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Em 11 de julho de 2024, ás 09:00 horas, reuniu-se por vídeo conferência, a Banca
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APROVADA

Esta defesa faz parte dos requisitos necessários à obtenção do título de Doutor. 

O competente diploma será expedido após cumprimento dos demais requisitos,
conforme as normas do Programa, a legislação pertinente e a regulamentação
interna da UFU.

Nada mais havendo a tratar foram encerrados os trabalhos. Foi lavrada a presente
ata que após lida e achada conforme foi assinada pela Banca Examinadora.
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´´O sucesso é a soma de 
pequenos esforços repetidos dia 
após dia.”  

Robert Collier 



RESUMO 

As doenças infecciosas continuam a ser uma causa importante de milhares de 

mortes anualmente em todo o mundo. Portanto, o objetivo desse estudo foi avaliar a 

atividade antimicrobiana, antiviral e antiparasitária da Própolis Vermelha brasileira 

(PVB) frente a microrganismos causadores de infecções endodônticas, vírus 

Chikungunya e Toxoplasma gondii, utilizando abordagens in vitro, in vivo e in silico 

além de realizar avaliações toxicológicas desses produtos. A atividade antimicrobiana 

foi determinada pelo método de diluição em caldo e a atividade sinérgica pelo ensaio 

checkerboard. A atividade antibiofilme foi avaliada pela coloração com cristal violeta a 

2% e contagem de microrganismos. A infecção in vivo foi realizada em larvas de 

Caenorhabditis elegans AU37 e a análise in silico foi realizada pelo docking molecular. 

O efeito na modulação do crescimento de T. gondii foi avaliado através de ensaio 

colorimétrico de β-galactosidase. No primeiro estudo, a PVB demonstrou atividade 

antiperiodontopatogênica frente a todos os microrganismos avaliados, bem como 

atividade antibiofilme frente a biofilmes monoespécies e multiespécies. Além disso, foi 

capaz de inibir até 96% a infecção pelo vírus Chikungunya. Em C. elegans, a própolis 

não demonstrou toxicidade nas concentrações terapêuticas determinadas no estudo. No 

segundo estudo, a PVB demonstrou atividade antibacteriana e antifúngica frente a todos 

os microrganismos avaliados. Além disso, as amostras de PVB inibiram de forma 

significativa a produção de biomassa e reduziu o número de células viáveis do biofilme, 

além de diminuir a agregação celular. As maiores concentrações do extrato bruto e 

Gutiferona E aumentaram a sobrevivência das larvas infectadas e tratadas e reduziram o 

risco de morte. As substâncias isoladas Gutiferona E e Oblongifolina B inibiram a 

proliferação intracelular de T. gondii e demonstraram diversos alvos de ação frente as 

bactérias e T. gondii na análise in silico. Os resultados apresentados nos dois artigos são 

promissores e constituem-se como um estudo base, para que futuramente a PVB possa 

ser utilizada como medicamento frente a microrganismos de relevância clínica. 

 
Palavras chave: Atividade antibacteriana, atividade antiviral, atividade antifúngica, 

atividade antiparasitária, Própolis Vermelha Brasileira, toxicidade. 

 

 

 



ABSTRACT 

Infectious diseases continue to be an important cause of thousands of deaths annually 

around the world. Therefore, the objective of this study was to evaluate the 

antimicrobial, antiviral and antiparasitic activity of Brazilian Red Propolis (BRP) 

against microorganisms that cause endodontic infections, Chikungunya virus and 

Toxoplasma gondii, using in vitro, in vivo and in silico approaches, in addition to 

carrying out evaluations toxicology of these products. Antimicrobial activity was 

determined by the broth dilution method and synergistic activity by the checkerboard 

assay. Antibiofilm activity was evaluated by staining with 2% crystal violet and 

counting microorganisms. In vivo infection was performed on Caenorhabditis elegans 

AU37 larvae and in silico analysis was performed using molecular docking. The effect 

on modulating the growth of T. gondii was evaluated using a β-galactosidase 

colorimetric assay. In the first study, BRP demonstrated antiperiodontopathogenic 

activity against all microorganisms evaluated, as well as antibiofilm activity against 

monospecies and multispecies biofilms. Furthermore, it was able to inhibit 

Chikungunya virus infection by up to 97%. In C. elegans, propolis did not demonstrate 

toxicity at the therapeutic concentrations determined in the study. In the second study, 

BRP demonstrated antibacterial and antifungal activity against all microorganisms 

included. The crude extract demonstrated additive activity in combination with 

amphotericin B against C. albicans (ATCC 28366). Furthermore, the BRP samples 

significantly inhibited biomass production and reduced the number of viable cells in the 

biofilm, in addition to reducing cell aggregation and causing damage to the cell wall of 

the microorganisms present in the biofilm. The highest concentrations of the crude 

extract and Gutiferone E of BRP increased the survival of infected and treated larvae 

and reduced the risk of death. The isolated substances Gutiferone E and Oblongifolin B 

inhibited the intracellular proliferation of T. gondii and demonstrated several targets of 

action against bacteria and T. gondii in silico analysis. The results presented in the two 

articles are promising and constitute a basic study so that in the future BRP can be used 

as a medicine against clinically relevant microorganisms. 

 

Keywords: Antibacterial activity, antifungal activity, antiviral activity, antiparasitic 
activity, Brazilian Red Propolis, toxicity. 
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APRESENTAÇÃO 

Ao longo da história, a humanidade utiliza a natureza para suprir suas 

necessidades fundamentais no manejo de uma ampla gama de enfermidades. As plantas 

são especificamente as principais fontes de compostos ativos que podem ser utilizadas 

na prática terapêutica, devido à notável diversidade de metabólitos que produzem. Esses 

metabólitos podem demonstrar potenciais farmacológicos que oferecem oportunidades 

para a descoberta e o desenvolvimento de medicamentos inovadores (Newman and 

Cragg 2020). O homem moderno vive em uma era onde a resistência microbiana é um 

grave problema de saúde pública, devido a constante alteração no potencial patogênico 

dos microrganismos, o que leva a escassez de medicamentos disponíveis para o 

tratamento de doenças infecciosas, tornando de extrema urgência a busca por novos 

compostos com atividade antimicrobiana (Morrison and Zembower 2020; Dutra et al. 

2016).  

 O Brasil é o país com a maior biodiversidade do planeta, sendo fonte inesgotável 

de bioativos importantes (Noguera et al. 2024). Dos produtos naturais, a Própolis 

Vermelha Brasileira (PVB) vem demonstrando potenciais biológicos relevantes, que 

incentivam novos estudos nessa temática. A PVB é uma substância coletada pelas 

abelhas da espécie Apis mellifera de superfícies de buracos feitos pelos insetos no 

tronco de Dalbergia ecastophyllum (Dos Santos et al. 2022). Devido à 

multipotencialidade dos componentes bioativos que a PVB contém, a própolis pode ser 

utilizada como uma alternativa terapêutica promissora frente a diversos microrganismos 

causadores de infecções humanas. Várias doenças de grande relevância para a saúde 

pública, como as infecções endodônticas e a toxoplasmose, embora existam fármacos 

disponíveis no mercado para tratamento, os mesmos não são totalmente eficientes e/ou 

eficazes. Além disso, outra doença infecciosa de grande relevância nos dias atuais, é a 

infecção viral causada pelo vírus Chikungunya (CHIKV), sendo considerada uma 

doença aguda preocupante e ainda sem tratamento. Portanto, a presente tese de 

doutorado objetivou a avaliação da atividade antibacteriana, antiviral e antiparasitária da 

PVB frente á bactérias causadoras de infecções endodônticas, vírus CHIKV e 

Toxoplasma gondii.  

Essa pesquisa visa contribuir para o conhecimento da multipotencialidade da 

PVB frente á microrganismos que causam infecções humanas graves. Considerando que 

o Brasil não tem atuação destacada no mercado mundial de fitomedicamentos, ficando 

inclusive atrás de países menos desenvolvidos tecnologicamente, espera-se que essa 



pesquisa contribua para estabelecer as condições necessárias para o desenvolvimento no 

futuro de novos medicamentos á base de própolis, que atendam aos requisitos de 

segurança, eficácia e qualidade, com a complementação dos estudos para a validação 

química e farmacológica desses produtos naturais. Além disso, é importante ressaltar 

que a presente pesquisa incentivará o fortalecimento do capital humano e social, na 

formação e capacitação de pesquisadores nessa importante área do conhecimento e com 

potencial de obtenção de grande reconhecimento em diferentes áreas científicas. 

 A presente tese foi subdivida em quatro capítulos, como descrito a seguir: 

 

Capítulo I- Fundamentação teórica. Apresenta uma revisão da literatura atualizada 

sobre os microrganismos causadores das infecções endodônticas, vírus Chikungunya e 

Toxoplasma gondii, patógenos que foram tema da presente tese e que são responsáveis 

por infecções de alta relevância clínica. Além disso, será abordada a importância da 

PVB como opção terapêutica frente a essas infecções, descrevendo sua composição 

química e aplicações farmacológicas.  

 

Capítulo II: Nesse capítulo será apresentado o artigo publicado intitulado: ``Potential 

in vitro anti‑periodontopathogenic, anti‑Chikungunya activities and in vivo toxicity of 

Brazilian red própolis ´´, publicado no periódico Scientifc Reports (fator de impacto 4,6, 

Qualis CAPES A1 na área Ciências Biológicas III). Esse artigo avaliou o potencial 

antibacteriano, antibiofilme e antiviral do extrato bruto hidroalcoólico, frações e 

susbtâncias isolados da PVB frente a bactérias periodontopatogênicas e vírus CHIKV, 

bem como sua toxicidade in vivo. A atividade antibacteriana foi avaliada por 

microdiluição em caldo, determinando-se a Concentração Inibitória Mínima e a 

atividade antibiofilme através de ensaios para a determinação da Concentração 

Inibitória Mínima do Biofilme (CIMB50). Os ensaios antivirais foram realizados 

infectando células BHK-21 com CHIKV. A toxicidade foi avaliada no modelo animal 

C. elegans. Os resultados foram muito promissores, com valores de CIM e CIMB50 

baixos em comparação com outros estudos. A medicarpina, neovestitol e vestitol foram 

capazes de inibir a infecção por CHIKV em até 97%. Os testes para avaliar a toxicidade 

em C. elegans demonstraram que a PVB não foi tóxica nas concentrações consideradas 

terapêuticas no estudo. Os resultados constituem uma abordagem alternativa no 

tratamento de diversas doenças infecciosas. 

 



Capítulo III: Nesse capítulo será apresentado o manuscrito intitulado: ´´ Brazilian red 

propolis reduces biomass and viable cells of oral biofilm cells and the Toxoplasma 

gondii intracellular proliferation´´ que será submetido no periódico Biomedicine & 

Pharmacotherapy (fator de impacto 7.5 Qualis CAPES A1 na área Ciências Biológicas 

III). Esse estudo avaliou a atividade antimicrobiana e antiparasitária do extrato bruto 

hidroalcóolico e substâncias isoladas da Própolis Vermelha Brasileira (PVB) frente a 

patógenos orais e T. gondii, utilizando abordagens in vitro, in vivo e in silico. A 

atividade antimicrobiana foi determinada através da método de diluição em caldo e a 

atividade sinérgica pelo ensaio de cheakboard. A atividade antibiofilme foi avaliada 

pela coloração com cristal violeta a 2% e contagem de microrganismos. Os ensaios in 

vivo foram realizados em larvas de Caenorhabditis elegans AU37 e a análise in silico 

pelo docking molecular. Os valores de Concentração Inibitória Mínima variaram de 

3.12 a 400 µg/mL. O extrato bruto demonstrou atividade aditiva em combinação com a 

anfotericina B frente a C. albicans (ATCC 28366). Os valores da Concentração 

Inibitória Mínima do Biofilme variaram de 6,25 a 375 µg/mL, com significativa 

redução no número de células viáveis. A maior concentração das amostras de PVB 

avaliadas aumentou a sobrevivência das larvas infectadas com taxas de sobrevivência 

acima de 50%. Além disso, as amostras inibiram a proliferação intracelular de T. gondii. 

A análise de docking molecular aponta vários alvos das substâncias isoladas da PVB 

frente às bactérias e T. gondii. Esses resultados apresentados nesse estudo demonstram 

que a PVB possui diversas atividades biológicas, podendo ser utilizada futuramente 

como medicamento frente a esses patógenos. 

 

Capítulo IV – Considerações finais. Principais conquistas obtidas com o estudo, 

contribuições e perspectivas futuras dos resultados da pesquisa.  

