compounds were con-
firmed by their HR-ESI-MS spectra as gossypetin 3,7,8,4"-tetra-
O-methyl ether (1) ion at m/z 375.1072 [M + H]" (caled for
C19H;40g, 375.1074), kaempferol 7-O-methyl ether (2) ion at
mjz 301.0707 [M + H]' (caled for CysH, 304, 301.0706), kaemp-
ferol 3,7-di-O-methyl ether (3) ion at m/z 315.0565 [M + H]'
(caled for Cy7H;506, 315.0863), myricetin 3,7,3',4"-tetra-O-
methyl ether (4) ion at m/z389.1230 [M + H]' (caled for
Cs0H,10g, 389.1230), and gossypetin 3,7,8,3’,4"-penta-O-methyl
ether (5) 389.1230 [M + H]" (caled for CyoH,,04, 389.1230).

Viability of peritoneal macrophages

The effect of the EtOAc fraction and flavonoids of S. paludosum
on murine peritoneal macrophages was assessed by quantitat-
ive colorimetric MTT assays after 48 h of incubation. The
macrophages were treated with flavonoid compounds (1, 10,
and 100 uM) to investigate the potential toxic effects on mam-
malian cells. Table 2 shows the results for the flavonoid com-
pounds and pentamidine (reference standard drug).
Pentamidine and only flavonoid (3) showed the same deleter-
ious activity to the host cells, as evidenced by the MTT assay,
with the maximum cytotoxicities of 72.1 + 4.8% and 47.9 *
8.2%, respectively. However, flavonoid (3) exhibited a CCs,
value (the concentration that causes 50% of the cytotoxicity in
macrophages) greater than the maximum concentration
tested; the standard drug pentamidine, on the other hand,
showed CCs of 68.2 + 3.8 uM.

In vitro evaluation of the antipromastigote activity of
flavonoids

An initial screening was carried out to evaluate and compare
the in vitro leishmanicidal profiles of the flavonoid compounds
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and pentamidine against the proliferation of the exponentially
growing promastigote form of L amazonensis. The maximum
effects and the ICs, values (concentrations causing 50% inhi-
bition of promastigote growth) were used as parameters for
leishmanicidal activity (Table 2). After 48 h of incubation, the
EtOAc fraction and the isolated compounds (1), (2), and (3)
exhibited antileishmanial activities against L. amazonensis pro-
mastigotes with maximum effects of 84.3 + 5.5%, 82.6 + 7.6%,
48.8 + 1.7%, and 83.7 + 2.6%, respectively. The EtOAc fraction,
(1), and (3) exhibited the ICs, values of 63.0 + 2.3 pM, 44.0 +
6.0 uM, and 54.2 + 2.2 pM, respectively; they were as potent
and effective as pentamidine (with the efficacy of 90.4 + 5.5%
and ICs, of 24.3 + 5.3 puM) against L. amazonensis promasti-
gotes. In contrast, (4) and (5) did not present activity against
the promastigote form of L amazonensis up to 100 uM
(Table 2). Based on the viability of the macrophage cells and
L. amazonensis promastigotes, it was possible to calculate the
selectivity index (SI) of the compounds (Table 2). Thus, when
comparing the SI values of the macrophage and L. amazonensis
promastigote, the flavonoids (2), (4), and (5) did not show
selectivity for L. amazonensis. In addition, the EtOAc fraction
and flavonoids (1) and (3) were probably selective for
L. amazonensis; however, as their CC;, values were not deter-
mined, it was not possible to calculate SI for L amazonensis.
Pentamidine showed 2.81 times more selectivity for the para-
sites (Table 2).

In vitro evaluation of the antiamastigote activity of flavonoids

The EtOAc fraction, (1), and (3) were selected for testing
against the amastigote forms for displaying the best data with
the activity against the promastigotes of the two tested
Leishmania species. In this study, the EtOAc fraction, (1), and
(3) inhibited the amastigote growth with the maximum
efficacy values of 85.6 + 0.0%, 72.2 + 13.7%, and 88.8 + 0.9%,
respectively. The EtOAc fraction, (1), and (3) exhibited the IC5,
values of 23.3 + 4.5 uM, 34.0 + 9.6 pM, and 10.5 + 2.5 pM,
respectively (Table 3).

Table 2 Effect of pentamidine, EtOAc fraction, and flavonoid compounds (1-5) of S. paludosum against the macrophages or the promastigote

form of L. amazonensis

Peritoneal macrophages

L. amazonensis promastigotes

Substances CCs¢" (UM) Maximum cytotoxicity” (%) 1C50" (M) Maximum effect? (%) SI
Pentamidine 68.2+3.8 72.1 £ 4.8% 243+5.3 90.4 + 5.5*** 2.81
EtOAc fraction >100 ND 63.0+2.3 84.3.£:5.5%* >1.19
(1) >100 ND 44.0 +6.0 82.6.+.7.67** >2.27
(2 >100 ND >100 48.8 + 1.7%* .
(3) >100 47.9 + 8.2* 542+2.2 83.7 £ 2.6*** >1.84
(4) >100 ND >100 NA —
(5) >100 ND >100 NA —

9Cytotoxic Concentration 50 (CCs,) calculated by the concentration-response curves. ” Maximum Cytotoxicity or Maximum Effect (ME) is
expressed as a mean + standard error of maximum toxicity, average of the triplicates of a representative experiment. “ Selectivity Index (SI) calcu-
lated from the ratio of CCs, values of the macrophage and ICs, of the promastigotes. (—): Substance does not have a deleterious effect on the
macrophage or Leishmania. The values of cytotoxicity or maximum effect were considered significant when *p < 0.05, **p < 0.01, and ***p < 0.001
compared to the DMSO group. ND: Not determined. Maximum Cytotoxicity to cell until the concentration of 100 pM compared to the DMSO
group. NA: compound is not active.
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Table 3 Leishmanicidal activity of the flavonoid compounds against
the growth of amastigotes of L. amazonensis

Treatment 1Cs¢° (uM) Efficacy” (%)
Pentamidine 6.4+0.1 99.91 + 0.04***
EtOAc fraction 23.3+4.5 85.6 + 0.0%**
()] 34.0+9.6 72.2 £13.7%%
3) 10.5+2.5 88.8 +0.9%**

Data are reported as the mean + standard error of the mean, S.E.M.
“IC5 is the concentration required to cause 50% inhibition. > The
efficacy values were considered significant when *p < 0.05, **p < 0.01,
and ***p < 0.001 compared to the 0.1% DMSO group.

Cell cycle analysis

After the in vitro leishmanicidal activity of (1) and (3) was
characterized, other studies were conducted to investigate
the mechanism of cell death by these compounds. The
Leishmania cell cycle was analyzed by flow cytometry after
treatment with pentamidine, (1), and (3) at a concentration
of 100 puM for 48 hours (Fig. 1). The analysis of the cell popu-
lation in different cell cycle phases was possible after stain-
ing with 7-AAD and subsequent analysis by flow cytometry.
In Fig. 1, it is observed that pentamidine, (1), and (3) can
induce changes in the cell cycle (in the G0/G1, S, and G2/M
phases) of L. amazonensis promastigotes after 48 h of
treatment.

Analysis of externalized phosphatidylserine (PS)

In order to determine the mechanism by which the flavonoid
compounds exert their antiproliferative activity against the
parasites, flow cytometric analyses using Annexin V-PE and
7-AAD were performed to investigate the externalization of
phospholipids or the rupture of the cytoplasmic membrane.
As demonstrated in Fig. 2, flavonoids (1) and (3) do not
induce cell death through the induction of necrosis or apop-
tosis in L. amazonensis promastigotes after 48 h of incubation
at the concentrations of 10 and 100 pM. Additionally, the
caspase-like activation did not occur in the promastigotes
treated with flavonoids (1) or (3) at 100 pM for 48 hours
(Fig. 3).

Number of cells/phase

Medium 0.19%DMSO  Pentamidine ) )

Fig. 1 Cell cycle distribution of L. amazonensis promastigotes. Analysis
using flow cytometry after treatment with 10 pM pentamidine and
100 uM (1) and (3) flavonoids for 48 h. Values represent means + SEMs
for three samples.
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Fig. 2 Phospholipid externalization of L. amazonensis promastigotes.
Analysis using flow cytometry after treatment with 10 and 100 uM pen-
tamidine and flavonoids (1) and (3) for 48 h. (A) Medium; (B) 0.1% DMSO;
(C) 100 puM pentamidine; (D) 10 pM pentamidine; (E) 100 uM (1); (F)
10 pM (1); (G) 100 pM (3); (H) 10 uM (3).

Detection of autophagy by flow cytometry

Next, we evaluated the induction of autophagic cell death in
L. amazonensis promastigotes treated with (1) and (3) at a con-
centration of 100 uM for 48 hours. The treatment with (3)
altered the mean of autophagy intensity in the promastigotes,
showing that the antiproliferative activity of these compounds
is probably also the result of an exacerbated autophagic
process (Fig. 4).

Raman spectra of the macrophages infected with
L. amazonensis

Through a Raman spectrum, it is possible to evaluate the
responses induced by the treatments in cells and identify the
most important spectral differences among the cell groups.
The main bands observed in the spectra of the cells were in
the regions corresponding to the C-C stretching of the proline
ring at 920 em™', the phenylalanine peaks at 1002 and
1030 cm™, the DNA phosphodioxy group PO, symmetric
stretching at 1095 em™, a band centered at 1240 cm™" related
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Fig. 3 Determination of the presence of active caspase-like proteases
in L. amazonensis promastigotes. Analysis using flow cytometry after
treatment with 100 uM pentamidine and flavonoids (1) and (3) for 48 h.
(A) Medium; (B) 0.1% DMSO; (C) 100 uM pentamidine; (D) 100 uM (1); (E)
100 pM (3).
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Fig. 4 Determination of the presence of autophagic LC3* in
L. amazonensis promastigotes incubated with pentamidine and flavo-
noids (1) and (3) (100 uM) for 48 h and analyzed by flow cytometry.
Values represent means + SEMs for three samples.

to RNA, the corresponding vibrations of the DNA bases
adenine and guanine at 1317 and 1578 cm™’, the 1446 cm™
band corresponding to the C-H deformation vibrations, and
the vibrations in the amide I band centered at 1657 cm™'. The
Raman band assignments used in the interpretation of the
spectral features were carried out based on the published
literature.*
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The spectral regions with the most significant variations
were pointed out based on the calculated spectral difference
between the cell groups. As illustrated in Fig. 5(A), the Raman
spectra of the cells cultured in the medium free from com-
pounds and those with 0.1% DMSO displayed similar patterns,
indicating that these cell groups have very similar spectral
characteristics. The differences between the Raman spectra of
the DMSO group cells and pentamidine group cells can be
seen in Fig. 5(B). The spectral changes can be observed in prac-
tically the entire analyzed region. The peaks at 920, 1002,
1030, 1446, and 1657 cm™* correspond to proteins, whereas
the peaks at 1095, 1240, 1317, and 1578 ecm ™" correspond to
nucleic acids. The differences in these regions indicate that
there are variations in the amounts of proteins and nucleic
acids among the cells.