 

Adicionalmente, em ANEXO será apresentada toda produção científica realizada 

pela doutoranda em colaboração com a equipe do Laboratório de Ensaios 

Antimicrobianos (LEA/UFU) e outras instituições desde seu ingresso no Programa de 

Pós-graduação em Imunologia e Parasitologia Aplicadas (PPIPA/UFU). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CAPÍTULO I 
Fundamentação teórica 



1. Infecções endodônticas        

 A cavidade bucal humana possui aproximadamente 700 espécies de 

microrganismos. A composição da microbiota bucal varia em cada indivíduo, mas de 

modo geral, os gêneros de bactérias de maior prevalência em uma boca saudável são 

Streptococcus spp., Actinomyces spp., Veillonella spp., Fusobacterium spp., 

Porphyromonas spp., Prevotella spp., Treponema spp., Neisseria spp., Haemophilus 

spp., Lactobacillus spp., Capnocytophaga spp., Staphylococcus spp., entre outros. Os 

fungos estão presentes em menor quantidade, sendo os gêneros Candida spp. 

Cladosporium spp., Saccharomyces spp., Aspergillus spp., Fusarium spp. e 

Cryptococcus os mais frequentes (Liu et al. 2024). A saúde bucal está diretamente 

relacionada com essa interação microbiana, onde bons hábitos alimentares e higiene 

favorecem uma relação microbiana harmoniosa. Porém, quando o ambiente bucal sofre 

alterações, esse ecossistema entra em desequilíbrio (Furtado Junior et al. 2020). As 

Infecções endodônticas são infecções causadas por uma variedade de microrganismos 

que invadem o espaço endodôntico (Dioguardi et al. 2020). Podem ser classificadas em 

infecções primárias, caracterizadas por uma infecção inicial de patógenos orais na polpa 

dentária e infecções endodônticas secundárias, quando a infecção se espalha para um 

sítio anatômico adjacente (Heasman 2014). A polpa dentária é um tecido localizado em 

uma câmara rígida do dente, protegido pela dentina, responsável por fornecer proteção 

mecânica frente ao ambiente oral. Quando a polpa dentária sofre lesões ou danos, essa 

região fica totalmente vulnerável a ação de microrganismos (Yu and Abbott 2007). A 

adesão desses microrganismos a polpa dentária pode acarretar uma resposta inflamatória 

conhecida como pulpite. À medida que a doença avança, esses patógenos formam um 

fator de virulência essencial para sua permanência e forte adesão a dentina, denominado 

como biofilme (Gliga et al. 2023). Biofilme é definido a adesão de microrganismos uns 

aos outros e a uma superfície, circundados por uma matriz extracelular formada de 

polissacarídeos (Furtado Junior et al. 2020). A matriz extracelular fornece proteção a 

essa comunidade microbiana, protegendo-os frente a alterações de pH, células do 

sistema imune, substâncias de limpeza e agentes antimicrobianos (Del Rey et al. 2024). 

O tratamento das infecções endodônticas inclui a desinfecção da região pulpar, tentativa 

de reparo da raiz perfurada ou uso de antimicrobianos (Heasman 2014; Mendez-Millan 

et al. 2024). Porém, o uso excessivo desses medicamentos contribui para o aumento da 

resistência bacteriana, acarretando em falhas no tratamento endodôntico e piora do 

quadro clínico (Mendez-Millan et al. 2024).  



Estudos destacam a relação das infecções bucais com o surgimento de doenças 

sistêmicas. Quando não tratadas, essas infecções tornam-se um reservatório importante 

de patógenos que podem causar danos sistêmicos ao indivíduo. Portanto, o tratamento 

correto e eficaz das infecções endodônticas torna-se extrema urgência (de Araujo et al. 

2024). 

 

2. Periodontite 

Após a infecção e necrose pulpar, os patógenos orais podem invadir o espaço 

periapical, causando a periodontite (Mendez-Millan et al. 2024). Como resposta as 

toxinas liberadas pelo agregado microbiano, durante o processo inflamatório são 

liberadas substâncias como a histamina e outras, que aumentam a permeabilidade dos 

vasos sanguíneos, acarretando na destruição óssea, sendo denominada essa condição 

patológica de doença periodontal ou periodontite (Furtado Junior et al. 2020). A 

periodontite pode ser classificada como crônica ou agressiva, sendo a prevalência da 

periodontite agressiva dependente de vários fatores como etnia e localização. Estima-se 

que 2,6% dos afro-americanos, 1 a 5% dos africanos, 0,2% dos asiáticos, 0,5% a 1% dos 

norte-americanos e 0,3% dos sul-americanos possuem periodontite na sua forma mais 

grave (Mehrotra and Singh 2019). A doença inicia-se quando bactérias chamadas de 

colonizadoras primárias, que na sua grande maioria são bactérias do gênero 

Streptococcus e Actinomyces e outras bactérias Gram-positivas, aderem-se na superfície 

do dente. As bactérias Gram-negativas anaeróbias e organismos filamentosos são 

considerados os colonizadores secundários, enquanto Fusobacterium é considerado um 

organismo intermediário, capaz de se ligar tanto aos colonizadores primários quanto aos 

secundários. Algumas bactérias são mais específicas e se agregam somente em 

determinadas espécies como o caso da simbiose entre Treponema denticola e 

Porphyromonas gingivalis. Os últimos colonizadores são as espiroquetas, que irão 

contribuir no desenvolvimento do biofilme e no progresso da doença. As espiroquetas 

são móveis, sendo capazes de invadir o tecido hospedeiro e provocar os principais sinais 

clínicos da periodontite que são vermelhidão gengival, inchaço e sangramento na 

sondagem (Furtado Junior et al. 2020; Escobar-Arregoces et al. 2024). 

A periodontite causada por fungos depende do estado imunológico do paciente, 

sendo mais susceptíveis a infecções fúngicas, os indíviduos em tratamento de câncer, 

doenças renais e fatores ambientais como tabagismo e alcoolismo. As espécies de 

Candida, especialmente C. albicans, estão relacionadas com a forma mais grave da 



periodontite, sendo capazes de coagregarem com os colonizadores iniciais dos biofilmes 

orais, o que aumenta a sua persistência na cavidade oral, formando consequentemente 

um biofilme fúngico. P. gingivalis e C. albicans estão presentes na periodontite de 

forma sinérgica, onde C. albicans favorece o crescimento de P. gingivalis, deixando-a 

mais virulenta, e P. gingivalis induz a formação do tubo germinativo em C. albicans, 

deixando as leveduras mais virulentas e invasivas (Hu et al. 2024).  

 

3. Vírus Chikungunya 

Os primeiros casos da transmissão do vírus Chikungunya (CHIKV) nas 

Américas foram reportados em 2013 na ilha de Saint Martin no Caribe, com rápida 

propagação para outras ilhas como a América Central. A doença causada por CHIKV 

era raramente vista nos Estados Unidos no século passado, porém foram observados 

aumentos nos casos com uma média de 28 por ano entre 2006 e 2013. No Brasil, o vírus 

CHIKV foi identificado no ano de 2014 e juntamente com os vírus da dengue e zika, 

tornou-se hiperendêmico no país (Slavov et al. 2018; Reilly et al. 2020). 

O vírus CHIKV é pequeno, envelopado e pertencente ao grupo dos alfavírus e da 

família Togaviridae. Possui aproximadamente 11.800 nucleotídeos, um RNA de cadeia 

simples de sentido 5´7´com regiões não traduzidas 5`3` e quatro proteínas não 

essenciais (Silva and Dermody 2017). O ciclo de vida do vírus começa através da 

ligação de glicoproteínas virais a membrana celular das células hospedeiras. Após a 

adesão, o capsídeo do vírus é liberado no citoplasma das células hospedeiras, onde 

acontecerá a replicação. As proteínas NS formam então o complexo de replicase viral e 

o mRNA subgenômico é traduzido em uma poliproteína, clivada posteriormente em 

proteínas estruturais C, E3, E2, 6k e E1, seguidos pelos componentes virais. Após todo 

esse processo, o vírus é liberado das células (Martins et al. 2020).  

A maioria das pessoas infectadas desenvolve a febre Chikungunya, uma doença 

aguda preocupante pelo rápido inicio da febre, poliartralgia, artrite incapacitante, 

erupção cutânea, mialgia e dor de cabeça. Devido a fase aguda da doença ser 

semelhante aos sintomas da dengue, alguns casos retrospectivos sugerem que os surtos 

de CHIKV ocorreram no ano de 1779, mas foram erroneamente atribuídos ao vírus da 

dengue. Uma diferença entre a dengue e CHIKV é que a última afeta a parte 

musculoesquelética do indivíduo, principalmente articulações periféricas, que podem 



persistir por meses ou até anos após a infecção aguda. A taxa de mortalidade da doença 

por CHIKV é baixa, porém leva a limitações de saúde e um prejuízo na qualidade de 

vida do indivíduo, bem como consideráveis consequências econômicas e comunitárias 

(Silva and Dermody 2017). 

O surgimento dos alfavírus na sociedade leva a constantes emergências de saúde 

e o desenvolvimento de compostos antivirais potentes e seguros contra esses vírus, 

torna-se de extrema urgência. Somente ano de 2023, foram registrados 154.800 casos 

prováveis de CHIKV no Brasil e mais de 100 óbitos de acordo com o Ministério de 

Saúde (Health 2024).  

Os antivirais ajudam a reduzir a gravidade da doença, bem como os sintomas da 

fase aguda da infecção. Além disso, a redução da carga viral em pacientes infectados 

através da terapia antiviral pode ajudar a diminuir a eficiência da transmissão do vírus 

pelo mosquito vetor. Algumas estratégias contra o vírus CHIKV já foram estudadas 

como a alteração do pH endossomal, inibição dos receptores do vírus nas células e 

alguns produtos naturais, entre outros estudos in vitro (Silva and Dermody 2017), 

porém até o presente momento não há nenhum tratamento regulamentado para a doença 

de CHIKV.    

 

Toxoplasma gondii

Toxoplasma gondii é um protozoário intracelular obrigatório, da família 

Apicomplexa, causador da toxoplasmose em humanos e animais. É considerado o 

parasito de maior sucesso na terra, conhecido por infectar até um terço da população 

humana global. A prevalência de T. gondii no mundo difere e algumas regiões possuem 

uma taxa mais elevada como o Brasil com 77,5%, São Tomé e Príncipe 75,2%, Irã 

63,9%, Colômbia 63,5% e Cuba com 61,8% de pessoas infectadas (Zaki et al. 2024). O 

ciclo de vida de T. gondii é complexo e envolve hospedeiros intermediários e 

definitivos e fases sexuada e assexuada. A fase sexuada acontece em gatos, que é 

considerado seu hospedeiro definitivo e a fase assexuada acontece no homem e outros 

mamíferos, juntamente com as aves (Attias et al. 2020). 

 A fase assexuada se inicia quando um hospedeiro susceptível ingere oocistos 

maduros contendo esporozoítos encontrados em alimentos ou água contaminada, cistos 

contendo bradizoítos encontrados na carne crua, ou mais raramente taquizoítos 



eliminados no leite. Cada forma evolutiva sofre intensa multiplicação intracelular e 

invadem vários tipos de células do organismo, dando início a fase inicial da doença ou 

fase aguda. Alguns parasitos evoluem para a forma de cistos, os quais poderão 

permanecer por longo prazo, caracterizando a fase crônica da doença. A fase sexuada 

acontece em felinos, onde após a ingestão de cistos, oocistos ou taquizoítos, os parasitos 

liberados no estomago, penetram nas células do epitélio do gato, onde darão origem aos 

merozoítos. Posteriormente, essas células parasitadas se rompem e se transformam em 

formas sexuadas masculinas e femininas, que darão origem a microgametas e 

macrogametas. O macrogameta permanecerá na célula epitelial, enquanto que os 

microgametas móveis sairão de uma célula e irão fecundar o macrogameta, formando 

ovo ou zigoto, que dará origem ao oocisto, que é a forma infectante da doença para seu 

hospedeiro intermediário (Attias et al. 2020). 

A transmissão da toxoplasmose ocorre principalmente pela ingestão de carne 

crua ou mal cozida contendendo cistos viáveis ou água contaminada contendo oocistos 

de T. gondii. As infecções em adultos são geralmente assintomáticas, apenas 10% dos 

pacientes podem apresentar linfadenopatia ou toxoplasmose ocular. Em pacientes 

imunocomprometidos, a toxoplasmose pode se manifestar na sua forma mais grave, 

podendo causar encefalite toxoplasmática fatal, miocardite e pneumonite. A transmissão 

congênita de T. gondii é outro problema de saúde grave, acometendo mais de 190 mil 

casos em todo o mundo, causando danos graves ao feto, como sequelas incapacitantes a 

longo prazo, natimortos ou morte fetal (Warschkau and Seeber 2023). A forma 

neurológica da toxoplasmose em humanos, também tem sido associada à esquizofrenia, 

transtornos psiquiátricos entre outros.  A toxoplasmose é a quarta causa mais comum de 

hospitalização e a terceira principal causa de morte dentre as doenças causadas por 

alimentos contaminados (Symeonidou et al. 2023). 

Atualmente, a pirimetamina combinada com sulfadiazina e trimetoprim 

combinado com sulfametoxazol e esperamicina são as drogas de primeira escolha no 

tratamento da toxoplasmose. Os fármacos de segunda escolha incluem atovaquona e 

epiroprim (Shammaa, Powell, and Benmerzouga 2021). Apesar da eficácia desses 

fármacos na cura da toxoplasmose, em aproximadamente 80% dos casos acontecem 

recidivas e 40% dos pacientes precisam interromper o tratamento devido a efeitos 

colaterais tóxicos, como alergias severas. Além disso, esses medicamentos combinados 

são eficazes somente na fase aguda da doença, não tendo efeito na fase latente. Outro 

desafio dos regimes terapêuticos atuais é que os mesmos não passam na barreira 



hematoencefálica, não sendo útil no tratamento das doenças do sistema nervoso 

causadas pelo T. gondii. A vacina, que é considerada uma estratégia promissora para a 

prevenção de T. gondii, ainda está longe da fase final dos estudos (Smith et al. 2021). 

Outra dificuldade sobre os antiparasitários atuais é sobre o tratamento das infecções 

crônicas, pois alguns medicamentos não são eficazes frente a cistos teciduais 

(Kalogeropoulos et al. 2022). Com isso, são necessários estudos que avaliem a ação de 

novos compostos frente a esse parasito, que poderá vir a ser uma alternativa terapêutica 

frente à toxoplasmose.  

 

5. Produtos naturais: uma opção terapêutica promissora 

Os medicamentos fitoterápicos podem ser definidos como aqueles provindos de 

plantas com propriedades terapêuticas e curativas. A natureza sempre foi motivo de 

grande interesse por parte do homem, devido a tantos recursos oferecidos, muitos ainda 

não estudados. Os medicamentos fitoterápicos são utilizados por cerca de 3,5 a 4 

bilhões de pessoas em todo o mundo para o tratamento de diversas doenças (A. 

Srivastava 2019). Desde a antiguidade, os produtos naturais desempenham um papel 

essencial na descoberta de medicamentos, principalmente para doenças causadas por 

microrganismos. Esses produtos se destacam frente as moléculas sintéticas, devido a sua 

enorme diversidade de metabólitos secundários e complexidade estrutural (Atanasov et 

al. 2021; Chopra and Dhingra 2021). Segundo Newman and Cragg (2020), de 1981 a 

2019, 78 medicamentos antibacterianos, um antiviral e dois antiparasitários derivados 

de produtos naturais foram aprovados para uso pelo Food Drug Administration (FDA). 

Ainda segundo esses autores, nenhum antifúngico derivado de produtos naturais foi 

aprovado para uso até 2019, estando dois medicamentos na fase III de testes.  

A descoberta das ações farmacológicas dos produtos naturais iniciou-se em 

1806, com a descoberta da morfina isolada da papoula, que marcou o início de uma 

intensa e promissora busca por novos produtos com efeitos terapêuticos (Zhang et al. 

2020). Compostos sintéticos elaborados a partir de produtos naturais podem fornecer 

soluções viáveis para enfrentar essa era da multirresistência que o mundo enfrenta 

atualmente, pois esses produtos podem ser capazes de atuar em diferentes alvos, bem 

como desenvolver novos mecanismos de ação frente a patógenos (Atanasov et al. 2021). 

O Brasil possui a maior biodiversidade do planeta, compreendendo mais de 45.000 



espécies de plantas e é um país que possui a tradição do uso de plantas medicinais no 

tratamento de diversas doenças. O Ministério da Saúde do Brasil já estabeleceu 

diretrizes segundo a Organização Mundial da Saúde (OMS) que regulamenta os 

medicamentos a partir de produtos naturais (Ministério da Saúde Secretaria de Ciência 

and Estratégicos 2016), sendo considerados medicamentos desde que seja comprovada 

sua segurança na utilização, eficácia e qualidade (Dutra et al. 2016).  

O mercado mundial de fitoterápicos movimenta cerca de 27 bilhões de dólares 

americanos, distribuídos principalmente na Europa, Ásia e Estados Unidos. Portanto 

percebe-se que o Brasil precisa urgentemente entrar nesse mercado econômico 

promissor, pois é um país com extensa biodiversidade, mas que possui poucos 

fitoterápicos disponíveis e aprovados, em comparação com o grande número de 

publicações científicas a respeito das vantagens desses produtos (Dutra et al. 2016). 

A busca por novos compostos derivados de plantas medicinais com atividade 

antimicrobiana torna-se de extrema relevância pois a maioria dos produtos naturais não 

são tóxicos ou apresentam baixa toxicidade para os seres humanos, podendo ser 

utilizados desde que sejam realizados testes para a comprovação de segurança. Além de 

compostos antimicrobianos, os produtos naturais podem atuar como agentes anticâncer, 

antiinflamatórios, analgésicos entre outros, constituindo-se como um recurso renovável 

e único para a descoberta de novas biomoléculas terapeuticamente ativas, possuindo 

diversas características estruturais e biológicas (Sen and Samanta 2015).  

Boccolini et al. (2022) avaliaram as características sociodemográficas e de saúde 

da população brasileira e demonstraram que a utilização de plantas medicinais é maior 

nas regiões Norte e Nordeste. Nessas regiões podem ser encontradas diversas origens 

botânicas das própolis, um tipo de produto natural que vem desmonstrando-se como 

promissor no tratamento de diversas doenças, devido a sua extensa variedade de 

compostos químicos que apresentam atividade farmacológica. Existem 14 tipos de 

própolis no Brasil que vem demonstrando grande potencial antibacteriano, antifúngico, 

antioxidante, entre outras (Nani et al. 2020). Em 2007, o 13th tipo de própolis foi 

descrita na literatura, sendo denominada Própolis Vermelha Brasileira (PVB) devido a 

sua cor avermelha. 

 



6. Própolis Vermelha Brasileira 

A Própolis Vermelha Brasileira (PVB) é substância resinosa de cor avermelhada 

encontrada na superfície dos buracos feitos pelos insetos no tronco de Dalbergia 

ecastophyllum, popularmente conhecida como rabo-de-bugio, considerada a origem 

botânica da PVB, sendo coletada pelas abelhas da espécie Apis mellifera (Moise and 

Bobis 2020). Diversos compostos da PVB já foram identificados tais como a elemicina, 

isoelemicina, metil isoeugenol, formononetina, biochanina A, isoliquiritigenina, 

liquiritigenina, medicarpina, homopterocarpana, quercetina e vestitol. Do extrato 

lipofílico foram isoladas as benzofenonas, polipreniladas, guttiferona E, xantochimol, 

oblongifolina A e B, entre outros. As isoflavonas, formononetina, biochanina A, 

pinocembrina e medicarpina são considerados seus marcadores químicos devido as suas 

elevadas concentrações. Além destes compostos, foram identificados o ácido cafeico, 

ácido ferúlico, ácido umbelico, ácido picumárico, genisteína, canferol, catequina, 

dalbergioidina, epicatequina, daidzein, 2'hidroxiformononetina, ácido evernico, 

naringenina, calicosina, (7S), dalbergifenol, tevetiaflavona, cicloartenol, guttiferona C e 

outros compostos (Aldana-Mejia et al. 2021). Os flavonoides constituem-se como uma 

das mais importantes classes químicas presentes na PVB, sendo responsáveis pelas 

principais atividades biológicas que a PVB exerce, presentes nas PVB em concentrações 

que variam de 6,2 a 18,8% (Moise and Bobis 2020). A extração desses compostos pode 

ser realizada utilizando-se diversas técnicas e solventes, sendo o etanol o solvente mais 

utilizado. Com relação aos métodos aplicados, muitos autores utilizam a Cromatografia 

Gasosa (GC), Espectrometria de Massa por Ionização Eletrônica (EIMS), cromatografia 

em coluna repetida em sílica gel com gradiente de n-hexano-acetona, Cromatografia 

Líquida de Alta Eficiência (HPLC) e a cromatografia líquida de ultra-alta eficiência 

(UHPLC) acoplada a um espectrômetro de massas (Moise and Bobis 2020).  

Alguns componentes de natureza polar, também já foram identificados na PVB, o 

que a torna de grande interesse econômico devido à facilidade de solubilização para fins 

comerciais, podendo ser produzida em larga escala (Moise and Bobis 2020). 

Atualmente é o segundo tipo de própolis brasileira mais produzida e comercializada, 

sendo encontrada principalmente na região costeira do Brasil, mais precisamente no 

Estado de Alagoas (Dos Santos et al. 2022). Muitos compostos encontrados na PVB não 

foram encontrados em outros tipos de própolis brasileiras, o que a torna um produto de 

abelha singular (de Freitas et al. 2017).  



O valor comercial da própolis vermelha é internacionalmente alto, sendo que 1 kg 

pode custar cerca de R$ 500.00. O Brasil é atualmente o terceiro maior produtor 

mundial de própolis, perdendo apenas para a Rússia e a China (Pereira, Seixas, and 

Aquino Neto 2002). Apesar de representar de 10 a 15% da produção mundial, o Brasil 

atende cerca de 80% da demanda japonesa. Em Minas Gerais, dados da Federação de 

apicultores mostram que a própolis produzida na região Centro-Oeste do Estado é 

considerada a melhor do mundo pelo mercado japonês, onde o quilograma de produto 

saltou de US$ 5 a US$ 200 nos últimos anos (Pereira, Seixas, and Aquino Neto 2002).  

A PVB possui diversas atividades biológicas promissoras como atividade 

antibacteriana, antifúngica, anti-inflamatória, imunomodeladora, antioxidante e 

antiproliferativa. A estrutura molecular desses produtos é moldada devido à força 

evolutiva, fazendo com que os compostos químicos sejam capazes de se ligar a 

diferentes alvos biológicos, sendo essa a possível explicação para a multipotencialidade 

demonstrada pela PVB (Freires, de Alencar, and Rosalen 2016). A atividade 

antibacteriana da PVB já foi demonstrada frente a diversas bactérias como 

Staphylococcus aureus resistentes a meticilina (MRSA)(Ripari et al. 2023), 

Helicobacter pylori (Santiago et al. 2022), Clostridioides difficile, entre outras. Possui 

atividade antibacteriana promissora frente a microrganismos causadores de infecções 

endodônticas, como Porphyromonas gingivalis, Fusobacterium nucleatum, Prevotella 

intermedia, Actinomyces naeslundii, Streptococcus mutans, Streptococcus sobrinus, 

Staphylococcus aureus (Silva et al. 2022; Bueno-Silva, Alencar, et al. 2013; Bueno-

Silva, Koo, et al. 2013; de Figueiredo et al. 2020; Miranda et al. 2019). A sua atividade 

antiviral, embora menos investigada, já foi avaliada frente ao coronavirus 229E (Silva-

Beltran et al. 2023) e Enterovirus surrogates. A PVB também já foi avaliada frente a 

parasitos como Shistosoma mansoni (Silva et al. 2021), Toxocara cati (Sinott et al. 

2019) Trypanosoma cruzi e Leishmania Braziliensis (Regueira-Neto et al. 2018).  

O uso da PVB como medicamento pode reduzir o uso de antimicrobianos e 

antiparasitários sintéticos e constituir-se como uma nova estratégia frente a 

microrganismos causadores de infecções. Devido aos múltiplos componentes bioativos 

encontrados nos extratos de própolis, pode-se esperar um sinergismo com as drogas 

convencionais e um maior espectro de ação comparado com o uso apenas dos 

medicamentos (Silva-Beltran et al. 2020).  

Poucos estudos demonstraram a atividade antibacteriana e antifúngica da PVB 

frente aos microrganismos incluídos no presente estudo. Além disso, esse é o primeiro 



estudo a avaliar a toxicidade da PVB em larvas de Caenorhabditis elegans. Nenhum 

estudo avaliou a atividade antiviral da PVB frente ao vírus CHIKV e atividade 

antiparasitária frente a T. gondii, tornando o presente estudo original e pioneiro. 

Objetivo Geral 
Avaliar a atividade antimicrobiana, antiviral e antiparasitária da Própolis 

Vermelha Brasileira frente a microrganismos causadores de infecções endodônticas, 

vírus Chikungunya e T. gondii. 

Objetivos específicos 

 Determinar a Concentração Inibitória Mínima (CIM) frente a um painel de 

bactérias e leveduras causadoras de infecções endodônticas e frente a bactérias 

periodontopatogênicas; 

 Determinar a Concentração Bactericida Mínima (CBM) frente a um painel de 

bactérias e leveduras causadoras de infecções endodônticas e frente a bactérias 

periodontopatogênicas; 

 Determinar a atividade antibiofilme mono e multiespécies frente a um painel de 

bactérias e leveduras causadoras de infecções endodônticas e frente a bactérias 

periodontopatogênicas; 

 Avaliar o efeito sinergístico com antimicrobianos, frente a microrganismos 

causadores das infecções endodônticas; 

 Determinar a atividade antiproliferativa das substâncias isoladas Gutiferona E e 

Oblongifolina B frente ao parasito Toxoplasma gondii; 

 Determinar a concentração efetiva de 50% (EC50) frente ao parasito Toxoplasma 

gondii; 

 Determinar o índice de seletividade frente ao parasito Toxoplasma gondii. 

 Determinar a atividade antiviral no ciclo replicativo do vírus Chikungunya; 

 Determinar a concentração efetiva de 50% (EC50) frente ao vírus Chikungunya; 

 Determinar o índice de seletividade frente ao vírus Chikungunya. 