In Fig. 5(C), it is observed that among the DMSO group
cells and the cells treated with flavonoid (1), the main vari-
ations also occur in a large part of the analyzed spectral
region. The cells treated with flavonoid (1) showed a smaller
amount of proteins, as indicated by the less intense peaks at
1002, 1030, 1446, and 1657 cm™'. Although the peak at
1578 em™' increased slightly, the amount of nucleic acids in
the cells treated with flavonoid (1) seemed to be smaller, as
indicated by the less intense peaks at 1240 and 1317 em™.
Important spectral variations were also observed in the differ-

Intensity (Arb. Units)

— Medium

= 0.1% DMSO

== 10 pM pentamidine
— 10 M (1)

== 10 M (3)

~ difference spectrum

0 1000 1200 1400 1600 1800

Raman Shift (cm™)

Fig. 5 Raman spectra of macrophages infected with L. amazonensis
exposed to different treatments. The Raman spectra are the averages of
50 cells for each group in the fingerprint region (800-1800 cm™). (A)
0.1% DMSO and Medium; (B) 0.1% DMSO and 10 puM pentamidine; (C)
0.1% DMSO and 10 uM (1); (D) 0.1% DMSO and 10 uM (3), and (E) 10 uM
(1) and 10 pM (3). The gray lines represent the computed difference
spectrum between the cell groups.
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ence spectrum of the cells of the DMSO group and the cells
treated with flavonoid (3), as can be observed in Fig. 5(D).
Among the regions with the highest spectral variations are the
bands at 920, 1002, 1030, 1446, and 1657 cm ™’ corresponding
to proteins, and the bands at 1240 and 1317 cm™" related to
nucleic acids. The spectrum of the cells treated with flavonoid
(3) showed considerable decrease in the intensity of the peaks
corresponding to the nucleic acids. This indicates that the
DNA of these cells was lowered greatly.

Finally, as shown in Fig. 5(E), an analysis was performed
between the cells treated with flavonoids (1) and (3). The most
significant spectral variations occurred in the following
regions: 920, 1030, 1446, and 1657 cm™' (corresponding to
proteins) and 1240, 1317, and 1578 em™' (corresponding to
nucleic acids). The decrease in the intensity of the peaks
corresponding to the nucleic acids in the cells treated with fla-
vonoid (3) reiterates the results reported in Fig. 5(D) and may
indicate cell death.

Spectral classification based on PCA

The small differences observed in the Raman spectra may be
sufficient to differentiate and classify the different groups of
cells. Through multivariate statistical methods, it was possible
to make this differentiation and prove that the treatments had
in fact affected the cellular biochemical composition. Herein,
PCA was used for the classification of the cellular groups and
interpretation of the spectral data. As seen in Fig. 6(A), the
cells of the DMSO group (blue dots) can be separated from the
cells of the Medium group (orange dots) by the first two PCs.
This demonstrates that even in the groups of cells where the
spectral characteristics are quite similar, PCA can successfully
classify the samples. The first two PCs explained 51% of the

@ Medium @ 10uM pentamidine
@ 01%DMSO @ 104M (1)
@ 104M(3)
2
1
g §o
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Fig. 6 Principal component analysis (PCA) of the macrophages infected
with L. amazonensis. PCA score plots for (A) 0.1% DMSO and Medium;
(B) 0.1% DMSO, 10 uM pentamidine, and 10 uM (1); (C) 0.1% DMSO,
10 uM pentamidine, and 10 pM (3); and (D) 0.1% DMSO, 10 pM (1), and
10 uM (3).
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variance of the original data set, with PC1 describing 37% and
PC2 describing 14% of the total variance.

The distribution of the cells of the DMSO, pentamidine
(red dots), and flavonoid (1) (pink dots) groups is observed in
Fig. 6(B). The cells were classified based on the first two PCs,
which explained 59% of the total variance. Based on the distri-
bution presented, the pentamidine treatment caused a large
dispersion of the samples, indicating that in this group, there
are cells quite different from each other. A region of overlap
can also be observed for the samples under treatment, indicat-
ing that although there are significant differences between the
groups, many spectra were similar. An analogous comparison
between the cells of the DMSO, pentamidine, and flavonoid (3)
(green dots) groups is presented in Fig. 6(C). The first two PCs
explained 52% of the variance of the original data set, with
PC1 describing 30% and PC2 describing 22%. In this analysis,
it was observed that both treatments caused great dispersion
of the samples, evidencing quite different spectra within each
of the groups.

The PCA score plots presented in Fig. 6(D) show the distri-
bution of the cells of the DMSO and (1) and (3) flavonoid
groups. The first two PCs used in this comparison accounted
for 64% of the variance of the original data set. The distri-
bution presented evidenced the spectral differences among the
groups exposed to the treatments, corroborating with the
results of the analyses of flow cytometry, which demonstrated
that the flavonoids (1) and (3) have different mechanisms of
action. The grouping of the samples into three clusters indi-
cated that the systematic differences between the Raman
spectra can be revealed easily by PCA.

Discussion

Considering the low efficacy of the available drugs for the treat-
ment of leishmaniasis as well as their side effects and the re-
sistance developed by parasites, research using natural pro-
ducts, mainly due to the properties of the bioactive com-
pounds found in the crude extracts of medicinal plants, may
lead to the discovery of new therapies with high efficiency,
which are cheap and safe for patients.>* Hence, the purpose of
this research was to study the antileishmanial effects of the fla-
vonoid compounds isolated from the EtOAc fraction of
S. paludosum and to investigate the mechanisms involved in
cell death.

Previous studies with Solanum species have demonstrated
various pharmacological activities, including activity against
trypanosomatids, such as L amazonensis and Trypanosoma
cruzi.'”*® In this study, the flavonoids showed pronounced
leishmanicidal activity against the promastigotes of
L. amazonensis with emphasis on the EtOAc fraction and flavo-
noids (1) and (3), which have also exhibited leishmanicidal
activity against promastigotes of L. chagasi (data not show).

The activities of the compounds against promastigotes and
amastigotes can differ depending on the targets of the antil-
eishmanial action, which may be selective for one of the two
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developmental forms. Overall, promastigotes may be more sen-
sitive than intracellular amastigotes because amastigotes are
adapted to survive in a hostile intracellular environment as
well as due to the fact that the compounds have direct contact
with promastigotes. In contrast, in order to have anti-amasti-
gote activity, the substances must be capable of crossing the
membrane of the host cell. The EtOAc fraction and flavonoids
(1) and (3) were then subjected to the amastigote assay and
besides the observed efficacy, they were found to be highly
potent against the growth of L. amazonensis amastigotes, exhi-
biting the ICs, values of 23.3 + 4.5 uM (EtOAc fraction), 34.0 +
9.6 M (1 flavonoid), and 10.5 + 2.5 pM (3 flavonoid). The data
corroborated the results reported by Wong et al;***® they
tested the flavonoid dimers and found potent leishmanicidal
activity similar to the results observed by Abreu-Miranda
et al,'® who tested the glycoalkaloids isolated from
S. lycocarpum against the promastigotes of L. amazonensis.

In addition, there are few studies about flavonoids (1) and
(3). It was found that the flavonoid (1) was isolated from
Fagoniaboveana® and Ricinocarpusstylosus.®® 1t was also
demonstrated that this flavone did not induce the activation of
apoptosis as it did not present antitubulin activity in HL60
cells.*® In the case of flavonoid (3), this flavonolaglycone was
isolated from Siparunagigantotepala® and Cistus ladanifer.*'
Thus, this paper demonstrated the leishmanicidal activity of
these flavonoids for the first time.

Although a screening for leishmanicidal activity is impor-
tant to select promising substances, understanding the mecha-
nism of action by which they inhibit the parasitic growth or
cause parasite death is necessary to find specific targets. In the
cell cycle assay, flavonoids (1) and (3) induced significant
increase in the proportion of cells in the G0/G1 phase, a stage
of cell cycle which cells have split and the cells have only one
copy of their DNA. These treatments significantly decreased the
proportion of promastigotes at the S and G2/M phases. These
data suggest that there is accumulation of cells in the G0/G1
phase due to prolonging of the G1 phase or arrest of cell cycle
progression through the G1/S restriction point. Other studies
also reported the induction of arrest in the G0/G1 phase by
leishmanicial compounds. For example, the dibenzalacetone
treatment changed the profile of the cell cycle with an increase
in the GO/G1 population associated with the decrease in the S
(synthesis) and G2/M phases of the L. donovani promastigotes.**

Morphological, biochemical, or molecular changes lead to
parasite death or prevent parasite proliferation.”® The cell
death pathways can be generally classified into apoptosis,
necrosis, and exacerbation of the autophagic processes.”* To
determine the way by which the tested flavonoids exert their
antiproliferative activity, flow cytometry analysis was per-
formed using annexin V-PE to investigate the externalization of
phospholipids, a typical characteristic of apoptosis in
Leishmania."*®

Lipids are essential for the structural and functional integ-
rity of cells. As the predominant constituents of cellular mem-
branes, lipids compartmentalize the cellular functions and are
involved in various aspects of signal transduction.’® Some
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changes in the lipid distribution generally trigger a physiologi-
cal event such as the clearance of apoptotic cells or the intern-
alization of viruses by the host cells. Therefore, the externaliza-
tion of phospholipids may indicate apoptotic death."”*® The
binding of annexin V to the cell surface of Leishmania parasites
is therefore likely to be a consequence of the changes in the
plasma membrane lipid arrangement. In this study, flavonoids
(1) and (3) at the concentration of 100 pM did not cause cell
death through the induction of apoptosis in L. amazonensis
promastigotes after 48 h of incubation. Intriguingly, it was
observed that the parasites treated with pentamidine at 10 pM
presented a higher percentage of cells in early apoptosis than
that for the treatment at 100 pM. In parallel, the treatment
with this reference antileishmanial drug at both concen-
trations also presented analogous effects in the induction of
late apoptosis (the results were not significantly different).
Thus, pentamidine is a potent antileishmanial drug; at
100 pM, it induced apoptosis in promastigotes. However, there
was reduction in the element counts recorded by a flow cyt-
ometer in this treatment due to the high fragmentation of the
parasitic cells. Moreover, pentamidine has been employed as a
positive control to induce the apoptotic killing of the
Leishmania parasites, but the exact mechanism by which this
drug exerts its cytotoxic effect has not yet been fully elucidated,
disregarding the identification of several molecular targets of
pentamidine in the scientific literature.”** Logically, the
elevation of concentration may also cause loss of selectivity of
the compound for other systems; for example, to inhibit topoi-
somerase II, another target of this drug acts on the DNA syn-
thesis. These hypotheses explain how the treatment at 10 pM
induced earlier apoptosis than that at the concentration of
100 uM, but other studies are needed to understand these
findings.