 Determinar in silico quais são os principais alvos das substâncias isoladas 

Gutiferona E e Oblongifolina B frente aos microrganismos causadores de 

infecções endodônticas e T. gondii 
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Despite important advances in the health area, infectious diseases have constituted a serious public health issue 
over  time1. One example is periodontitis, an in�ammatory disease that a�ects tooth‐supporting apparatus and 
which is caused by microorganisms present in dysbiosis plaque  bio�lms2. According to Mehrotra and  Singh3, 
about 2.6% of African Americans, 5% of Africans, 0.2% of Asians, 1% of North Americans, and 0.3% of South 
Americans have been diagnosed with periodontitis in its most severe form. Periodontal treatment is essential 
not only for dental parameters, but also to avoid other pathological conditions such as adverse reactions in 
pregnancy, cardiovascular and respiratory diseases, cancer, lupus, rheumatoid arthritis, diabetes mellitus, and 
chronic kidney  disease4. Even if the illness can be treated with antibiotics, the infection can be aggravated in 
patients lacking treatment or in the presence of resistant periodontopathogenic  bacteria5.

Viral diseases also burden the global health system due to lack of vaccines and approved antivirals to combat 
important human viruses, including the Chikungunya Fever, caused by the Chikungunya virus (CHIKV)6. CHIKV 
was identi�ed in 2014 and has become hyperendemic in  Brazil7, �is virus causes dengue-like symptoms such 
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as fever, fatigue, arthralgia, and  polyarthralgia8. By April 2022, 28,291 suspected cases of Chikungunya Fever 
had been registered and �ve deaths had been con�rmed in Brazil; another eight deaths are under  investigation9.

According to the World Health Organization, a considerable part of the worldwide population still depends 
on traditional medicine and employs natural products to treat several  diseases10. Developing countries mainly 
use such products. In this scenario, Brazil is a valuable source of natural products given that it possesses diverse 
fauna and  �ora11. Brazilian Red Propolis (BRP), a resinous material produced by Apis mellifera bees through 
the collection of the exudates of two plant species: Dalbergia ecastaphyllum12,13 and Symphonia globulifera14 has 
excellent potential for developing new medicines. BRP is currently one of the most produced and commercial-
ized types of Brazilian propolis. It is mainly found in the Brazilian mangroves of the Northeast, especially in 
Alagoas and Bahia  states15.

BRP is composed of 50% resin, 30% wax, 10% essential oils, 5% pollen, and 5% other compounds, including 
secondary metabolites like �avonoids, iso�avonoids, cinnamic acid derivatives, esters, polyprenylated benzo-
phenones, and some terpenes, which are considered the main biologically active constituents of this type of 
 propolis16. �e molecules isolated from BRP do not occur in any other type of propolis, which makes them rare 
and unique natural  products17. Variations of this composition have been observed between locations. Some 
studies revealed that compounds such as formononetin and isoliquiritigenin are the most abundant in samples 
of  Alagoas18. Instead, in “Canavieiras” sample, vestitol, neovestitol, medicarpin, and polyprenylated benzo-
phenones have been identi�ed as the main compounds  and17. In this sense, BRP has been reported to possess 
 antibacterial15,18–20  antiparasitic21–27, and antiviral  activities28.

Considering the lack of treatment options for periodontitis and CHIKV infection, we have hypothesized 
that BRP and its isolated compounds are a promising candidate for treating these diseases. To the best of our 
knowledge, there are no data on the BRP antiviral action against CHIKV, and few studies have reported on 
its antibacterial action against periodontopathogenic  bacteria13,18,28–30. �e use of BRP as a therapeutic option 
could reduce the use of antibiotics in periodontitis cases and become a novel antiviral strategy against  CHIKV28.

�is study aimed to evaluate the in vitro antibacterial, antibio�lm, and antiviral potential of the BRP crude 
hydroalcoholic extract, fractions, and isolated compounds, as well as their toxicity in an in vivo model.

�e chromatographic analysis revealed the presence of iso�avanes 
(vestitol, neovestitol, 7-O-methylvestitol), pterocaparns (medicarpin), and polyprenylated acylphloroglucinols 
(a mixture of guttiferone E/xanthochymol, and oblongifolin B) (Fig. 1), as main compounds of the BRP. �e 
chromatographic pro�le of the fractions revealed the prominent presence of polyprenylated acylphloroglucinols 
on the hexane fraction, whereas the dichloromethane, ethyl acetate, and n-butanol fractions were composed 
mainly of iso�avanes (see Supplementary Figure S1).

Tables  1 and 2 show the MIC results for the crude hydroalcoholic extract, frac-
tions and isolated compounds against periodontal bacteria included in the study. �e MIC values for the crude 
hydroalcoholic extract sample ranged from 3.12 to 100 μg/mL, for the dichloromethane fraction from 1.56 to 
200 μg/mL, ethyl acetate from 12.5 to 400 μg/mL, hexane from 3.12 to 400 μg/mL, and n-Butanol from 100 to 
400 μg/mL (Table 1).
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Figure 1.  Chromatographic pro�le of Brazilian red propolis extract and chemical structures of their main 
compounds. Numbers correspond to: vestitol (1); neovestitol (2); medicarpin (3); 7-O-methylvestitol (4); 
guttiferone E/xanthochymol 59; and oblongifolin B (6).
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For the methylvestitol, the MIC values ranged from 25 to 400 μg/mL, medicarpin from 50 to 400 μg/mL, 
vestitol from 12.5 to 200 μg/mL, neovestitol from 12.5 to 100 μg/mL, oblongifolin B from 3.12 to 50 μg/mL, and 
guttiferone E from 1.56 to 200 μg/mL (Table 2).

�e 
BRP crude hydroalcoholic extract reduced the monospecies bio�lm formation of the standard strains (ATCC) 
and their clinical isolates (Fig. 2). Additionally, the number of viable cells in the monospecies bio�lm expressed 
as  Log10 CFU/mL decreased (Fig. 2). �e lowest  MICB50 value obtained for the BRP crude hydroalcoholic extract 
against the monospecies bio�lms was 3.12 μg/mL against A. naeslundii (ATCC 19039) and F. nucleatum (clinical 
isolate) (Fig. 2e and f). Against the other evaluated monospecies bio�lms, the BRP crude hydroalcoholic extract 
presented  MICB50 of 6.25 μg/mL, except for P. intermedia (clinical isolate), against which  MICB50 was 12.5 μg/
mL. However, even at concentrations above  MICB50, we detected viable bio�lm cells (Fig. 2a–f).

As for the tested isolated compounds, they also reduced monospecies bio�lm formation. In the presence of 
oblongifolin B (Fig. 3), the lowest  MICB50 was 0.78 μg/mL against A. naeslundii (ATCC 19039) (Fig. 3c). Against 
the other evaluated monospecies bio�lms, the  MICB50 values ranged from 1.56 to 6.25 μg/mL. Oblongifolin B 
at 6.25 μg/mL eliminated P. gingivalis (clinical isolate) viable cells and, at 12.5 μg/mL, it eliminated P. intermedia 
(ATCC 15033) and F. nucleatum (clinical isolate) viable cells (Fig. 3a,b and d).

Guttiferone E presented low  MICB50 (0.78 μg/mL) against A. naeslundii (ATCC 19,039) (Fig. 4d). Against the 
other evaluated monospecies bio�lms,  MICB50 ranged from 1.56 to 25 μg/mL (Fig. 4a,b,c and e). Guttiferone E 
eliminated all the bio�lm cells from a concentration of 3.12 μg/mL against P. gingivalis (clinical isolate), 6.25 μg/
mL against P. intermedia (ATCC 15033), 25 μg/mL against F. nucleatum (clinical isolate), and 1.56 μg/mL against 
A. naeslundii (ATCC 19039). As for P. gingivalis (ATCC 49417), we veri�ed the presence of viable bio�lm cells 
even at concentrations above  MICB50 (Fig. 4a).

We also assessed the activity of the BRP crude hydroalcoholic extract and isolated compounds against mul-
tispecies bio�lm formed by standard strains (group 1) and clinical isolates (group 2) (Fig. 5). �e BRP crude 

Table 1.  Minimum inhibitory concentration of the Brazilian Red Propolis crude hydroalcoholic extract, 
and fractions against periodontopathogenic bacteria. a Technique control strains: Bacteroides fragilis 
(ATCC 25285) and Bacterioides thetaiotaomicron (ATCC 29741)—Metronidazole: 1.47 and 2.95 µg/mL, 
respectively.—> 400 µg/mL was considered inactive.

Minimum Inhibitory Concentration (µg/mL)

Crude extract Fractions

Bacteria Dichloromethane Ethyl acetate Hexane n-Butanol

Porphyromonas gingivalis (ATCC 49417) 3.12 1.56 12.5 3.12 100

Porphyromonas gingivalis (clinical isolate) 12.5 25 400 100 –

Fusobacterium nucleatum (ATCC 10953) 100 200 400 – –

Fusobacterium nucleatum (clinical isolate) 12.5 12.5 – 400 –

Prevotella intermedia (ATCC 15033) 6.25 6.25 200 200 200

Prevotella intermedia (clinical isolate) 50 100 – 400 –

Actinomyces naeslundii (ATCC 19039) 25 25 – 400 –

Actinomyces naeslundii (clinical isolate) 100 100 400 400 400

Table 2.  Minimum inhibitory concentration of the BRP isolated compounds against periodontopathogenic 
bacteria. a Technique control strains: Bacteroides fragilis (ATCC 25285)—Metronidazole: 1.47 µg/mL and 
Bacteroides thetaiotaomicron (ATCC 29741)—Metronidazole: 2.95 µg/mL. – > 400 µg/mL was considered 
inactive.

Minimum Inhibitory Concentration (µg/mL)

Isolated compounds

Metilvestitol Medicarpin Vestitol Neovestitol Oblongifolin B Guttiferone E

Bacteria

Porphyromonas gingivalis (ATCC 49,417) 25 50 12.5 12.5 50 1.56

Porphyromonas gingivalis (clinical isolate) 100 200 100 100 6.25 6.25

Fusobacterium nucleatum (ATCC 10,953) 50 50 25 12.5 50 200

Fusobacterium nucleatum (clinical isolate) – 50 100 50 3.12 3.12

Prevotella intermedia (ATCC 15,033) – 100 100 50 6.25 12.5

Prevotella intermedia (clinical isolate) – – 200 100 50 50

Actinomyces naeslundii (ATCC 19,039) 400 100 200 50 6.25 6.25

Actinomyces naeslundii (clinical isolate) – – 200 100 25 50
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hydroalcoholic extract had  MICB50 of 6.25 μg/mL against the group 1 multispecies bio�lm However, even at 
higher concentrations, viable cells were still found in the bio�lm. Similar results were found against the group 
2 multispecies bio�lm:  MICB50 was 6.25 μg/mL, and there also were viable bio�lm cells above the  MICB50 con-
centration (Fig. 5A).

Concerning oblongifolin B, it had the lowest  MICB50 against the group 1 multispecies bio�lm (1.56 μg/mL); 
however, at concentrations above  MICB50, cells remained viable in the bio�lm. Against the group 2 multispecies 
bio�lm, oblongifolin B presented  MICB50 of 50 μg/mL and eliminated all the bio�lm cells from the bio�lm at 
this same concentration (Fig. 5B). On the other hand, guttiferone E showed  MICB50 of 3.12 μg/mL against the 
group 1 multispecies bio�lm, and 6.25 μg/mL guttiferone E eliminated all the cells from the bio�lm. Against the 
group 2 multispecies bio�lm, guttiferone E had higher  MICB50 (100 μg/mL), but 50 μg/mL guttiferone E also 
eliminated all the viable cells from the bio�lm (Figs. 5C).

Regarding the control (metronidazole), the  MICB50 of monospecies bio�lms ranged from 2.95 to 5.9 μg/mL. 
As for the mixed bio�lms, the  MICB50 was 2.95 μg/mL for both the bio�lm formed by group 1 and the bio�lm 
formed by group 2 (see supplementary material Figures S2 and S3).

To further evaluate the e�ects of BRP extract and its isolated compounds, BHK 21 cells were treated 
with each extract at 50, 10 and 2 μg/mL and cell viability was measured 16 h later. �e results demonstrated 
that cells tolerated n-Butanol at 50 μg/mL (98.4%), ethyl acetate at 10 μg/mL (95.9%), while the crude extract, 
dichloromethane, and hexane at 2 μg/mL (99.3, 99.8, and 100%, respectively), (Table 3). �rough the employ-
ment of BHK-21 cells infected with CHIKV-nanoluc, the anti-CHIKV activities of each sample were evaluated, 

Figure 2.  Antibio�lm activity of Brazilian Red Propolis crude hydroalcoholic extract samples and number of 
viable cells in monospecies bio�lms formed by ATCC strains and clinical isolates included in the study. (a) P. 
gingivalis (ATCC 49417). (b) P. gingivalis (clinical isolate). (c) P. intermedia (ATCC 15033). (d) P. intermedia 
(clinical isolate). (e) A. naeslundii (ATCC 19039). (f) F. nucleatum (clinical isolate).
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at the maximum non-cytotoxic concentrations selected through the viability assay. �e results demonstrated 
that n- Butanol signi�cantly inhibited 69% of CHIKV replication (Fig. 6). �e other samples presented no e�ect 
on CHIKV infection (Fig. 6).