Unlike a necrotic cell, which presents membrane rupture
and release of intracellular content, a cell undergoing apopto-
sis is rapidly phagocytosed by tissue cells or phagocytes such
as macrophages. Death by apoptosis can be triggered by
various stimuli ranging from stress on intracellular organelles
to receptor-mediated signalling. An important characteristic of
this process is the activation of several cysteine proteases
known as caspases. The proteolytic cleavage of different cell
substrates by caspases determines the main characteristics of
the process of cell death by apoptosis.”” The pharmacological
manipulation of apoptosis and caspases may have clinical
applications and is a new frontier in the development of novel
approaches to treat human diseases. In our study, we observed
that flavonoids (1) and (3) did not cause caspase activation,
which corroborated with our previous results about apoptosis.

Autophagy is a physiological process characterized by lyso-
some-mediated degradation and recycling of proteins and
other cytoplasmic components; however, when it is exacer-
bated, autophagy is associated with the development of cell
death.”®*7 In this regard, we evaluated autophagy induction in
the promastigote forms of L. amazonensis treated with flavo-
noids (1) and (3). From these observations, it was seen that fla-
vonoid (3) was capable of inducing autophagy at the concen-
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tration of 100 uM, therefore indicating the contribution of this
process for the leishmanicidal activity of this flavonoid. Other
studies also reported the induction of autophagic cell death in
response to leishmanicidal compounds.”®*® However, it is not
clear whether autophagy regulates the G1/G0 cell cycle arrest
in Leishmania sp. In fucoxanthin-treated HeLa cells, it was
reported to be dose-responsively cytotoxic and GO0/G1 arrest
occurred without apoptosis change; autophagy-based cyto-
toxicity was found to involve the inhibition of the Akt/mTOR
signaling pathway.*

Raman spectroscopy is a technique widely used to noninva-
sively monitor the cellular biochemical responses induced by
substances. Recent studies have demonstrated the potential in
the evaluation of the effects of drugs on cells.®’™® In this
study, Raman spectroscopy was used to characterize the flavo-
noids isolated from S. paludosum used in the treatment of
macrophages infected with L. amazonensis. Initially, the
spectra of the cells cultured in a medium free from com-
pounds and those with 0.1% DMSO were analyzed. The ana-
lysis showed that these cell groups have similar spectral pat-
terns, indicating that DMSO (vehicle control) does not cause
significant changes in the cells.

The pentamidine treatment produced significant changes
in the cell spectrum when compared to the spectrum of the
DMSO group cells. As pentamidine is an aromatic diamidine,
the reduction in the proline vibrations induced by this treat-
ment might be related to the alterations induced by the drug
in polyamine pathways.** Also, pentamidine reduced phenyl-
alanine and amide I peaks, indicating conformational changes
in the proteins.®”® In addition, this decrease in the protein
content in the dying cells followed by the induction of the
apoptosis proteins for cleavage and slicing is suggested by the
decrease in most of the Raman bands of the proteins.®®
Moreover, there was decrease in the intensity of the peaks at
1240 and 1095 cm™’, indicating the disintegration of DNA/
RNA related to cell death.*®*

The spectra of the cells treated with flavonoids (1) and (3)
present changes in the same spectral regions. However, the
cells treated with flavonoid (3) showed more dramatic changes
in their Raman spectrum when compared to the DMSO group
cells. Thus, the treatment of macrophages infected with
L. amazonensis induced decrease in the Raman bands corres-
ponding to the proteins (peaks at 1002, 1030, and 1657 cm™),
and this result might indicate denaturation and conformation-
al changes in the proteins related to cell death®” since auto-
phagy is a catabolic system that promotes the degradation of
proteins and organelles.®*® Also, it is possible to observe
decrease in the intensity of the peak at 1240 em™, indicating
increase in the catabolism of RNA and the consequent
reduction in protein synthesis.

To further highlight any differences between the treat-
ments, the PCA analysis of the Raman spectra was performed.
This multivariate method has been widely used to identify the
spectral changes related to human diseases.”” In most cases,
the changes are subtle and difficult to interpret. By using PCA,
the statistical difference between different types of cells can be
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revealed effectively, which is similar to the difference spec-
trum. The PCA results obtained in this study presented a
classification of the cell groups.

Although the cells of the Medium group and those of the
DMSO group showed very similar spectral characteristics, it
was possible to separate and classify the samples successfully
by PCA, thus demonstrating the potential of this multivariate
method. Subsequently, the DMSO, pentamidine, and flavonoid
(1) groups were analyzed. This analysis suggested that despite
the changes caused by both the treatments, pentamidine sig-
nificantly modified the cellular structure compared to flavo-
noid (1). However, when we compared the DMSO, pentami-
dine, and flavonoid (3) groups, we observed that both flavo-
noid (3) and pentamidine significantly modified the cellular
structure, forming overlapping regions that demonstrated
greater similarity between these groups.

Ultimately, the distribution of the cells of the DMSO and
flavonoid (1) and (3) groups was observed. This analysis
revealed separated clusters and showed that the cells treated
with flavonoid (1) presented more similar characteristics to
that of the cells of the DMSO group, whereas the cells treated
with flavonoid (3) presented very different spectra with greater
dispersion of the samples. Summing up, the flavonoid (1)
treatment caused lesser changes in the cell structure compared
with the flavonoid (3) treatment. The PCA analysis suggested
that the mechanisms of action of the flavonoids occur through
different routes, that is, each flavonoid modifies the cell
differently.

Conclusions

In conclusion, it was demonstrated in this study that flavo-
noids showed excellent in vitro activity against Leishmania. In
addition, in the investigation of the possible mechanisms of
cell death, flavonoids (1) and (3) could increase the number of
cells in the G0/G1 phases and reduce the number of cells in
the S and G2/M phases of the cell cycle; flavonoid (3) also
showed antiproliferative activity due to the induction of auto-
phagy. Through the combination of Raman spectroscopy and
PCA, it was possible to interpret and classify the spectral data
accurately. This approach was proven to be useful in detecting
the molecular mechanisms induced by flavonoids in cell be-
havior. The results support that the flavonoids isolated from
S. paludosum can become lead compounds for the design of
new prototypes of antileishmanial drugs.
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Objective: The aim of the current study is to investigate the chemical composition,
cytotoxic effect, and leishmanicidal activity of propolis collected in the semi-arid region of
Bahia, Brazil.

Methods: EtOH extract, hexane, EtOAc and MeOH fractions from propolis were analyzed
by ultra-performance liquid chromatography coupled with diode array detector and
quadrupole time-of-flight mass spectrometry. The identification was based on the
exact mass, general fragmentation behaviors and UV absorption of the flavonoids. The
in vitro cytotoxic effect and leishmanicidal activity of ethanolic extract, hexane, ethyl
acetate, and methanolic fractions of propolis were evaluated.

Results: Five triterpenes and twenty-four flavonoids were identified. The propolis did not
present toxicity to the host cell up to the maximum concentration tested. In addition, all tested
samples showed statistically significant activity against promastigotes of Leishmania chagasi and
Leishmania amazonensis. Regarding the activity against amastigote forms of L. amazonensis, the
hexane fraction, presented statistically significant activity with ICso of 1.3 + 0.1 pg/ml.

Conclusion: The results support the idea that propolis can be used for future
antileishmania studies.

Keywords: propolis, leist icidal activity, Lei: ia (Lei % is, Leish
(Leishmania) chagasi
INTRODUCTION

Leishmaniasis is one of the six major parasitic diseases targeted by the World Health
Organization. It is endemic in 98 countries and more than 350 million people are at risk of
infection. The disease causes 20,000-40,000 deaths per year globally (Sasidharan and Saudagar,
2021).

In humans, the clinical forms of leishmaniasis are broadly categorized into cutaneous
leishmaniasis (CL) and visceral leishmaniasis (VL), and clinical manifestations depend on the
pathogenicity of the parasite, which differs among species, and the genetically determined cell-
mediated immune response of the human host (Singh et al., 2012).
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Current leishmaniasis treatment strategy is based on
chemotherapy with some attempts at immunotherapy, but the
combination of factors including the development of parasite
resistance to drug therapies, the absence of vaccines, problems
with vector control, among other factors, has rendered the
treatment options for leishmaniasis limited (Taslimi et al, 2018).

Pentavalent antimonials are the standard first line treatment,
but the emergence of resistance has limited their usefulness.
Alternative chemotherapeutic treatments with amphotericin B
and its lipid formulation, miltefosine, and paromomycin are
available but their use is limited either due to toxicity or the
high cost of treatment (Braga, 2019).

Consequently, it is of the utmost importance to discover
effective drugs and new drug targets for the treatment of
leishmaniasis. Propolis has long been the subject of
pharmaceutical interest because of its potent biological
functions, such as antimicrobial, anti-inflammatory, anti-
protozoan, and antitumoral activities (Popova et al, 2005;
Dantas et al,, 2006; Jin et al,, 2008; Szliszka et al., 2013). The
propolis resin is complex, and its common constituents include
polyphenols (flavonoids, phenolic acids, and their esters,
terpenoids, and steroids (Tran et al, 2012). Its chemical
composition depends on the plant or plants from which the
resin is collected, the geographical location, and the associated
flora (Popova et al., 2005; Ishida et al., 2011).

Therefore, there has been an interest in the composition and
biological properties of this natural product. Extensive
investigations have been conducted with propolis from
different countries in temperate and tropical areas (Sforcin,
2016); however, a limited number of investigations have been
conducted to study the palynological analysis (Matos et al., 2014),
chemical composition (Valcic et al., 1998; Hernandez et al., 2007)
and biological activities of propolis from semiarid regions (Russo
et al,, 2004).

In our continuing studies of the chemical and biological
activity of Apis and Melipona bee products (Silva et al., 2006;
Silva et al., 2009; Freire et al,, 2012; Silva et al., 2013; Souza et al,,
2013; Souza et al., 2014; Sousa-Junior et al., 2019; Sousa-Fontoura
et al, 2020), we investigated the chemical composition of propolis
by ultra-performance liquid chromatography coupled with diode
array detector and quadrupole time-of-flight mass spectrometry
(UPLC-DAD-QTOF-MS/MS), and we also analyzed the
cytotoxic effect and leishmanicidal activity of the ethanolic
extract, hexane, ethyl acetate, methanolic fractions of propolis
from semi-arid region of Bahia, Brazil.

METHODS

Propolis Sample and Extraction

Propolis was collected in Brazil, State of Bahia, municipality of
Casa Nova, which is an area of the Caatinga, a Brazilian biome.
The propolis (79.4g) was successively extracted with ethanol
(EtOH) in an ultrasonic bath and evaporation was performed
using a rotary evaporator in a vacuum at 40°C. 20 g dry extract
was dissolved in methanol:water (1:1, MeOH) and successively
fractionated with hexane (hexane, 7.4g) and ethyl acetate
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(EtOAc, 9.1 g). The amount of MeOH fraction was 1.1g. The
EtOH extract, hexane, EtOAc, and MeOH fractions, were
subjected to UPLC-PDA-QTOF-MS analysis.

Analysis of Propolis by Ultra-Performance
Liquid Chromatography Coupled With
Diode Array Detector and Quadrupole

Time-of-Flight Mass Spectrometry

The analysis was performed using a XEVO-G2XSQTOF mass
spectrometer (Waters, Manchester, United Kingdom) connected
to an ACQUITY UPLC system (Waters, Milford, MA,
United States ) via an electrospray ionization (ESI) interface.
Chromatographic separation of the compounds was performed
on the ACQUITY UPLC with a conditioned autosampler at 4 C,
using an Acquity BEH C18 column (150 mm x 2.1 mm id,
1.7 um particle size). The column temperature was maintained at
40°C. The mobile phase consisted of water with 0.1% formic acid
(solvent A) and acetonitrile (solvent B), and it was pumped at a
flow rate of 0.4 ml min~". The gradient elution program was as
follows: 0-5min, 5-10% B; 5-9 min, 10-95% B. The injection
volume was 10 ul. MS analysis was performed on a Xevo G2
QTOF (Waters MS Technologies, Manchester, United Kingdom),
a quadrupole time-of-flight tandem mass spectrometer coupled
with an electrospray ionization source in the negative ion mode.
The scan range was from 50 to 1,200 m/z for data acquisition. In
addition, MS® experiments were carried out which allow
precursor and product ion data to be acquired in one
injection. The source conditions were as follows: capillary
voltage, 2.0 kV; sample cone, source temperature, 100 C;
desolvation temperature 250°C; cone gas flow rate 20Lh™';
desolvation gas (N,) flow rate 600 Lh™'. All analysis were
performed using the lockspray, which ensured accuracy and
reproducibility. Leucine-encephalin (5ngml™") was used as a
standard or reference compound to calibrate the mass
spectrometers during analysis. All the acquisition and analysis
of data were controlled using Waters MassLynx v 4.1 software.

Cells and Parasites

J774.A1 macrophages were cultured in vitro in RPMI-1640
medium supplemented with 10% FBS, 2 mM r-glutamine,
nonessential amino acids and pyruvate at 37°C with 95%
humidity and 5% CO, in an incubator. Two strains of
Leishmania were used in the present study: Leishmania
(Leishmania) amazonensis [MHOM/BR/77/LTB0016] and
Leishmania (Leishmania) infantum chagasi [MCAN/BR/89/
BA262]. They were maintained in vitro at 26°C in Schneider’s
medium supplemented with 10% FBS, gentamycin (1 mg/L), 1-
glutamine (2 mM), and 2% sterile human urine.

Cytotoxicity Assay

J774.A1 macrophages were seeded (1 x 10° cell/well) in 96-well
plates with 100 ml of RPMI-1640 medium and incubated at 37°C
for 1 h. After this period, the cells were treated with 0.1, 1, 10, and
100 pg/ml of EtOH extract and organic fractions hexane, EtOAc,
MeOH; 0.1, 1, 10, and 100 uM of pentamidine (all treatments
performed in triplicate) previously diluted in RPMI-1640
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medium with 0.1% dimethyl sulfoxide (DMSO). The plates were
maintained in a 5% CO, incubator at 37°C for 48 h. Cells were
also cultured in media free of compounds, or media with 0.1%
DMSO (vehicle control). Thereafter, the supernatant was
removed and cells were incubated with 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) (0.5 mg/ml) for
1h in the dark at 37°C. The MTT solution was removed, cells
were resuspended in 100 ml of 0.1% DMSO, and the absorbance
was measured using an ELISA reader at 550 nm (Hussain et al,,
1993).

Leishmanicidal Assay

Cells (1 x 10°/well) of promastigotes forms of L. amazonensis and L.
chagasi were cultured in Schneider’s medium supplemented with 10%
FBS and 2% human urine, in the presence of various concentrations of
EtOH extract, hexane, EtOAc and MeOH fractions (0.1, 1, 10 and
100 pg/ml), and pentamidine (0.1, 1, 10, and 100 uM) in triplicate for
48 h at 26°C. Cells were also cultured in a medium free of substances, a
vehide (basal growth control) or with 0.1% DMSO (vehicle control).
After 48 h, the viability of the promastigotes forms was analyzed using
the MTT assay. MTT (20 uL) was added to each well and incubated at
37°C for 2 h with 95% humidity and 5% CO, Formazan extraction
was performed using 120 L of isopropanol and left at room
temperature for 2h. The absorbance was measured using an
ELISA reader at 550 nm (Moraes et al, 2014). The intracellular
amastigote assay was performed in 24-well microplates with
rounded coverslips on the bottom. ]J774.A1 macrophages were
seeded at a density of 3 x 10° cells/well and maintained for 1h in
5% CO2 at 37°C for adhesion in a humidified atmosphere of 95% air
and 5% CO, at 37°C. Afterward, the cells were infected in vitro with
promastigote forms of L. amazonensis and L. chagasi at a ratio of 1:10
for 6 h in a humidified atmosphere of 95% air and 5% CO, at 37C.

Leismanicidal Activity of Propolis

The parasites in the supernatant were removed by washing, and
various concentrations of EtOH extract, hexane, EtOAc, and MeOH
fractions (0.1, 1, 10, and 100 pg/ml) and pentamidine (0.1, 1, 10, and
100 uM) were added and maintained at 37 C in 5% CO, for 48 h. The
glass coverslips were fixed with methanol, stained with May-
Griinwald-Giemsa, and intracellular amastigotes were counted (one
hundred macrophages were evaluated per glass coverslip). Data were
expressed as infection index (percentage of infected macrophages
multiplied by the average number of amastigotes per macrophage)
(Hussain et al., 1993).

Statistical Analysis

Results were expressed as the mean + SEM of an experiment in
triplicate. The tests were performed with controls: media free
from compounds, a vehicle (basal growth control), or media with
0.1% DMSO (vehicle control). Significant differences between the
treated and control groups were evaluated using ANOVA and
Dunnett post-hoc tests by Graph Pad Prism 5.0 software, and 95%
confidence intervals were included.

RESULTS

The compounds were tentatively identified by ultra-performance
liquid chromatography coupled with diode array detector and
quadrupole time-of-flight mass spectrometry (UPLC-DAD-
QTOF-MS/MS), as flavonoids (flavonol/flavone, flavanone, and
chalcones) based on their characteristic UV-Vis (flavonoids)
spectra peaks and mass detection as well as the accurate mass
measurement of the precursor and product ions. Terpenes were
suggested by the absence of absorption in the UV spectra, in
addition to the high-resolution mass spectra. Figure 1 shows the
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FIGURE 1 | Base peak ion chromatogram of propolis EtOH extract obtained by an MSF data collection technique method (UPLC-GTOF/MSF) in negative mode.
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TABLE 1 | Characterization of compounds from propolis EtOH extract, hexane, EtOAc and MeOH fractions analyzed by UPLC-DAD-ES| -GTOF-MSF in negative mode.

RT Aeniic M-H] [M-HT (m/z) MS? Fragments
(min) (nm) (m/z) Calculated identification
1 438 359 301.0350 301.0353 271.0274 [M-2H-COJ", 193.0133 [M-H-B], 151.0045 ['A]-
2 460 356 315.0512 315.0510 300.0208 M-H-CHa] ", 271.0251 [M-2H-CH2-COJ ", 255.0307 [M-2H-
CHa-CO-CH.I, 151.0044, 151.0045 ["*A]”
4 4.76 345 345.0615 345.0615 330.0388 [M-H-CH,]", 315.0159 [M-H-2CH,]", 287.0208 [M-H-
2CH,-COJ
4° 4.82 287 271.0610 271.0611 151.0029 ["A]", 119.0505 ?B]”
5 491 339 269.0455 269.0455 151.0037 [°A]-
6 5.02 364 285.0405 285.0404 257.0524 [M-H-COI-
T 5.48 346 299.0563 299.0561 284.0323 [M-H-CHa]~, 227,0359 [M-2H-CH3-2COJ",
151.0058 ['°A]”
8 516 346 315.0518 315.0510 300.0276 [M-H-CH,]~, 271.0265 [M-2H-CH5-COJ ", 255.0305 [M-2H-
CH,-CO,J, 243.0309 [M-2H-CH,-2C0OJ ", 227.0663 [M-2H-CH,-CO-
CO,l", 151.0042 2B
9 5.44 346 299.0563 299.0561 284.0302 M-H-CHa] ", 255.0294 [M-2H-CH-COJ ", 227.0347 [M-2H-
CH,-2C0]
10 564 345 329.0662 329.0667 314.0409 M-H-CHa] ", 299.0195 [M-H-2CH]", 271.0248 [M-H-
2CH,-COJ, 243.0309 [M-H-2CHa-2CO}
11 665 345 329.0660 329.0667 314.0409 M-H-CHa] ", 299.0195 [M-H-2CH]", 271.0248 [M-H-
2CH,-COJ, 243.0309 [M-H-2CH,-2CO]-
12 583 369 285.0768 285.0768 270.0570 [M-H-CHa
13 598 286 301.0718 301.0717 285.0396 [M-2H-CHa] ", 165.0206 [*?AJ", 135.0457 [>?A-COJ”
14 607 275 269.0826 269.0819 241.7910 M-H-COJ”
15 623 333 313.0716 313.0716 298.0477 [M-H-CH,] ", 283.0245 [M-H-2CH,]", 255.0307 [M-H-
2CH,-CO|
16 6.44 356 315.0513 315.0510 300.0227 [M-H-CHJ", 135.9030 [*2A-COJ
17 659 360 329.0666 329.0667 314.0409 M-H-CH,] ", 299.0195 [M-H-2CH_]", 271.0248 [M-H-
2CH,-COJ, 243.0309 [M-H-2CH,-2CO}~
18 672 339 343.0822 343.0823 328.0589 [M-H-CHa] ", 313.0352 [M-H-2CHa]", 298.0122 [M-2H-
3CHgl", 285.0414 [M-2H-3CH.-COJ~
19° 693 287 285.0765 285.0768 269.0383 [M-2H-CH.J", 119.0505 [°2B]"
20 7.1 339 283.0618 283.0612 268.0373 [M-H-CHa]", 240.0427 [M-H-CH2-COJ”
21 7.32 346 313.0721 313.0718 298.0477 [M-H-CH,]", 283.0245 [M-H-2CH.]", 255.0307 [M-H-
2CH,-COJ-
2 782 345 313.0718 313.0718 208.0477 [M-H-CHa] ™, 283.0245 [M-H-2CHa]", 255.0307 [M-H-
2CH,-COJ
23 7.84 339 343.0829 3430823 328.0586 [M-H-CH,]", 313.0354, [M-H-2CH,]", 285.0407 [M-H-
2CH,-COJ, 270.0168 [M-H-3CH,-COJ~
24 793 363 269.0822 269.0819 235.9273 [M-2H-CHa-H.0]”
25 848 515.3223 516.3226 469.3183 [M-H-CO-H:0]~
26 860 515.3223 5156.3226 485.3106 [M-H-2CH,], 467.3019 [M-H-2CH,-H,0J", 451.3044 [M-
H-2CH3-H0-CH,J™
27 892 499.3273 490.3276 453.3282 [M-H-CO-H:0]
27 957 515.3223 516.3226 497.3112 [M-H- H,0[", 467.3008 [M-H-2CHJ]
29 972 499.3273 490.3276 469.3171 3,008 M-H-2CH,]"