For the isolated substances (medicarpin, neovestitol, vestitol, oblongifolin B, methylvestitol and, guttiferone 
E), BHK-21 cells were treated with concentrations of each compound ranging from 32 to 0.5 μg/mL. As an out-
come, the treatment with compounds in concentrations over 3 µg/mL presented cell viability rates higher than 
80% (Table 4), and the highest non-cytotoxic concentration of each compound was selected for the antiviral 
assay. Since medicarpin, neovestitol and vestitol at 14 µg/mL presented cytotoxicity (Table 4), and at 3 µg/mL 
showed no antiviral activity (Supplementary Figure S4), the alternative concentration of 11 µg/mL was selected 
to the further assays. �erefore, the antiviral activity of medicarpin, neovestitol and vestitol was tested at 11 µg/
mL, guttiferone E and oblongi�lin B at 6 µg/mL, and methylvestitol at 14 µg/mL. �e compounds medicarpin, 
neovestitol and vestitol inhibited CHIKV replication in vitro in 86%, 94%, and 97% respectively (Fig. 7).

Caenorhabditis elegans To assess the toxicity of the BRP crude hydroacoholic 
extract and isolated compounds in an in vivo system, the technique for determining the lowest concentration 
capable of killing 50%  (LC50) of the larvae in relation to the incubation time was employed. Figure 8 shows the 
toxicity evaluation of the BRP crude hydroalcoholic extract, oblongifolin B, and guttiferone E as a function of 
time and concentration. �e  LC50 of the BRP crude hydroalcoholic extract and oblongifolin B was 1500 μg/
mL, determined on the second day of incubation (Fig. 8A and B). On the other hand, guttiferone E had  LC50 of 
750 μg/mL, determined on the last day of incubation (Fig. 8C).

For years, propolis has been used to treat infections in folk medicine, and its antimicrobial potential has been 
demonstrated by the scienti�c  community15. �is biological potential can be related to its di�erentiated chemi-
cal composition.

Sesquiterpenes, pterocarpans, and iso�avans characterize Brazilian red propolis. Red propolis chemical 
composition is much di�erent from other propolis types, such as brown propolis, which is characterized by 
hydrocarbons, aldehydes, and monoterpenes; and green propolis, which is characterized by polycyclic aromatic 
hydrocarbons, sesquiterpenes, and naphthalene  derivatives31.

Vestitol, neovestitol, and medicarpin have been reported as major compounds in red propolis From Cana-
vieiras, Bahia State, Brazil. On the other hand, formononetin, calycosin, biochanin A, and isoliquiritigenin were 
detected at lower  concentrations17. Guttiferone E and oblongifolin B were described as chemical markers of red 
 propolis14, but they appear to be at lower concentrations in the studied sample compared to the iso�avans. �e 
triterpenes β-amyrin and glutinol have also been described in BRP from this  location14.

Figure 3.  Antibio�lm activity of oblongifolin B and number of viable cells in monospecies bio�lms formed 
by ATCC strains and clinical isolates included in the study. (a) P. intermedia (clinical isolate) (b) P. intermedia 
(ATCC 15033). (c) A. naeslundii (ATCC 19039). (d) F. nucleatum (clinical isolate).
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According to Rios and  Recio32 and  Gibbons33, MIC values below 100 µg/mL for crude hydroalcoholic extract 
or below 10 µg/mL for isolated compounds are considered promising when evaluating the antibacterial activity 
of plant extracts, essential oils, and compounds isolated from natural sources. On the basis of these criteria and 
considering the MIC values presented here for all the evaluated BRP samples, the BRP crude hydroalcoholic 
extract and the isolated compounds guttiferone E and oblongifolin B displayed the best inhibition activity against 
most of the evaluated bacteria.

�e red propolis dichloromethane fraction was not tested since the selection was based on the e�ect of the 
individual constituents of each fraction. �e main compounds of hexane fraction, oblongifolin B and guttifer-
one E, displayed good activity at the individual testing, compared with the dichloromethane fraction individual 
compounds.

�ese samples showed antibacterial activity mainly against P. gingivalis (ATCC 49417), considered the most 
clinically important species in the development of periodontal  disease34 and F. nucleatum (clinical isolate) bac-
teria, also considered a relevant pathogen since it worsens gingival in�ammation and tooth  loss35. �ese results 
demonstrated the relevance of these natural products in periodontal disease control and treatment. In this paper, 
the BRP crude hydroalcoholic extract, fractions (n-hexane, dichloromethane, ethyl acetate, and n-butanol), and 
isolated compounds (methylvestitol, medicarpin, vestitol, neovestitol, oblongifolin B, and guttiferone E) were 
analyzed for their antibacterial activity against clinical isolates and the ATCC strains. �e ATCC strains are more 
stable from a genetic viewpoint and would thus represent the bacterium species, thereby enabling comparison 
with other investigations. �e in vitro assay furnishes a reliable indication of how the microorganism responds 
to the target agent, and extrapolation of the results for that species or even genus should be accepted. Clinical 

Figure 4.  Antibio�lm activity of guttiferone E and number of viable cells in monospecies bio�lms formed by 
ATCC strains and clinical isolates included in the study. (a) P. gingivalis (ATCC 49417). (b) P. gingivalis (clinical 
isolate). (c) P. intermedia (ATCC 15033). (d) A. naeslundii (ATCC 19039). (e) F. nucleatum (clinical isolate).
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Figure 5.  Antibio�lm activity of samples of Brazilian Red Propolis crude hydroalcoholic extract, oblongifolin 
B and guttiferone E and number of viable cells in multispecies bio�lms formed by bacteria from groups 1 
(standard strains) and 2 (clinical isolates). (A) Crude extract. (B) Oblongifolin B. (C) Guttiferone E.

Table 3.  Cell viability percentage in the presence of the BRP crude hydroalcoholic extract or fractions at 50, 
10, and 2 µg/mL.

Sample/concentration 50 µg/mL 10 µg/mL 2 µg/mL

Crude extract 57.3 83.2 99.3

n- Butanol 98.4 100.3 100.6

Dichloromethane 48.3 85.1 99.8

Hexane 45.7 83.3 100.0

Ethyl acetate 66.4 95.9 96.4
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isolates (also known as wild strains) are bacteria that can have their metabolism altered by environmental 
conditions and their genetics modi�ed by circulation in the population, which would justify the relevance of 
evaluating these two types of strains.

�e MIC values (1.56–400 µg/mL) for the other evaluated bacteria were signi�cantly lower as compared to lit-
erature data. Bueno-Silva et al.29 evaluated the antibacterial activity of the crude extract and isolated compounds 
neovestitol and vestitol obtained from BRP from the same botanical origin against A. naeslundii (ATCC 12104), 
and they reported MIC values of 25, 25, and 50 µg/mL, respectively. Here, neovestitol and vestitol were not prom-
ising against several of the evaluated periodontal bacteria. Another point to emphasize is that the MIC value for 
the crude extract reported by Bueno-Silva et al.29 against A. naeslundii (ATCC 12104) resembled the value we 
obtained against A. naseslundii (ATCC 19039), suggesting a species susceptibility relation for the crude extract.

Santos et al.36 evaluated the antibacterial activity of the aqueous hydroalcoholic extract and fractions (hexane, 
dichloromethane, and ethyl acetate) obtained from a di�erent type of propolis, from the region of “Cachoeira da 
Prata”, Minas Gerais—Brazil, which is also collected from Apis mellifera bees. �e tested bacteria were periodon-
tal F. nucleatum (ATCC 10953), P. gingivalis (ATCC 33277), and P. intermedia (ATCC 25611). �e extract gave 
MIC values of 1024, 256, and 256 µg/mL against F. nucleatum (ATCC 10953), P. gingivalis (ATCC 33277), and P. 
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Figure 6.  Cell viability and CHIKV replication rates in the presence of Brazilian Red Propolis crude 
hydroalcoholic extract and fractions.

Table 4.  BHK-21 cell viability in the presence of the BRP isolated substances at concentrations ranging from 
32 to 0.5 μg/mL.

Sample Concentration (µg/mL) Cell viability (%)

Medicarpin

14 84

3 122

0.5 113

Neovestitol

14 66

3 110

0.5 120

Vestitol

14 74

3 117

0.5 125

Oblongifolin B

32 72

6 98

1 99

Methylvestitol

14 108

3 103

0.5 103

Guttiferone E

32 15

6 88

1 90
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intermedia (ATCC 25611), respectively. As for the fractions, the MIC values ranged from 512 to > 1024 µg/mL. 
�e MIC results against these bacteria were higher than those presented here for the BRP crude hydroalcoholic 
extract and fractions against the same bacterial species but from di�erent strains: we found MIC values of 100, 
3.12, and 6.25 µg/mL for the crude extract against F. nucleatum (ATCC 10953), P. gingivalis (ATCC 49417), and 
P. intermedia (ATCC 15033), respectively. As for the fractions, we found MIC values ranging from 12 to 400 µg/
mL against the same bacteria. �erefore, compared to the results described by these authors, the BRP crude 
hydroalcoholic extract and fractions employed here were more e�ective against periodontal bacteria.

Additionally, these authors compared the MIC results they obtained with the crude extract and fractions by 
ANOVA analysis. �ey did not �nd any di�erences in the antibacterial activity of the fractions or extract against 
the evaluated bacteria. �is corroborates our results: the BRP crude hydroalcoholic extract was more promising 
than the fractions and gave better values against all the evaluated bacteria, while the fractions presented anti-
bacterial activity against only two bacteria (P. gingivalis ATCC 49417 and clinical isolate).

Shabbir et al.37 evaluated the activity of the crude propolis extract collected in Skardu (Pakistan) originating 
from Robinia pseudoacacia, Elegnus agustifolia (Russian olive), and Acacia modesta, collected from Apis mel-
lifera bees. �e natural products a�orded MIC values ranging from 64 to 512 µg/mL against P. gingivalis and P. 
intermedia clinical isolates. Our results suggested that BRP is more e�ective than the propolis used by Shabbir 
et al.37 since the MIC values we obtained for the BRP crude hydroalcoholic extract against P. gingivalis and P. 
intermedia clinical isolates were lower (12.5 and 6.25 µg/mL, respectively). �erefore, BRP proved to have more 
promising activity than propolis from other countries given that it is composed of unique compounds that do 
not normally occur in other types of  propolis15.

Inhibiting bio�lm formation by these bacteria can contribute to reducing periodontitis. Indeed, Al-Ahmad 
et al.38 described that A. naeslundii and F. nucleatum play the roles of initial colonizing bacterium and late colo-
nizer, respectively. �e latter bacterium was shown to be present at rates greater than 50% a�er 62 h of bio�lm 
formation, contributing to increased in�ammation and tooth  loss38.

Other studies have evaluated the BRP monospecies antibio�lm activity against other types of bacteria. de 
Souza Silva et al.39 evaluated the antibio�lm activity of the BRP crude hydroalcoholic extract (BRP collected in 
the same region as the BRP used in our study) coated on polymeric nanoparticles against Staphylococcus aureus 
(ATCC 25923), Staphylococcus aureus (ATCC 33591), Staphylococcus aureus (ATCC 43300), and Pseudomonas 
aeruginosa (ATCC 27853). �e free BRP crude hydroalcoholic extract and the extract coated on nanoparticles 
inhibited the bio�lm formed by the Gram-positive strains more e�ectively as compared to the bio�lm formed by 
the Gram-negative strains, with bio�lm inhibitory concentration values ranging from 15.6 to 125 μg/mL against 
the S. aureus strains and from 100 to 1560 μg/mL against the P. aeruginosa strain. �ese results corroborated 
our �ndings given that we veri�ed the lowest  MICB50 values against the Gram-positive bacterium A. naeslundii 
(ATCC 19039) 3.12 μg/mL for the crude extract and 0.78 μg/mL for the isolated compounds oblongifolin B and 
guttiferone E.

Miranda et al.13 evaluated the antibio�lm activity of the crude hydroalcoholic extract of BRP from the same 
botanical origin as the BRP used here. �ese authors divided the evaluated bacteria into complexes (Actinomyces, 
purple, yellow, green, orange, red, and others). At extract concentrations of 800 and 1,600 μg/mL, the authors 
showed a 40 and 45% decrease in the metabolic activity of the multispecies bio�lms formed by these complexes, 
respectively. de Figueiredo et al.30 also evaluated the antibio�lm activity of the BRP crude extract at 1600, 800, and 
400 μg/mL and obtained 56, 56, and 57% reduction in the bio�lm metabolic activity, respectively. Our study did 
not assess eradication, but it evaluated the ability of the BRP samples to inhibit bio�lm formation. According to 
Wei et al.40 inhibiting bio�lm formation is much more important than erradicating it because bio�lm formation 
inhibition prevents bacterial growth and, hence, bacterial maturation. �e results presented here demonstrated 
that the BRP samples inhibited multispecies bio�lm formation by periodontal bacteria by at least 50%. Oblongi-
folin B gave the lowest  MICB50 value (1.56 μg/mL) against the multispecies bio�lm formed by the ATCC strains. 