Tentative
identification®

Quercetin®>4
3-0-methyl-quercetin®“
Myricetin dimethyl-ether™®

Naringenin™©
Trihydroxy-flavone™©
Tetrahydroxy-flavone™©
Trihydroxy-methoxy-flavone®<<

Isorhamnetin®*

Trihydroxy-methoxy-flavone®<
Quercetin dimethyl ether®<d
Quercetin dimethyl ether™®

Hydroxy-methoxy-chalcone
Trihydroxy-methoxy-flavanone™®
Hydroxy-methoxy-flavanone™*
Dihydroxy-dimethoxy-flavone®*

Tetrahydroxy-methoxy-flavone™
Trihydroxy-dimethoxy-flavone®®

Dihydroxy-trimethoxy-flavone™®

7-0-methyl
naringenin®°“(sakuranetin)®

Dihydroxy methoxy flavone®®<
Dihydroxy-dimethoxy-flavone™©

Dihydroxy-dimethoxy-flavone™®
Dihydroxy-trimethoxy-flavone®®¢
Dihydroxy-methoxy-chalcone®
Triterpene™®

Triterpene®®

Triterpene™®

Triterpene®®
Triterpene®®

“Found in the EtOH extract.

“Found in the hexane fraction.

“Found in the EtOAc fraction.

9Found in the MeOH fraction.

“Compared to a previously isolated and identified standard.

base peak ion (BPI) chromatogram of the ethanol extract from
propolis. The groups of flavonoids could be distinguished based
on their UV-vis spectra which resembled that of flavone/flavonol
(with two absorbance maxima near 250-260 and 350), flavanone
(maximum near 280-290 nm), and chalcones (maxima near 242
and 364 nm). All the detected compounds were listed in Table 1.
The analysis allowed the identification of 24 flavonoids including
13 flavonols/flavones (1, 2, 3,5, 6,7, 8, 9,10, 11, 15, 16, 17, 18, 20,
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21,22 and 23), 2 chalcones (12 and 24) and 4 flavanones (4, 13, 14
and 19). The flavonoids 1, 2, 4, 8, and 19 were compared with
standard samples. It is interesting to note that the identified
flavonoids present only six main nuclei, and the difference was
the presence of the methoxyl groups in the flavonoids. The
fragments found for flavonoids are similar to the flavonoids
reported by Santisteban et al,, 2019. Methoxylated flavonoids
lost preferentially nCH;", yielding the characteristic fragments of
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[M - H-n x 15]*. These methyl groups have been cleaved as
methyl radicals in position-independent manners. Other
fragments, such as the neutral loss of CH; (14 Da), CO,
(44 Da), and CO (28 Da), were frequently detected. If there are
protons adjacent the methoxy on the flavonol rings, intra-
molecule proton transfer can occur, and one molecule of
methane can be eliminated (Ma et al, 2013). Retro-Diels-
Alder (RDA) reactions played key roles in the identification of
flavonoids and their derivatives (Demarque et al., 2016). Consider
isorhamnetin 8) as an example, the characteristic ion of
methoxylated was observed by prominent ion at m/z 300.0292
[M-H-CH3]" by the loss of 15Da (CHs) from the protonated
molecular ion at m/z 315.0518 [M-H] "~ (Figure 2). The abundant
ion at m/z 271.0265 [M-2H-CH;-CO] ", might be obtained by the
loss of CO (28 Da) from m/z 300.0292. Subsequent neutral loss of
CO, or CO and gave a secondary abundant ion at m/z 255.0305
[M-2H-CH;-CO,]” and m/z 243.0309 [M-2H-CH,-2CO]",
respectively and another ion at m/z 227.0663 [M-2H-CH;-CO-
CO,]". Additionally, the fragmentation pathways of RDA
cleavage of the C-ring generated relative low abundance ion at
m/z 151.0042 [**B]~ (Figure 2). The compounds shown at the
end of the chromatogram of EtOH extract (Figure 1) can be
identified as triterpenes because they do not absorb in the UV
region and had a molecular constitution typical of triterpenes
derivatives (25-29). The main product ions observed in the mass
spectra were due to the loss of CH; (15 Da) and H,O (18 Da).
These compounds are isomers and were not completely
identified.

The in vitro leishmanicidal activity was evaluated with extract
and fractions of propolis. The results presented in Table 2 show

Frontiers in Pharmacology | www.frontiersin.org

TABLE 2 | Determination of the cytotoxicity of pentamidine, EtOH extract, and
hexane, EtOAc, MeOH fractions, of propolis from the semi-arid region of
Bahia, Brazil against J774.A1 cells using the MTT assay.

Treatment 1C50 (uM)® Maximum Cytotoxicity (%)
Pentamidine 44.1 + 0.8 M 93.8 + 0.7+

EtOH >100 pg/ml ND

Hexane >100 pg/ml ND

EtOAc >100 pg/ml ND

MeOH >100 pg/ml ND

“Inhibitory concentration 50 (ICse) calculated by concentration-response curves toxic.
®Mean + standard error of the mean maximum cytaoxiaty in triplicates of a representative
expeniment. The values of maximum effect were considered sigrificant when *'p < 0.01
compared to the 0.1% DMSO group. ICs is the concentration required to give 50%
inhibition. ND: Not determined. Maximum cytotoxicity compared to the DMSO group.

the effects of the ethanol extract (EtOH), hexane fraction
(hexane), ethyl acetate fraction (EtOAc), methanolic fraction
(MeOH), and pentamidine against J774.A1 macrophages using
the MTT assay. After 48h of incubation, pentamidine showed
deleterious activity to the host cell with maximum cytotoxicity of
93.8 + 0.7% and ICs of 44.1 + 0.8 uM. However, the extract, and
fractions not showed deleterious activity to the host cell,
presenting as promising substances for the other assays. Orsi
et al. (2005), observed that Brazilian propolis was not toxic to
macrophages, and using cytotoxicity assays, Blonska et al.
(2004),0bserved that the ethanolic extract of propolis was not
toxic to these macrophage cells.
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TABLE 3 | Effects of pentamidine, EtOH extract; hexane, EtOAc, MeCH fractions of propolis from the semi-arid region of Bahia, Brazil against promastigote forms of L.

amazonensis and L. chagasi.

Treatment L. amazonensis L. chagasi

IC5° Maximum effect (%)® IC5® Maximum effect (%)°
Pentamidine 4.7 +1.0uM 97.8 + 0.7 6.1 + 0.3puM 96.5 + 0.4***
EtOH 7.1+ 1.1 pg/ml 94.3 + 1.9 4.2 + 0.9 ug/ml 715 +2.3"
Hexane 8.2 + 2.6 pg/ml 96.1 + 0.2 6.2 + 1.9 pg/ml 68.6 + 7.5
EtOAc 5.8 + 0.5 pg/ml 96.6 + 1.2 6.6 + 0.3 ug/ml 71.5 + 2.4
MeOH 5.6 + 1.0 pg/ml 95.8 + 1.3"* 7.3 + 0.9 pg/ml 63.9 + 7.5"

Sinhibitory concentration 50 (ICs;) calculated by concentration-response curves toxic.

®Mean + standard eror of the mean maximumcytotoxicity in triplicates of arepresentative experiment. Differences with *'p < 0.01 and **'p < 0.007 were considered significant in relation to
the 0.7% DMSO group. ICs is the concentration required to give 50% inhibition. The maximum effect was at concentrations 10 ug/mi.

The leishmanicidal activity of EtOH extract; hexane, EtOAc,
MeOH fractions, and pentamidine against the promastigote
forms of L. amazonensis and L. chagasi was assessed in vitro.
The inhibitory effects and ICs, values are shown in Table 3.
Hexane, EtOAc, and MeOH fractions exhibited the most
significant leishmanicidal activity to L. amazonensis. The
EtOH extract, hexane and EtOAc fractions exhibited the most
significant leishmanicidal activity to L. chagasi. Thus, it is
observed that EtOH extract and EtOAc fraction showed the
best inhibitory activity against the growth of promastigote
forms of L. amazonensis and L. chagasi, respectively.
Moreover, EtOAc and MeOH fractions showed the anti-
amastigote activity against L. amazonensis and L. chagasi,
respectively.

DISCUSSION

The presence of flavonoids and terpenes were identified in the
active EtOH extract, hexane and EtOAc fractions. In this study,
the chemical profile of the flavonoids is similar to that found for
the geopropolis samples of stingless bees collected in the semi-
arid region (Sousa-Junior et al, 2019; Sousa-Fontoura et al,
2020). However, additional studies need to be carried out to
know the origin of the plant species from which bees collect the
resin in the semi-arid region of Brazil.

Propolis is an important source of substances applied in
medicine due to its pharmacological activities (Potin et al,
2008) and wide range of biological properties, including

leishmanicidal activity (Duran et al, 2008; Potin et al, 2008; Nina
etal, 2016). In another study, the ethanolic extract of propolis showed
leishmanicidal activity against L. tropica at concentrations of 250, 500
and 750 pg/ml, and statistically significant differences in cell counts
were observed compared to the control group (p < 0.05) (Duran et al,,
2008), whereas the fractionated propolis-rich phenolic showed
maximum efficacy against L. amazonenis (ICsy = 12.1 pg/ml) and
L. brasiliensis (ICsy = 10.9pg/ml) (Nina et al, 2016). Extracts of
propolis were tested against protozoal pathogens, including Crithidia
fasciculata a close relative of Crithidia mellificae, a parasite of bees.
High levels of activity were obtained for all the samples of different
extracts. In the case of C. fasciculata highest activity was assodiated with
flavonoids methyl ethers of galangin and pinobanksin (Alotaibi et al,,
2019). According to Ruiz-Gonzalez and Brown (2006), the spread of
the protozoal infection occurs via feces, coating the surfaces in the hive
with propolis that is active against trypanosomiasis could prevent
transmission.

The results of the evaluation of leishmanicidal activity against
intracellular forms of L. amazonensis revealed that hexane
fraction induced the growth inhibition of amastigotes forms by
60.4 + 1.4%, 63.4 + 1.7%, 59.4 + 1.9%, and they had IC, values of
1.3 + 0.1ug/ml, 1.9 + 1.5 uM, and1.4 + 0.9 pM, respectively
(Table 4).

According to Ayres et al. (2007), the ethanolic extract
of propolis presented a direct effect on the amastigote
forms of L. amazonensis, up to 96 h, at a concentration of
25 ug/ml.