Figure 7.  E�ects of isolated compounds at on CHIKV infection and cell viability.
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As for the multispecies bio�lm formed by the clinical isolates, the lowest  MICB50 value was 6.25 μg/mL. �ese 
results suggested that the isolated compounds oblongifolin B and guttiferone E inhibited all the viable cells of 
most monospecies and multispecies bio�lms formed by the bacteria included in this study. �is pointed out that 
the BRP samples can inhibit bio�lm formation and reach the cells within this bacterial community, eliminating 
them and leaving only the glycoprotein conjugate without live  cells13.

It is worth mentioning that the  MICB50 values found in this paper are relatively low, especially for clinical 
isolates that are generally more resistant and demand higher concentrations. However, at the lowest concentration 
capable of inhibiting bio�lm formation by at least 50%, the so-called  MICB50, we demonstrated an inhibition 
of at least 50% of the bio�lm. In other words, this did not correspond to total inhibition of the bio�lm, which 
would probably require a higher concentration.

Propolis bioactive components such as �avonoids, esters, alcohols, essential oils, and other organic com-
pounds have already been demonstrated to display antiviral activity against viruses such as herpes viruses (HSV-1 
and HSV-2), sindbis virus, parain�uenza virus, cytomegalovirus, HIV, and Varicella zoster (HSV-1 and HSV-
2), sindbis virus, parain�uenza virus, cytomegalovirus, HIV, and Varicella zoster41,42. In addition to the BRP 
antibacterial and antibio�lm activities demonstrated in this study, we evaluated the anti-CHIKV activity of the 

Figure 8.  Evaluation of the toxicity of the Brazilian Red Propolis crude hydroalcoholic extract and isolated 
compounds guttiferone E and oblongifolin B in the C. elegans in vivo model. (A) Crude hydroalcoholic extract. 
(B) Oblongifolin B. (C) Guttiferone E.
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BRP crude hydroalcoholic extract, fractions, and pure substances. We assessed the BHK-21 cell viability in the 
presence of the BRP samples by the MTT assay. In drug discovery, samples are considered non-toxic when the 
cell viability rate is above 50%, moderately cytotoxic when the cell viability rate varies between 25 and 50%, and 
highly cytotoxic when the cell viability rate is less than 25%43. In this study, all samples evaluated showed cell 
viability equal to or higher than 80% at a concentration of 50 μg/mL for the crude extract and fractions and 3 μg/
mL for isolated compounds (Tables 3 and 4). All the BRP samples evaluated in this study provided BHK-21 cell 
viability equal to or higher than 80% (Tables 3 and 4), which was higher than the cell viability found by Rufatto 
et al. 20, (between 14.5 and 46%).

Regarding the infection assays, the isolated compounds neovestitol and vestitol furnished the most promis-
ing results, with virus infection inhibition rates of 94 and 97%, respectively (Fig. 7). Even though several natural 
compounds with antiviral activity, including anti-CHIKV activity, have been described, neovestitol and vestitol 
have not had their antiviral potential screened. Our results showed higher inhibition rates than those reported 
in other studies with natural molecules, such as the study of Pohjala et al.44, who obtained an infection inhibition 
limit of at most 75% when they screened 356 compounds, being 123 of them natural compounds. To the best 
of our knowledge, there are no reports on the anti-CHIKV activity of BRP or isolated compounds. �is shows 
the importance of capitalizing the BRP potential as candidate for antiviral treatment. Our study has pioneered 
evaluation of the BRP anti-CHIKV activity and has achieved expressive inhibition rates, paving the way for the 
development of antivirals against CHIKV as well as other viruses.

For BRP to be safely applicable, its toxicity must be evaluated in di�erent experimental models. �e murine 
model is the most used in vivo model to assess the toxicity of treatments, but it has disadvantages such as high 
cost, di�cult maintenance, and delay in obtaining results, among  others45. �erefore, here we evaluated toxic-
ity by using another in vivo model, the nematode C. elegans, a complete animal with digestive, reproductive, 
endocrine, and neuromuscular systems. Apart from being small, having a short life cycle, and being easy to 
maintain, C. elegans possesses 60–80% genetic homology with  humans46. In this context, we evaluated the most 
promising BRP samples for their toxicity against C. elegans. �e lowest concentration capable of killing at least 
50% of the larvae  (LC50) was 1500 μg/mL for the BRP crude hydroalcoholic extract and oblongifolin B and 
750 μg /mL for gutiferon E. �ese values were signi�cantly higher than all the MIC and  MICB50 concentrations 
reported in this study.

Moreover, below this concentration, even a�er the larvae had been exposed to BRP samples for two days,  LC50 
was not reached, demonstrating the non-toxic pro�le of these natural products. Interistingly, the  LC50 values 
of the BRP samples against C. elegans obtained in this study were higher than the  LC50 values of other types of 
Brazilian propolis evaluated against C. elegans. For example, Campos and collaborators (2015)47 reported that 
propolis samples possessed  LC50 of 461.8 μg/mL. Here, the BRP concentrations determined as toxic were high, 
above the highest MIC value (400 μg /mL). �erefore, propolis is not toxic at the concentrations used in this study 
and can be safely employed at concentrations below 1500 and 750 μg /mL. �e results obtained here are extremely 
relevant, because through di�erent methodologies the antibacterial activity of Brazilian red propolis was demon-
strated against a panel of periodontopathogenic bacteria. Another point to highlight is the anti-CHIKV activity 
of the BRP isolated compounds. Chikungunya infection has a high incidence and severity, therefore, the search 
for new treatment options is highly desirable. Our results constitute an initial step for further studies of BRP as 
an alternative approach for treating various infectious diseases.

�e Brazilian red propolis used in this study has antibacterial activity against a panel of periodontopathogenic 
bacteria. Furthermore, it’s crude extract and isolated compounds oblongifolin B and guttiferone E at concentra-
tions similar to or slightly above the MIC concentrations inhibits monospecies and multispecies bio�lms by over 
50%. Medicarpin, neovestitol, and vestitol strongly inhibit CHIKV infection in vitro. Besides, toxicity tests on C. 
elegans demonstrated that the crude extract, oblongifolin B, and guttiferone E are non-toxic, proving to be safe 
and promising so that in the future, these samples of propolis can be used as medicine.

BRP was collected in Canaviei-
ras Bahia State, Brazil, in March 2019 at the Canavieiras Beekeepers Association (COAPER). BRP was frozen and 
extracted with 70% hydroalcoholic ethanol solution, as described by Santiago et al.48. �e BRP crude hydroal-
coholic extract was partitioned with organic solvents (hexane, dichloromethane, ethyl acetate, and n-butanol). 
Authentic standards from BRP (7-O-methylvestitol, medicarpin, vestitol, neovestitol, oblongifolin B, and gut-
tiferone E) previously isolated by our research group were used to characterize the  samples17.

Chromatographic analysis of BRP extract and its fractions were performed on a Waters 2695 HPLC instru-
ment, coupled to a 2998 photodiode array detector (PDA), with Empower 3 so�ware as a controller. Chroma-
tographic pro�les were carried out on a Supelco Ascentis Express C-18 (150 × 4.6 mm, 2.7 µm) column. Mobile 
phase with water (A) (0.1% formic acid) and acetonitrile (B) was used as follows: 10 → 100% of B until 80 min; 
100% of B in 89 min; 100 → 10% in 90 min, maintaining the condition until 95 min. �e injections were per-
formed on a �ow rate of 1 mL/min, a 40 °C, and an injection volume of 10 µL. Chromatograms were recorded 
at 275 nm.

For the antibacterial, antiviral, and toxicicity assays were used the crude hydroalcoholic extract of BRP, 
fractions in dichloromethane, hexane, ethyl acetate, n-butanol, as well as the isolated compounds guttiferone E, 
oblongifolin B, methylvestitol, medicarpin, vestitol, and neovestitol.
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Chikungunya �e periodon-
topathogenic bacterial strains employed in the antibacterial and antibio�lm activity assays were obtained from 
the American Type Culture Collection (ATCC); their respective clinical isolates were obtained from human peri-
odontal infections. �e strains included Porphyromonas gingivalis (ATCC 49417 and clinical isolate), Fusobacte-
rium nucleatum (ATCC 10953 and clinical isolate), Prevotella intermedia (ATCC 15033 and clinical isolate), and 
Actinomyces naeslundii (ATCC 19039 and clinical isolate). �ese bacteria are part of the collection of the Antimi-
crobial Assays Laboratory (LEA, abbreviation in Portuguese) of the Federal University of Uberlândia (UFU) and 
were cryopreserved at − 20 °C. For the in vivo toxicity assays, the mutant strain Caenorhabditis elegans AU37, 
obtained from the Genetics Center (CGC, University of Minnesota), was used.

For the antiviral assays, a CHIKV expressing the Nanoluciferase reporter (CHIKV-nanoluc) based on the 
CHIKV LR2006PYY1 strain (East/Central/South African genotype) was  rescued49. �e protocols were carried 
out as described  previously50.

�e antibacterial activity of the BRP 
crude hydroalcoholic extract, fractions, and isolated compounds were evaluated by the broth microdilution 
method, in triplicate. �e assays were conducted in 96-well microplates; the methodology recommended by the 
Clinical and Laboratory Standards  Institute52, with modi�cations, was followed. �e inoculum was standardized 
to the McFarland 0.5 scale and diluted to a bacterial concentration of 1.5 ×  106 CFU/mL in the wells. To prepare 
the samples, the BRP crude hydroalcoholic extract, fractions, or isolated compounds were solubilized in 5% 
dimethyl sulfoxide (DMSO) and diluted in Brucella broth supplemented with hemin (5.0 mg/mL) and menadi-
one (1.0 mg/mL); a twofold serial dilution with concentrations ranging from 0.195 to 400 µg/mL was used. Con-
trol of 5% DMSO was performed, and the solvent did not interfere with bacterial growth at this concentration. 
It was also performed the following controls: inoculum (all the bacteria used in the test + the culture medium), 
to observe the viability of the bacteria; broth, to guarantee that the culture medium is sterile; and BRP sample, to 
guarantee that this solution is sterile. �e microplates were incubated in an anaerobic chamber (Don WhitleySci-
enti�c, Bradford, U.K.) under anaerobic conditions (80%  N2, 10%  CO2, and 10%  H2) at 37 °C for 72 h. Rezasurin 
was used to reveal bacterial growth—the blue color indicated absence of bacterial growth, and the pink color 
indicated presence of  bacteria53. As a control technique, metronidazole from 0.0115 to 5.9  μg/mL was used 
against the control bacteria Bacteroides fragilis (ATCC 25285) and Bacteroides thetaiotaomicron (ATCC 29741)52.

To assess the antibio�lm activity, the BRP samples that presented the 
most promising MIC results against four or more bacteria were submitted to the Minimum Inhibitory Concen-
tration of Bio�lm  (MICB50) assay.  MICB50 is de�ned as the lowest concentration of the microbial agent that can 
inhibit bio�lm formation by at least 50%40 and is calculated using the following equation:

Here,  MICB50 was determined as described in the CLSI guidelines (2007)52, with modi�cations. First, the 
capacity of the analyzed strains to grow in the sessile mode was veri�ed. All the strains at 1.5 ×  106 CFU/mL 
formed monospecies and multispecies bio�lms a�er incubation at 37 °C for 72 h (data not shown).

For the monospecies bio�lms, 100 μL of each bacterium inoculum at 1.5 ×  106 CFU/mL was added to the 
well with the propolis samples to be evaluated at concentrations from 0.195 to 400 µg/mL (crude hydroalco-
holic extract, oblongifolin B and guttiferone E). �e microplates were incubated in an anaerobic chamber at 
37 °C for 72 h. For the multispecies bio�lms, the main periodontopathogenic bacteria found in the oral bio�lm 
were selected and divided into two groups: group 1 consisted only of the standard bacteria (P. gingivalis ATCC 
49417, P. intermedia ATCC 15033, and A. naeslundii ATCC 19039), while group 2 was composed only by the P. 
gingivalis, P. intermedia, and F. nucleatum clinical isolates. �e antibio�lm activity of the most promising BRP 
samples was evaluated against the multispecies bio�lm formed by group 1 bacteria and against the multispecies 
bio�lm composed by group 2 bacteria. For this purpose, 33.33 μL of each evaluated bacterium, totaling 100 μL 
of bacterial inoculum, at 1.5 ×  106 CFU/mL was added to the wells with the propolis samples to be evaluated at 
concentrations from 0.195 to 400 µg/mL (crude hydroalcoholic extract, oblongifolin B and guttiferone E). �e 
microplates were incubated under the same conditions as the monospecies bio�lm microplates. �e standard 
antibiotic metronidazole was used as a control at concentrations from 0.0115 to 5.9 μg/mL with  MIC50 (see sup-
plementary material, Figures S2 and S3). Control of 5% DMSO was performed, and the solvent did not interfere 
with bacterial growth at this concentration. It was also performed the following controls: inoculum (all the 
bacteria used in the test + the culture medium), to observe the viability of the bacteria; broth, to guarantee that 
the culture medium is sterile; and BRP sample, to guarantee that this solution is sterile. A�er incubation, the 
supernatant culture was withdrawn, and the planktonic cells were removed by washing the wells with ultrapure 
distilled water. Monospecies and multispecies bio�lms were �xed with methanol and stained with 2% crystal 
 violet54. �e reading was performed in a microplate reader (GloMax®) at 595 nm. Reading was performed in a 
microplate reader (GloMax®) at 595 nm. �e experiments were carried out in triplicate and independent events.