Despite being widely studied, propolis remains an important
source of metabolites for the treatment of diseases. Moreover,

TABLE 4 | Effects of pentamidine, EtOH extract; hexane, EtOAc, MeOH fractions of propolis from the semi-arid region of Bahia, Brazil, against amastigote forms of L.

amazonensis and L. chagasi.

Treatment L. amazonensis L. chagasi

ICsy” Maximum effect (%)® ICso” Maximum effect (%)°
Pentamidine 1.5+ 1.2 M 69.2 + 0.4* 1.7+ 0.5uM 753 + 2.0"
EtOH >100 pg/ml ND >100 pg/ml ND
Hexane 1.8 + 0.1 pg/ml 60.4 + 1.4* >100 pg/ml ND
EtOAc >100 pg/ml ND >100 ND
MeOH 100 po/ml ND 7.2 + 0.4 pg/ml 55.2 + 1.0°

Dataare reported as the mean + standard eror of the mean, S.EM. The values of efficacy were considered significant when *p < 0.05, *'p < 0.01, and™"'p < 0.01 compared to the 0.1%
DMSO group. ICsq is the concentration required to give 50% inhibition; ND: not determined; Maximum cytotoxicity compared to the DMSO group. The maximum effect was at

concentrations 10 ug/ml to fractions.

Frontiers in Pharmacology | www.frontiersin.org 6

July 2021 | Volume 12 | Article 702032

89



leishmaniasis is a current public health issue with a high global
social impact. The currently available treatments for this disease
are limited in terms of toxicity, and they have variable efficacy and
high costs, which potentiates the results obtained in this study.

CONCLUSION

To the best of our knowledge, this is the first study which
describes the chemical composition and biological activity of
propolis collected from the semiarid region in Northeast Brazil. The
extract, and fractions from propolis anti-leishmanial effects. The
observed effects could be associated with the presence of flavonoids.
The chemical and biological characterization of the semiarid region
could be important for the development of alternative treatment
strategies against Leishmania sp.
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Abstract

Leishmaniasis is a neglected disease that affects millions of people, mostly in developing countries. Although this disease has
a high impact on public health, there are few drug options to treat the different leishmaniasis forms. Additionally, these current
therapies have various adverse effects, including gastrointestinal disturbances, headache, pancreatitis, and hepatotoxicity.
Thus, it is essential to develop new drug prototypes to treat leishmaniasis. Accordingly, the present study aimed to evaluate
the leishmanicidal activity of Morita-Baylis—Hillman adducts and their O-acetylates, carboxylic acid derivatives, and acid
and ester derivatives of 2-methyl-phenylpropanoids against Leishmania chagasi. Initially, we evaluated the cytotoxicity of
16 derivatives (1-16G) against J774A.1 macrophages. Eight derivatives (2G, 4G, 5G, 7G, 9G, 10G, 13G, and 15G) showed
no cytotoxicity at up to the maximum concentration tested (100 pM). When evaluated for antileishmanial effect against
promastigote forms, 1G, 6G, 8G, 10G, 11G, 13G, 14G, 15G, and 16G displayed significant toxicity compared to the control
(0.1% DMSO). Additionally, the compounds 1G, 5G, 7G, 9G, 11G, 13G, 14G, and 16G reduced macrophage infection by
amastigotes. Thus, we conclude that these derivatives have antileishmanial effects, particularly 1G, which showed activity
against promastigotes and amastigotes, and low toxicity against macrophages.
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Introduction

Neglected tropical diseases (NTDs) are a group of com-
municable diseases that affect 149 countries, mainly the
poorest ones, prevailing in tropical and subtropical regions
and causing social and economic damage. Despite reach-
ing humans for centuries, they were considered neglected
due to lack of funding, research, and concern of health
authorities during the twentieth century (Engelman et al.
2016; WHO 2015).

Leishmaniasis, one of 17 neglected diseases, is endemic
in 98 countries. Its various forms cause deep and perma-
nent scars or destroy the mucous membranes of the nose,
mouth, and throat. In the most severe form, if untreated, it
can lead to death rapidly, as it mainly affects the liver and
spleen (WHO 2013, 2015). This complex of diseases is
classified as tegumentary or visceral and caused by differ-
ent species of the genus Leishmania, obligate intracellular
parasites. They are among the ten priority endemics of the
World Health Organization (WHO) because of their sig-
nificant impact on public health. It is estimated that around
20 to 40 thousand people die each year from leishmaniasis
and that 400 million are at risk of contracting the disease
(Alvar et al. 2012); WHO 2009, 2013).

Currently, pentavalent antimonials (Sb*®) are the drugs
of choice for the treatment of all forms of leishmania-
sis, followed by amphotericin B and pentamidine salts.
As a second choice, if this treatment shows no response
or if it cannot be applied, miltefosine and amphotericin
B deoxycholate (antifungal antibiotic) are indicated. All
these therapies have a high cost, adverse effects, and var-
ied therapeutic response, which limits the patients’ access
to quality treatment. Currently, there is no approved vac-
cine available for humans (Sabbaga Amato et al. 2007;
MacHado et al. 2015; WHO 2010).

The search for new drugs of natural or synthetic origin
is a challenge for researchers nowadays (Neri et al. 2020;
Ghodsian et al. 2020; Hzounda Fokou et al. 2021; Maar-
oufi et al. 2021). In this context, Morita-Baylis—Hillman
adducts (MBHA) and their derivatives have been studied
as promising antiparasitic drugs, showing activity against
promastigote forms of Leishmania brasiliensis, L. cha-
gasi, and L. donovani. (Barbosa et al. 2011; Lima-Junior
and Vasconcellos 2012; Silva et al. 2016a, b; Xavier et al.
2016; Souza et al. 2017). Likewise, the phenylpropanoids
are described in the scientific literature for their antipara-
sitic potential against trypanosomatids (Abreu et al. 2020;
Sulistyowaty et al. 2021), including the leishmanicidal
activity (Abdel-Mageed et al. 2012; Costa-Silva et al.
2015; Chauhan et al. 2019). Therefore, the hypothesis of
this study is that the production and biological evalua-
tion of MBHA of phenylpropanoids as new leishmanicidal
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derivatives is a promising strategy for the development of
useful therapeutic alternatives for this neglected disease.

The Morita-Baylis—Hillman reaction provides polyfunc-
tional, simple, and versatile molecules through carbon—car-
bon bond formation with high atom-economy. This sus-
tainable transformation provides highly substituted small
molecules, which can be used as valuable starting materi-
als for the synthesis of natural products, heterocyclic com-
pounds, and drugs (Das et al. 2006; Basavaiah et al. 2007;
Basavaiah and Naganaboina 2018; Luna-Freire et al. 2011,
2014).

The low cost and ready availability of the reagents make
the reaction advantageous and economical since all atoms
are incorporated into the product. Moreover, it is considered
green chemistry or a sustainable reaction, since it can be
performed in aqueous media and in the absence of some
solvents (Sheldon 2005).

According to WHO (2010, 2015), access to free and well-
designed essential medicines is one of the ways to improve
access to health for the most disadvantaged populations.
Considering the exposed scenario, the search for new treat-
ment alternatives is needed, mainly with greater effective-
ness, less adverse effects, and better dosage forms. Thus, the
present study aimed to evaluate the leishmanicidal activity
of MBHA adducts and their O-acetylates, carboxylic acid
derivatives, and acid and ester derivatives of 2-methyl-phe-
nylpropanoids in the search for new drug prototypes, since
these compounds contain chemical fragments privileged in
relation to this biological activity.

Material and methods
Synthesis of compounds

The compounds 1G-16G tested in this work (Fig. 1) were
synthesized according to procedures described in previous
works (Fig. 2) (Stork et al. 1978; Basavaiah et al. 1999;
Amarante et al. 2010; Luna-Freire et al. 2011, 2014).

80% yield. Methyl 2-[(2-chloroquinolin-3-yl) (hydroxy)
methyl]prop-2-enoate (1G)—FTIR (KBr, cm™): 3537,
3216, 3062, 2992, 2955, 1702, 1619, 1490, 1138, 1033,
759. 'H NMR (250 MHz, CDCl,): 8 (ppm) 3.8 (s, 3H); 5,65
(s, 1H); 6,1 (s, 1H); 6,40 (s, 1H); 7,5 (t, 1H); 7,75 (t, 1H);
7.8 (d, 1H), 8,0 (d, 1H); 8.4 (s, 1H). '3*C RMN (62,5 MHz,
CDCls): & (ppm) 52,51; 69,45; 127,40; 127,46; 127,97,
128,05; 128,37; 130,81; 132,89; 137,29; 140.42; 147,33,
149.49; 167.,06.

92% yield. 2-[(2-Chloroquinolin-3-yl) (hydroxy)methyl]
prop-2-enoic acid (2G)—FTIR (KBr, cm™h): 3271, 1702,
1655, 1421, 1276, 1038, 957, 760. 'H NMR (200 MHz,
CD;0D): & (ppm) 5,85 (d, 1H, J=5,92 Hz); 6,35 (d, 1H,
J=5,90 Hz); 7,28 (dd, 1H, J=7,85 e 15,52 Hz); 7,50 (m,
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Fig.1 Chemical structures of the antileishmanial synthetic compounds tested

1H); 7,64 (d, 1H, J=7.70 Hz); 7.92 (d. 1H, J=3,01). *C
NMR (100 MHz, CD;0D): 8 (ppm) 67,29; 121,20; 123,90;
126,37; 129,20; 131,60; 138,18; 139,21; 143,39; 143,74;
169,17.

83% yield. Methyl 2-[(acetyloxy)(2-chloroquinolin-3-yl)
methyl]prop-2-enoate (3G)—FTIR (KBr, cm_'): 3079,
2949, 1726, 1623, 1435, 1246, 1053, 955, 750. '"H NMR
(200 MHz, CDCl;): & (ppm) 2,31 (s, 3H); 3,89 (s, 3H);
5,96 (m, 1H); 6,72 (m, 1H); 7,72 (m, 1H); 7,89 (ddd, 1H,
J=144; 6,96 e 8,46 Hz); 7,97 (m, 1H); 8,17 (m, 1H); 8,28
(s, 1H). 13C NMR (50 MHz, CDCly): & (ppm) 20,9; 52,37;
70,11; 126,93; 127,50; 127,84; 128,39; 128,60; 129,90;
131,08; 137,55; 137,66; 147,43; 149,86; 165,14; 169,16.

75% yield. Methyl (2E)-3-(2-chloroquinolin-3-yl)-
2-methylprop-2-enoate (4G)—FTIR (KBr, cm™'): 3443,
2925, 2851, 1718, 1437, 1266, 1226, 1051, 750. 'H NMR
(200 MHz, CDCl5): & (ppm) 2,23 (s, 3H); 3,89 (s, 3H); 7,75
(d, 1H, J=7.20 Hz); 7,93 (dd, 3H, J=8,19 e 19,13 Hz);
8,19 (m, 1H); 8,28 (s, 1H). '3C NMR (50 MHz, CDCl,): §
(ppm) 52,36; 79,1; 126,75; 126,92; 127,86; 128,41; 128,58;
129,86; 131,13; 131,89; 134,24; 137,56; 138,88; 147.42;
149.88; 169,22.

95% yield. (2E)-3-(2-Chloroquinolin-3-yl)-2-methylprop-
2-enoic acid (5G)—FTIR (KBr, cm™!):3476, 2961, 2924,
2871, 1690, 1624, 1268, 1056, 759. '"H NMR (200 MHz,
CDCls): 8 (ppm) 2,04 (s, 3H); 8,20 (m, 1H,); 8,38 (m, 1H);
8,63 (m, 1H); 8,86 (m, 1H). '*C NMR (100 MHz, CD;0D)
S (ppm) 14,15; 128,28; 128,51; 128,81; 129,30; 129,84;
132,40; 133,79; 134,76; 140,59; 148,02; 151,14; 170,77.

81% yield. Methyl 2-[(4-fluorophenyl)(hydroxy)methyl]
prop-2-enoate (6G)—FTIR (KBr, em™): 3452, 3003, 2954,
2901, 2848, 1713, 1604, 960, 834. 'H NMR (200 MHz,
CDCly): & (ppm) 4,62 (s, 3H); 6,447 (s, 1H); 6,81 (s, 1H);
7,94 (t, 1H, J=8,65 Hz); 8,26 (dd, 2H, J=5,59 Hz, 8,36 Hz).
13C NMR (50 MHz, CDCly): & (ppm) 51,81; 72,08; 114,94;
115,37; 125,76; 128,24; 128,44; 137,21; 142,01; 159,76;
164,68; 166.61.

89% yield. 2-[(4-Fluorophenyl)(hydroxy)methyl]prop-2-
enoic acid (7G)- FTIR (KBr, cm™"): 3358, 3878, 2547, 1689,
1605, 1511, 1235, 1028, 828. 'H NMR (200 MHz, CDCly):
S (ppm) 6,34 (s, 1H); 6,72 (s, 1H); 7,83 (t, 2H, J=28,38);
8,12 (m, 2H). '*C NMR (50 MHz, CDCl,): & (ppm) 72,12;
115,21; 115,64; 128,45; 128,60; 136,58; 136,63; 141,37,
160,01; 164,9; 179.7.
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dride, pyridine, DMAP, DCM, r.t.; (d) NaBH,, t-BuOH, r.t

78% yield. Methyl 2-[(4-chlorophenyl)(hydroxy)methyl]
prop-2-enoate (8G)—FTIR (KBr, cem™Y): 3359, 3102, 3018,
2959, 1718, 1635, 1437, 1275, 1037, 813, 744. '"H NMR
(200 MHz CDCl5): & (ppm) 3,71 (s, 3H); 5,5 (s, 1H); 5,83 (s,
1H); 6,33 (s, 1H), 7,30 (s, 4H). '*C NMR (50 MHz, CDCl,):
8 (ppm) 52,17; 72,67; 126,43; 128,08; 128.,65; 133,64;
139.,89; 141,69; 166,70.

60% yield. Methyl 2-[hydroxy(4-methoxyphenyl)methyl]
prop-2-enoate (9G)—FTIR (KBr, cm™h): 3358, 3001,
2952, 2833, 1717, 1512, 1259, 1023, 826, 579. '"H NMR
(250 MHz, CDCl,): & (ppm) 2,94 (d, 1H); 3,6 (s, 3H); 3,79
(s, 3H); 5,53 (d, 1H); 5,85 (s, 1H); 6,32 (s, 1H); 6,85 (d, 2H);
7,29 (d, 2H). '*C NMR (62,5 MHz, CDCl5): & (ppm) 52,10;
55,45; 72,96; 114,03; 125,80; 128,09; 133,66; 142,38;
159.,43; 166,99.

92% yield. 2-[Hydroxy(4-methoxyphenyl)methyl]prop-
2-enoic acid (10G)—FTIR (KBr, cm™): 3465, 2959, 2838,
1700, 1609, 1513, 1252, 1175, 1032, 829, 580. 'H NMR
(450 MHz, MeOD): 6 (ppm) 3,73(s, 3H), 5,08 (s, 1H); 5,84
(s, 1H), 6,27 (s, 1H); 6,84 (d, 2H, J=9.5); 7.22 (d, 2H,
J=9,5). >C NMR (112,5 MHz, MeOD): § (ppm) 55,67,
81,76; 114,59; 130,00; 132,98; 136,63; 143,20; 145,91;
160,7; 173,42.

77% yield. Methyl 2-[(acetyloxy )(4-methoxyphenyl)
methyl]prop-2-enoate (11G)—FTIR (KBr, cm™!): 3461,
3008, 2954, 2839, 1739, 1611, 1514, 1230, 1030, 828,
563. 'H NMR (200 MHz, CDCl,): & (ppm) 2,71 (s, 3H);
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4,32 (s, 3H); 4,41 (s, 3H); 6,50 (s, 1H); 7,00 (s, 1H); 7,49
(d, 2H, J=8,73 Hz); 7,93 (d, 2H, J=8.,68 Hz). '*C NMR
(50 MHz, CDCl3): & (ppm) 21,25; 52,09; 55,34; 72,95;
113,03; 125.23; 129,27; 129,88; 139,79; 159.71; 165.56;
169.,59.

77% yield. Methyl 2-[hydroxy(3,4,5-trimethoxyphenyl)
methyl]prop-2-enoate (12G)—FTIR (KBr, cm™!): 3491,
2997, 2943, 2839, 1716, 1126, 1003, 838, 683. 'H NMR
(250 MHz, CDCl5): & (ppm) 3,14 (s, 1H); 3,74 (s, 3H); 3,83
(s, 9H); 5,50 (s, 1H); 5,82 (s, 1H); 6,32 (s, 1H); 6,58 (s, 2H).
3CNMR (62,5 MHz, CDCl5): 8 (ppm) 52,14; 56,19; 60,89;
73,31; 103,69; 126,29; 136,98; 137,55; 141,97; 153,31;
166,97.

71% yield. 2-[Hydroxy(3,4,5-trimethoxyphenyl)methyl]
prop-2-enoic acid (13G)—FTIV (KBr, cm™): 3458; 3371;
2974; 2941; 2841; 2561; 1709; 822; 685; 667. 'H NMR
(250 MHz, CDCl,): & (ppm) 3,83 (s, 9H); 5,50 (s, 1H); 5,90
(s, 1H); 6,45 (s, 1H); 6,57 (s, 2H). '*C NMR (62,5 MHz,
CDCl): 6 (ppm) 56,24; 60,95; 73,01; 103,81; 128.,44;
136,73; 141,57, 153,37; 170,75.

90% yield. Methyl 2-[hydroxy(4-nitrophenyl)methyl]
prop-2-enoate (14G)—FTIR (KBr, cm™!): 3511, 3104,
2958, 1708, 1529, 1348, 1146, 1044, 984, 751. '"H NMR
(250 MHz, CDCL): 6 (ppm) 3,29 (d, 1H); 3,75 (s, 3H); 5,65
(d, 1H); 5,87 (s, 1H); 6,40 (s, 1H); 7,58 (d, 2H); 8,25 (d,
2H); 3C NMR (62,5 MHz, CDCl,): § (ppm) 52,20; 72.8;
123,6; 127,3; 140,9; 147 4; 148,6; 166 4.
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98% yield. 2-[Hydroxy(4-nitrophenyl)methyl]prop-2-
enoic acid (15G)—FTIR (KBr, cm™'): 3568, 3456, 2917,
2848, 1690, 1513, 1350, 1038, 752. 'H NMR (200 MHz,
CDCl5): & (ppm) 5,53 (s,1H); 5,84 (s, 1H); 6,30 (s, 1H);
7,5 (d, 2H); 8,04 (d, 2H). '*C NMR (50 MHz, CDCl,): §
(ppm) 71,72; 123,30; 126,52; 127,5; 141,91; 147,03; 149,73;
167,76.

85% yield. Methyl 2-[(3.4-dichlorophenyl)(hydroxy)
methyl]prop-2-enoate (16G)—FTIR (KBr, cm™):1432,
2952, 2867, 1719, 1629, 1469, 1151, 1031, 961, 820. 'H
NMR (200 MHz, CDCl;): & (ppm) 4,63 (s, 3H); 6,38 (s,
1H); 6,78 (s, 1H); 8,10 (d, 1H, J=8,19 Hz); 8,32 (m, 2H).
13C NMR (50 MHz, CDCl,): 8 (ppm) 52,17; 71,82; 128,04;
128,66; 128,64; 130,30; 131,63; 132,40; 141,60; 141,73;
166.40.

In vitro pharmacological tests

Promastigote culture The parasite of the Gong¢alo Moniz—
Fiocruz—BA Research Center, provided by Dr. Valéria de
Matos Borges (MCAN/BR/89/BA262), was used to culture
the L. chagasi promastigotes. These promastigotes were
maintained in vitro in Schneider’s medium supplemented
with 10% fetal bovine serum (FBS) and 2% male human
urine at 27 °C in a biochemical oxygen demand (BOD)
incubator. For the experiments, the parasites were placed in
Falcon tubes and centrifuged at 3500 rpm for 10 min. The
supernatant was then discarded, and the pellet was resus-
pended in Schneider’s medium. The parasites were then
counted in a Neubauer chamber for plating and thus the
subsequent assays.

Macrophage culture J774.A1 macrophages were maintained
in culture flasks containing 10 mL of RPMI medium sup-
plemented with 10% FBS, 2 mM L-glutamine, non-essential
amino acids, and pyruvate. For the experiments, the cells
were counted, adjusted in RPMI medium supplemented with
10% FBS, and then plated on a culture dish.

Macrophage viability assay For the study of cell viability
of macrophages exposed to acyloxymethyl derivatives, we
performed the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) reduction assay (Mosmann 1983;
Hussain et al. 1993). J774A.1 macrophages were seeded in
96-well plates for 1 hin (5x 10%well) and exposed to dif-
ferent concentrations of the diluted test compounds in sup-
plemented RPMI medium (0.1, 1, 10, and 100 puM) for 24 h
in a 37 °C incubator with a humid 5% CO, atmosphere.
Control wells contained cells with only culture medium or
cells exposed to the diluent (0.1% DMSO). After incuba-
tion, the supernatant was discarded and 100 pL of the MTT
solution (5 mg/10 mL) was then added. The plates were
incubated again for 1 h in a 37 °C incubator with a 5% CO,

atmosphere. After removing the supernatant, 100 pL of
DMSO was added and the plate read with a spectrophotom-
eter at 550 nm. The cell viability of the wells treated with the
synthesized compounds was compared to that of the death
standard in the control cultures.