�is assay was 
performed for monospecies and multispecies bio�lms according to de Souza Silva et al.39, as described below. 
Two microplates were incubated, one for  MICB50 determination, and the other for microorganism count. A�er 
the microorganism count microplate was incubated, the supernatant was withdrawn, and the planktonic cells 

1 −

(

Absorbance (595nm)of the well containing the treated sample
)

Absorbance (595nm) of the untreated control well
× 100
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were removed by washing the wells with ultrapure distilled water. Subsequently, supplemented Brucella broth 
was added to all the microplate wells, and the bio�lm was detached from the well a�er an ultrasound bath. 
�en, tenfold serial dilutions were performed in each well of a 96-well microplate, and 50 μL of each well, cor-
responding to each dilution avaliated was placed on two plates of Brucella agar supplemented with horse blood 
(5%), hemin (5.0 mg/mL), and menadione (1.0 mg/mL). Each of the plates were fractionated into eight parts, as 
described by Harrison et al.55 and incubated in an anaerobic chamber for 37 °C. A�er 72 h, the Colony Forming 
Units (CFU) count was performed in each plate. �e results were expressed as  Log10 (CFU/mL), and the assays 
were independently performed in triplicate.

�e BHK-21 cells (�broblasts derived from Syrian golden ham-
ster kidney; ATCC CCL-10) were maintained in Dulbecco’s modi�ed Eagle’s medium (DMEM, Sigma-Aldrich) 
supplemented with 100 U/mL penicillin (Hyclone Laboratories), 100 mg/mL streptomycin (Hyclone Laborato-
ries), 1% dilution of stock of non-essential amino acids (Hyclone Laboratories), and 1% fetal bovine serum (FBS, 
Hyclonen Laboratoires) in a humidi�ed 5%  CO2 incubator at 37 °C.

BHK-21 cell viability in the presence of the tested BRP 
samples was measured by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] (Sigma–
Aldrich) assay. BHK-21 cells were cultured in 48-well microplates and treated with di�erent concentrations of 
the tested BRP sample at 37 °C for 16 h. �en, media containing the tested BRP sample was removed from the 
48-well microplate. Next, 1 mg/mL MTT solution was added to each well, incubated for 30 min, and replaced 
with 300 μL of DMSO to solubilize the formazan crystals. Absorbance was measured at 490 nm on a Glomax 
microplate reader (Promega). Cell viability was calculated according to the equation (T/C) × 100%, where T and 
C represent the optical density of the treated well and control groups, respectively. DMSO was used as untreated 
 control50.

For initial screening of the anti-CHIKV activity of 
the BRP crude hydroalcoholic extract and isolated compounds, HK-21 cells were seeded at a density of 5 ×  104 
cells per well in 48-well microplates 24 h before the infection. CHIKV-nanoluc at a multiplicity of  infection56 of 
0.1 and the tested isolated compound or extract were simultaneously added to the cells. �e cells were harvested 
in Renilla luciferase lysis bu�er (Promega) 16 h post-infection (h.p.i.), and virus replication was quanti�ed by 
measuring nanoluciferase activity with the Renilla luciferase Assay System (Promega). �e CHIKV replication 
rates were calculated according to the equation (T/C) × 100%, where T and C represent the optical density of the 
treated well and control groups, respectively. DMSO 0.1% was used as untreated control.

Caenorhabditis elegans Toxicity evaluation was performed for the most prom-
ising BRP samples in the CIM, using the in vivo model of C. elegans, according to Andrade et al.57 and Singulani 
et al.58. �e C. elegans AU37 mutant strain was cultivated in Nematode Growth Medium (NGM) plates seeded 
with Escherichia coli OP50 and incubated at 16 °C for 72 h. A�er incubation, the NGM plates containing larvae 
and eggs were washed with M9 bu�er, and the supernatant was placed in 15-mL conical tubes. A bleaching solu-
tion (hypochlorite + NaOH) was further added, to kill the adult larvae. �e eggs were placed in NGM plates and 
incubated again at 15 °C for 24 h. Later, the NGM plates containing the larvae at the L1/L2 stages were washed 
with M9 bu�er, and the supernatant was transferred to NGM plates seeded with E. coli OP50 and incubated at 
16 °C for 24 h. A�er synchronization, 20 µL of the NGM plate contents containing from 10 to 20 L4 stage larvae 
was added to each well of a 96-well �at-bottomed microplate and incubated at 16 °C for 72 h. �e BRP crude 
hydroalcoholic extract was evaluated from 750 to 6000 μg/mL, and the isolated compounds oblongifolin B and 
guttiferone E were evaluated from 5.85 to 1500 μg/mL. DMSO was used as solvent (�nal concentration ≤ 1%).

Larvae were counted every 24 h for three consecutive days under an inverted microscope. Larvae with 
movement were considered alive and static even a�er touching they were considered dead. For each sample, the 
lowest concentration that was able to kill 50% of the larvae, called Lethal Concentration  (LC50), was determined 
according to time.

Individual experiments were performed in triplicate, and all the assays were per-
formed a minimum of three times to con�rm the reproducibility of the results. Di�erences between the means 
of the readings were compared by analysis of variance (one-way or two-way ANOVA) or Student’s t-test con-
ducted with the so�ware Graph Pad Prism 8.0 (Graph Pad So�ware). �e p values ≤ than 0.05 were considered 
statistically signi�cant.

All data generated or analysed during this study are included in this published article (and its Supplementary 
Information �les).
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Abstract 

Infectious diseases continue to be an important cause of thousands of deaths annually 

around the world. Therefore, this study aimed to evaluate the antimicrobial and 

antiparasitic activity of the crude hydroalcoholic extract and compounds isolated from 

Brazilian Red Propolis (BRP) against oral pathogens and Toxoplasma gondii, using in 

vitro, in vivo and in silico approaches. Antimicrobial activity was determined using the 

broth dilution method and synergistic activity using the checkerboard assay. Antibiofilm 

activity was evaluated by staining with 2% crystal violet and counting microorganisms. In 

vivo infection was carried out in Caenorhabditis elegans AU37 larvae and in silico 

analysis was performed using molecular docking. The effect on growth modulation of T. 

gondii were evaluate through a β-galactosidase colorimetric assay. Minimum Inhibitory 

Concentration values ranged from 3.12 to 400 µg/mL. Biofilm Minimum Inhibitory 

Concentration (MICB50) values ranged from 6.25 to 375 µg/mL, with a significant 

reduction in the number of viable cells. Furthermore, Gutiferone E and the crude extract 

reduced cell aggregation and caused damage to the biofilm cell wall. The highest 

concentrations of the crude extract and Gutiferone E increased the survival and reduced the 

risk of death of infected and treated larvae. Gutiferone E and Oblongifolin B inhibited the 

intracellular proliferation of T. gondii and demonstrated several targets of action against 

bacteria and T. gondii in silico analysis. These data demonstrate that BRP has 

antimicrobial and antiparasitic activity against pathogens of clinical relevance, and can be 

used in the future as phytomedicines. 

 

Keywords: Antimicrobial activity, antiparasitic activity, C. elegans, Brazilian Red 

Propolis 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

Infectious diseases continue to be an important cause of thousands of deaths annually 

around the world. It is estimated that approximately 700.000 people die annually from 

these diseases, which could increase to ten million by 2050 [1]. In addition to posing a 

serious threat to human health, these infections also represent an economic burden on 

public health. [2]. Several bacterial infections still require interventions that are actually 

effective, such as endodontic infections. These infections are caused by a variety of 

microorganisms that infect dental pulp tissue and initiate a process of inflammation and 

necrosis and take advantage of this environmental condition to establish themselves. 

Although endodontic infections are caused by a wide variety of anaerobic bacteria, aerobic 

bacteria are also significantly important for the development of the infectious process, such 

as Enterococcus faecalis [3], Streptococcus spp., Lactobacillus paracasei, Staphylococcus 

aureus, among others and these bacteria may persist in the root canal even after endodontic 

treatment [4]. Yeasts such as Candida albicans and C. glabrata can also be found in this 

type of pathology, especially in immunocompromised individuals [5]. 

 The persistence of microorganisms in root canals even after endodontic treatment 

is associated with the ability of these pathogens to form biofilms, as this microbial 

community protects them against factors from the external environment and favors their 

adhesion in the dental canal [6]. Furthermore, in biofilms, microorganisms become 10 to 

1000 times more resistant to antimicrobials, increasing their persistence in the oral cavity, 

making the disinfection process difficult and reducing the chances of successful treatment 

[7, 8]. These pathogens can still spread to nearby tissues and cause systemic infections, 

which are often fatal [9]. 

Another infectious disease with high prevalence throughout the world, constituting 

a serious public health problem, is toxoplasmosis. Toxoplasmosis is a parasitic zoonosis 

caused by the intracellular parasite Toxoplasma gondii. It is estimated that one third of the 

global population is infected or has been exposed to this parasite, with a high prevalence in 

Africa, Southeast Asia, the Middle East, Central and Eastern Europe and Latin America 

[10, 11]. Unlike bacterial diseases, parasitic diseases such as toxoplasmosis are generally 

asymptomatic in immunocompetent individuals and rarely cause outbreaks, therefore being 

considered neglected diseases in the health sector [11]. In contrast, in 

immunocompromised patients, toxoplasmosis can cause systemic and fatal complications 

[12]. Furthermore, in pregnant women, this parasite can be transmitted to the fetus causing 

multisystem dysfunction, neural damage or fetal death [13].  



The excessive use of antibiotics and antiparasitics, associated with virulence factors 

of microorganisms, contributed to the increase in drug resistance and difficult-to-treat 

infections [14, 15]. Therefore, many unconventional treatments have been a good option 

for these pathologies, such as natural products, due to their high safety, low cost and 

diverse biological properties [16]. Brazilian Red Propolis (BRP) is a resinous mixture 

collected by Apis mellifera bees from the trunk of Dalbergia ecastophyllum trees. It can be 

collected in several countries such as Cuba and Venezuela, but due to bioactive molecules 

never before described in the literature and with different biological potentials, BRP has 

stood out among the others. It has antimicrobial, anti-inflammatory, antioxidant, 

antiproliferative activity, among others [17]. Due to the multipotentiality of the bioactive 

components that BRP contains, propolis can be used as a promising therapeutic alternative 

against various microorganisms that cause human infections [18]. 

Therefore, the objective of this study was to evaluate the antimicrobial, antibiofilm, 

and antiparasitic activity of the crude hydroalcoholic extract and substances isolated from 

BRP against oral pathogens and T. gondii using in vitro, in vivo and in silico approaches. 

 

2. Materials and methods  

 

2.1 Obtaining BRP samples 

BRP was collected in March 2019 at the Canavieiras Beekeepers Association 

(COAPER) in the state of Bahia, Brazil. The crude extract was extracted with 70% 

hydroalcoholic ethanol solution and partitioned with organic solvents in Oblongifolin B 

and Gutiferone E, as per district Aldana-Mejia, Ccana-Ccapatinta, Ribeiro, Arruda, 

Veneziani, Ambrosio and Bastos [19]. 

2.2 Bacterial and yeasts strains 

 The bacteria used in this study include Enterococcus faecalis (ATCC 4082), E. 

faecalis (clinical isolate), Streptococcus salivarius (ATCC 25975), S. salivarius (clinical 

isolate), Lactobacillus paracasei (ATCC 11578) and Staphylococcus aureus (clinical 

isolate). The yeasts used were Candida albicans (ATCC 28366) and C. glabrata (ATCC 

MYA-276). These microorganisms were obtained from the American Type Culture 

Collection (ATCC) and the clinical isolates were obtained from human endodontic 

infections from previous work carried out by our research group, and are cryopreserved at  



-80ºC in the Antimicrobial Testing Laboratory (LEA) at the Federal University of 

Uberlândia (UFU). 