Promastigote viability assay Promastigote forms of L.
chagasi at a density of 1x 10° parasites/well in a volume
of 100 pL were grown in triplicate in 96-well plates using
Scnheider’s medium supplemented with 10% FBS, 2 mM
L-glutamine, and 2% human urine. Different concentrations
(0.1, 1, 10, and 100 pM) of the derivatives and controls (pen-
tamidine, glucantime, RPMI medium, and 0.1% DMSO)
were added to the wells containing the promastigote forms
up to a final volume of 200 pL. The plate was incubated in
a BOD incubator at 27 °C for 48 h. Afterwards, 20 pL of
MTT solution was added to the wells, and the plates were
placed in a CO, incubator for 2 h. The MTT solution was
then removed, and isopropyl alcohol was added to the wells
to dissolve the formazan product. The plates were then read
in a spectrophotometer at 550 nm. Cell viability of the wells
treated with the synthesized compounds was compared to
the death standard obtained in the control cultures.

Macrophage infection with L. chagasi assay J774.A1 mac-
rophages were seeded at a density of 5x 10* cells/well in
24-well plates with coverslips for 1 h with supplemented
RPMI medium. Macrophages were incubated overnight
and subsequently infected with L. chagasi promastigotes,
at a proportion of 10 parasites:1 macrophage. The plate
was incubated for 6 h at 37 °C in a humid 5% CO, atmos-
phere. Six hours after infection, the macrophages were
washed with phosphate-buffered saline (PBS, pH 7.2), to
remove the non-internalized parasites. Macrophages were
cultured with RPMI supplemented with 10% FBS, 2 mM
L-glutamine, 2 mM non-essential amino acids, and 2 mM
sodium pyruvate, in the presence or absence of derivatives at
a concentration of 10 pM, and were keptin a 37 °C incuba-
tor with a humid 5% CO, atmosphere for 24 h. Afterwards,
the wells containing the coverslips were washed with PBS,
and the cells were fixed with methanol, stained with May-
Griinwald-Giemsa, and mounted on slides. The number of
infected macrophages and the number of amastigotes in 100
macrophages were evaluated using a light microscope with
100 % oil-immersion objective (Nunes et al. 2005).

Statistical analysis All data are expressed as the
mean + SEM and were analyzed by GraphPad Prism 8.0
software using one-way analysis of variance (ANOVA) fol-
lowed by Dunnett’s test. Differences were considered statis-
tically significant when p <0.05.
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Table 1 Effect of the test
derivatives on the cell viability
of J774.A1 macrophages in the
MTT assay after 24 h
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Derivative Structure ICsp Maximum Cytotoxicity
(nM)* cytotoxicity 10 uM (%)*
(%)
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Table 1 (continued)

12G oH O > 100 63.4£3.2%%% NT
MeO.
OMe
MeO
OMe
13G oH B > 100 NT NT
MeO.
OH
MeO
OMe
14G ™ il 933+ 59.8 L4, Jk%k 13.6+1.6*
ON
15G i > 100 NT NT
joan
oN
16G i > 100 75.1 £ 0.5%** 71.4 £ 1.3%**
CID)\”)I\O/
cl

The results refer to as follows: “concentration required to kill 50% of macrophages (ICs;) determined by concentration—response curves;

b,

'mean = standard error of the mean showing maximum cytotoxicity in triplicates of a representative experiment; and “cytotoxicity at 10 uM.

NT, substance did not show significant lethal activity against macrophages at the concentrations of 100, 10, 1, or 0.1 uM compared to the
DMSO group. Cytotoxicity was considered significant when *#%p <0.001, **p <0.01, or *p < 0.05 compared to the 0.1% DMSO group

Results and discussion

Leishmaniasis is a complex of diseases in which the cells
of the mononuclear phagocytic system serve as host and
replication site for the parasite as well. The parasite in
turn resists lysis by the lysosomes and resides mainly in
macrophages in the spleen and liver. It is important to note
that the use of pentavalent antimonials is the first choice
for the treatment of leishmaniasis in Brazil. However, they
have a high cost and are hepatotoxic and nephrotoxic as
well, which justifies the search for new therapeutic options
(Ayres et al. 2007; Jain and Jain 2013).

The Morita-Baylis—Hillman reaction has proved to
be effective, is low cost, and provides highly functional
derivatives. Morita-Baylis—Hillman derivatives have been

studied since 1999 from a pharmacological point of view.
They have a range of activities, including antifungal, anti-
malarial, antineoplastic, molluscicide, antileishmanial, and
antichagasic action (Lima-Junior and Vasconcellos 2012).

First, the compounds synthesized were evaluated for
their effect on cell viability of J774A.1 macrophages
using the MTT assay. The results showed that only the
derivatives 2G, 4G, 5G, 7G, 9G, 10G, 13G, and 15G were
not cytotoxic at up to the maximum concentration tested
(100 pM). The other compounds (1G, 3G, 6G, 8G, 11G,
12G, 14G, and 16G) were cytotoxic when compared to the
control (0.1% DMSO). When cytotoxicity was determined
at a concentration of 10 pM, only 9G, 11G, 14G, and 16G
showed a significant cytotoxic effect against macrophages
(Table 1). As expected, 0.1% DMSO had no deleterious
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Table 2 Effect of the test derivatives on the viability of L chagasi promastigotes after 48 h of treatment

Derivative Structure ICso (uM)* Maximum effect
(°/o)b
Pentamidine Bl 0 20+1.0 97,5 1.2%*%*
e T
NH NH
Glucantime iR oH 20+05 51.4 £ 0.3%%*
HBC/N\)YKK\OH
OH OH
N
Il
o)
1G T 0.6+03 61.3 £2.6%+*
\ OMe
N/ Cl
2G ™ > 100 NA
\ OH
=
N Ci
3G e > 100 NA
\ OMe
-
N Cl
4G > 100 NA
N oMe
7
N Cl
5G > 100 NA
2 oH
P
N Cl

effect when compared to the negative control (RPMI cul-
ture medium). A similar assay was used by Silva et al.
2011 in evaluating the cytotoxicity of MBHA in peritoneal

murine macrophages.
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After determination of cytotoxicity in macrophages, the
viability of promastigote forms treated with the derivatives
and controls was evaluated by the MTT reduction assay.
The results showed that the 1G, 6G, 8G, 10G, 11G, 13G,
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Table2 (continued)

6G oH 8 66.3+9.0 62.3 +2.9%%*
g
7G o0 > 100 NA
M""
E
8G o 0.6+0.3 67.0 + 4.1 %%
Cl
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Table2 (continued)

14G ™ i > 100 22.5+1:8*
OMe
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15G i i > 100 222+ 1.5%**
ON
16G F 43403 77.4 £ 1.3%%*
c -
c

The results refer to as follows: “concentration required to kill 50% of the promastigote forms (ICs,) determined by concentration-response curves

and expressed as mean + standard error of the mean; "maximum effect (ME) which is expressed as mean maximum toxicity +standard error of

mean for triplicate values of a representative experiment. ME values were considered significant when *#¥p <0.001, **p<0.01, or *p <0.05
compared to the 0.1% DMSO group. NA, substance had no significant lethal activity for L. chagasi promastigotes at the concentrations tested

compared to the DMSO group

Fig.3 Leishmanicidal effect of
the derivatives (10 pM) against
the amastigote forms of Leish-
mania chagasi. The results refer
to the mean + standard error of
the mean of triplicates of a rep-
resentative experiment. The val-
ues were considered significant
when *p < 0.05, when compared
to the 0.1% DMSO group

5001

400+

3004

VOTITITITIoyity
NSNS NN SN S SN\ N
EENEENEENNEEEENR
(HHHHHHHHHHHHHHHHHHHHH

I 20 32 3% 3% 3% 3% A%

SELEETEETY

N° amastigotes/ 100 macrophages

14G, 15G, and 16G derivatives had a significant cytotoxic
effect compared to the control (0.1% DMSO) (Table 2).
The direct leishmanicidal activity of MBHA has been
previously described. Barbosa et al. (2011) evaluated the
in vitro leishmanicidal activity of MBHA compounds in
promastigotes of L. chagasi and L. amazonesis, using the
molecular hybridization strategy, but without evaluating

@ Springer

cytotoxicity in macrophages. Additionally, it was previ-
ously observed that others MBHA had an antileishmanial
effect against promastigote forms of L. chagasi after 72 h
of treatment (Junior et al. 2010).

After cytotoxicity evaluation in macrophages and pro-
mastigote forms, the derivatives were evaluated for leish-
manicidal activity in amastigote forms of L. chagasi at
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a concentration of 10 pM. The results obtained demon-
strated that the test compounds 1G, 5G, 7G, 9G, 11G, 10G,
13G, 14G, and 16G caused a significant reduction in the
number of amastigotes in 100 macrophages. On the other
hand, the derivatives 2G, 3G, 4G, 6G, 8G, 12G, and 15G
did not display leishmanicidal activity against intracellular
parasites (Fig. 3).

Sandes et al. 2014 evaluated the effect of an MBHA on
epimastigote forms of Trypanosoma cruzi. The group found
that the 3-hydroxy-2-methylene-3-(4-nitrophenylpropanen-
itrile) adduct induced parasite cell death by necrosis, in a
mitochondria-dependent manner. A range of therapeutic
targets for the treatment of leishmaniasis has been emerg-
ing (Sundar and Singh 2018; Raj et al. 2020). The exact
mechanism of action MBHA in Leishmania targets remains
to be elucidated. However, it is possible that MBHA acts
inhibiting Leishmania proteases (da Silva et al. 2016a, b),
which are virulence factors related to the pathogenesis of
this protozoan (Machado et al. 2019).

The compounds 1G, 11G, 13G, 14G, and 16G present
antileishmanial activity against both amastigotes and pro-
mastigotes forms. However, 11G, 14G, and 15G derivatives
showed significant cytotoxicity against macrophages, being
1G and 13G derivatives safer for mammalian cells based
on this preliminary assay. Thus, in molecular prospecting
for leishmanicidal compounds, this study demonstrates that
derivative 1G is the most promising for drug development,
since the compound was highly active against promastigotes,
with ICy, lower than standard drugs and 13G derivative, and
amastigotes of L. chagasi. In addition, it showed low toxicity
against macrophages.

Considering that MBHA compounds are easy to synthe-
size and readily available, their use becomes an advantage
when compared to the currently available drugs, since leish-
maniosis is a neglected diseases and affects less fortunate
populations (WHO 2010, 2015).

Conclusion

On the basis of the results obtained, it can be concluded
that some MBHA compounds, their O-acetylates, carboxylic
acid derivatives, and acid and ester derivatives of 2-methyl-
phenylpropanoids possess leishmanicidal activity in vitro
against promastigotes and amastigotes of L. chagasi. Deriva-
tive 1G, which was active against promastigotes and amas-
tigotes, showed low toxicity against the macrophage cell line
J774A.1. Thus, it is a strong candidate for further pharma-
cological studies aimed at the treatment of leishmaniasis.
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