 

2.3 Assessment of in vitro antimicrobial activity 

 

2.3.1 Determination of Minimum Inhibitory Concentration (MIC) 

The broth microdilution technique was used to determine the antibacterial activity 

of the crude extract and substances isolated from BRP, according to recommendations 

from the Clinical Laboratory Standards Institute (CLSI) [20], with modifications as 

described below. The crude extract and isolated substances were solubilized in 5% of 

dimethyl sulfoxide – DMSO (Sigma-Aldrich, San Luis, Missouri, USA) and diluted in 

Brain Heart Infusion broth - BHI (Kasvi, Pinhais, Paraná, Brazil). The samples were then 

pipetted into wells of 96-well microplates and diluted again to reach a concentration range 

that varied from 0.195 to 400 µg/mL. The inoculum was standardized to the McFarland 0.5 

scale checked in densitometer (Biomérieux, Marcy-l'Étoile, Lyon, France) and diluted to a 

bacterial concentration of 5 x 105 CFU/mL in the wells. The plates were then incubated at 

37ºC for 24h. Then, 30 μL of resazurin (Sigma-Aldrich) at a concentration of 0.02% was 

added to the wells for test interpretation. Rezasurin is a reducing oxide that, in the presence 

of living metabolites, changes its original color (blue) to pink, indicating bacterial growth 

[21]. Sterility controls were carried out on the culture medium and BRP samples evaluated, 

5% DMSO (the solvent did not interfere with bacterial growth at this concentration) and 

cell viability of the microorganisms. Chlorhexidine (Sigma-Aldrich) was used as a positive 

control at a concentration of 0.115 to 59.0 µg/mL against all bacteria included in the study. 

The tests were carried out in triplicate. 

 The MIC of the crude extract and substances isolated from BRP against yeast was 

determined following CLSI recommendations, with modifications as described below [22]. 

The BRP samples were diluted in Roswell Park Memorial Institute (RPMI) 1640 medium 

buffered with MOPS - [N-morpholino] propane sulfonic acid- (Sigma-Aldrich) and were 

evaluated at a concentration of 1.46 to 3000 µg/mL. Yeast-containing cell suspensions 

were prepared in the final concentration of 0.5 × 103 to 2.5 × 103 CFU/mL. The plates were 

then incubated at 37ºC for 24h After incubation, 30 µL of 0.01% rezasurin was added to 

each well. The plate was then reincubated for 4 hours. The antifungal Amphotericin B 

(Sigma-Aldrich) was used as a test quality control at concentrations of 0.031 to 16 µg/mL 



against C. krusei (ATCC 6258) and C. parapsilosis (ATCC 22019). The tests were 

performed independently in triplicate. 

 

2.3.2 Determination of Minimum Bactericidal Concentration (MBC) and Minimum 

Fungicide Concentration (MFC) 

 To evaluate whether propolis samples only inhibit microbial growth or completely 

eliminate the microorganism, before adding rezasurin to the MIC plates, 10 µL from each 

well was aspirated and plated on BHI agar for bacteria (Kasvi) and Sabourad agar ( Kasvi) 

for yeasts. After incubation for 24h at 37ºC, MBC and MFC were defined as the lowest 

concentration of propolis that killed > 99.9% of the initial microbial population, where no 

visible growth of the microorganism was observed after subculture on the plates [23, 24]. 

 

2.3.3 Assessment of synergistic activity 

 The most promising samples in the MIC were selected for the evaluation of 

synergistic activity through the checkerboard assay, according to Iten, Saller, Abel and 

Reichling [25], with modifications. Propolis and chlorhexidine (Sigma-Aldrich) samples 

were combined in standard MIC format against 5 × 105 CFU/mL of bacterial inoculum of 

all bacteria included in the study. Amphotericin B (Sigma-Aldrich) was combined with 

propolis samples in the standard MIC format against 0.5 × 103  to 2.5 × 103 CFU/mL of the 

yeast inoculum. To evaluate synergism, the Fractional Inhibitory Concentration Index 

(FICI) values were calculated as follows:   

 

FICI= 1+ 2 

(1)   MIC value of the propolis sample alone/ combined MIC value 

               (2)         MIC value of the antimicrobial alone/ combined MIC value 

 

The interpretation was made according to Iten, Saller, Abel and Reichling [25] this way: 

FICI ≤ 0.5 synergism; >0.5 FICI <1.0 additive; ≥1.0 FICI ≤4.0 indifferent and FICI ≥4,0 

antagonism. The assays were performed in triplicate. 

 

 

 

 

 



2.4 Assessment of antibiofilm activity 

 

2.4.1 Determination of Biofilm Minimum Inhibitory Concentration (MICB50) and 

counting of viable microorganisms 

 Prior to the antibiofilm activity tests, biofilm formation was standardized for all 

bacteria and yeasts evaluated in this study, to confirm whether these microorganisms were 

biofilm producers, what the inoculum concentration was and the ideal and incubation time 

for biofilm formation. For this, the microorganisms were incubated at a concentration of 

106 to 109 cells/mL in 96-well plates with only broth for 24, 48 and 72h at 37ºC. Biofilm 

formation was considered as absorbance in the spectrophotometer greater than or equal to 

1. After standardization tests, it was determined that the ideal incubation time was 24h at 

37ºC, both for bacteria and yeasts. The inoculum of 1x106 CFU/mL was determined to be 

the most suitable for bacteria and 1x108 CFU/mL for yeasts (data not shown). 

The most promising samples in MIC were selected to evaluate their ability to 

inhibit the biomass and reduce number of viable biofilm cells. To evaluate biomass 

inhibition, the bacteria were serially diluted in a 96-well microplate to be evaluated at a 

concentration of 0.195 to 400 µg/mL. The 1x106 inoculum of each bacteria evaluated was 

pipetted into each well and the plates were incubated for 24h at 37ºC. The wells were then 

washed with sterilized distilled water, fixed with methanol (Êxodo Cientifica, Sumaré, São 

Paulo, Brazil) and stained with 2% crystal violet (Sigma-Aldrich) [26]. The wells were 

then washed again to remove excess dye and solubilized with 33% acetic acid (Êxodo 

Cientifíca). Biomass quantification was performed by reading the absorbance of each well 

at 595 nm on the SpectraMax microplate reader (Termo Fisher, Waltham, Massachusetts, 

USA). The biofilm formed by each microorganism evaluated without treatment was 

considered as control. Chlorhexidine (Sigma-Aldrich) was used as a positive control at a 

concentration of 0.115 to 59.0 µg/mL against all bacteria included in the study. Tests were 

performed in triplicate. 

The quantification of biomass against yeasts was carried out according to Marcos-

Zambrano, Escribano, Bouza and Guinea [27]. For this, the wells were washed, fixed with 

methanol and stained with 1% crystal violet. Reading was performed at 590 nm on the 

SpectraMax microplate reader (Termo Fisher). The biofilm formed by each microorganism 

evaluated without treatment was considered as control. Amphotericin B (Sigma-Aldrich 

was evaluated against the yeasts tested at a concentration of 0.031 to 16 µg/mL, being 

considered as positive control.  



The Minimum Inhibitory Concentration of Biofilm (MICB50) assay is defined as 

the lowest concentration of the microbial agent that can inhibit biofilm formation by at 

least 50%, and was determined for both bacteria and yeast, according to the equation below 

[28]: 

 Inhibition = 1 −  (Absorbance (595 or 590 nm) of the sample treated well)Absorbance (595 or 590 nm) of the untreated control well  ×  100 

 

 Furthermore, the cellular viability of bacterial and yeast biofilms was assessed by 

counting microorganisms. In another 96-well microplate, the samples were diluted and the 

inoculum was prepared in the same way as described above. After incubation, the 

supernatant was withdrawn, and the planktonic cells were removed by washing the wells 

with ultrapure distilled water. RPMI broth (Sigma-Aldrich) for yeast and BHI broth 

(Kasvi) for bacteria were added to the wells and the biofilm was detached from the bottom 

of the well after 15 minutes in an ultrasound machine (Solidsteel, Piracicaba, São Paulo, 

Brazil). Each well was then serially diluted from 100 to 10-7 and 50 µL of each dilution was 

pipetted onto plates containing BHI agar (Kasvi) for bacteria and Sabourad agar (Kasvi) 

for yeast, cut as described by Harrison, Turner and Ceri [29] and incubated for 24 hours at 

37ºC. After incubation, the number of microorganisms was counted and the results were 

expressed as Log10 CFU/mL. The biofilm formed by each microorganism evaluated 

without treatment was considered as control. Chlorhexidine (Sigma-Aldrich) was used as a 

positive control at a concentration of 0.115 to 59.0 µg/mL against all bacteria included in 

the study and Amphotericin B (Sigma-Aldrich) was evaluated against the yeasts at a 

concentration of 0.031 to 16 µg/mL. The assays were performed in triplicate. 

 

2.4.2 Assessment of live and dead biofilm cells through Propidium Iodide (PI) and 

4',6'-diamino-2-fenil-indol (DAPI) staning 

 To obtain images of the cell viability of the biofilm treated with the most promising 

BRP samples, the wells were stained with DAPI (Termo Fisher) and PI (Sigma-Aldrich) as 

described by Williams, Hong, Danavall, Howard-Jones, Gibson, Frischer and Verity [30] 

with modifications. The yeasts were incubated at a concentration of 1x108 CFU/mL and 

the bacteria at a concentration of 1x106 CFU/mL together with the most promising propolis 

samples at the concentration determined as MICB50 and stained with 30 µL of DAPI 

(1µg/mL) for 10 minutes under shaking in the dark and 30 µL of PI (10 µg/mL) for 30 



minutes without shaking. After incubation, the dyes were removed and the wells were 

washed with Phosphate-buffered saline (PBS). Untreated biofilm was used as a control. 

Images were obtained using an EVOS M5000 Imaging System Microscope (Termo Fisher) 

fluorescence electron microscope. 

 

2.4.3 Scanning Electron Microscopy (SEM) 

 To evaluate the changes that most promising BRP samples cause in the morphology 

of bacterial and yeast cells, the biofilms were analyzed using images obtained by SEM, as 

already described by Melo, Mendonca, Monteiro, Siqueira, Pereira, Peres, Fernandez and 

Rossi [31], with modifications. The assay was conducted in 24-well plates and bacterial 

and yeast inoculum at concentrations of 1x106 CFU/mL and 1x108 CFU/mL, respectively, 

were pipetted into each well containing sterile PVC discs measuring 10 mm in diameter, 

along with the most promising propolis samples at MIC concentration of each 

microorganism. After 24 hours of incubation at 37ºC, the discs were fixed in a solution of 

glutaraldehyde (Sigma-Aldrich) (2.5%) and paraformaldehyde (Sigma-Aldrich) (2%) in 

0.15M sodium cacodylate buffer (pH 7.0) for two hours. Then, the discs were post-fixed in 

1% osmium tetroxide solution (Sigma-Aldrich) for 2 hours and dehydrated in ethanol at 

the following concentrations: 30%, 50%, 70%, 90% and 100% at intervals of 20 minutes 

each. Subsequently, the discs were subjected to critical point drying (SPC), coated with 

gold (20-nm thickness) and analyzed using a Tescan scanning electron microscope, model 

VEGA 3 LMU at magnifications of 50x, 800x, 10,000x and 40,000x. 

 

2.5 Assessment of in vivo antimicrobial activity 

 In vivo assays were performed using the mutant strain of Caenorhabditis elegans 

AU37 according to Moy, Conery, Larkins-Ford, Wu, Mazitschek, Casadei, Lewis, 

Carpenter and Ausubel [32] and Singulani, Scorzoni, Gomes, Nazare, Polaquini, Regasini, 

Fusco-Almeida and Mendes-Giannini [33] with modifications. C. elegans AU37 was 

grown on Nematode Growth Medium (NGM) plates seeded with Escherichia coli OP50 

and incubated at 16ºC for three days. After incubation, the plates were washed with M9 

buffer and the larvae were killed with the bleaching solution (sodium hypochlorite + 

NaOH) to synchronize the larvae at the L4 stage. After synchronization, larvae in the L4 

phase were placed on BHI agar plates (Kasvi) containing the evaluated bacteria and on 

Sabourad plates (Kasvi) containing the evaluated yeasts. The plates were then incubated 

for 12 hours at 20ºC under aerobic conditions, except for the plate containing larvae 



infected with the bacteria L. paracasei (ATCC 11578), placed under microaerophilic 

conditions. After incubation, the larvae were washed with M9 buffer and placed in falcon 

tubes to be centrifuged in order to remove bacteria that may be attached to the worm's 

body. Subsequently, 20 µL of the larval suspension (with approximately 20 larvae) was 

added to each well of a 96-well flat-bottom microplate, along with 80 µL of BHI medium 

and 200 mg/mL of streptomycin (Sigma-Aldrich), 200 mg/mL of ampicillin ( Sigma-

Aldrich) and 90 μg/mL kanamycin (Sigma-Aldrich) and 100 µL of propolis samples at 

concentrations of 400 g/mL and MIC value (concentrations that are not toxic to worms as 

already demonstrated in previous studies by our group research [32]) and incubated for 

four days at 25ºC. The number of living and dead cells were counted daily. Infected and 

untreated larvae were used as controls. As a positive control, larvae infected with the 

evaluated bacteria were treated with chlorhexidine (Sigma-Aldrich) at the MIC value. For 

larvae infected with yeast, treatment with amphotericin B (Sigma-Aldrich) at a 

concentration of 1 µg/mL was used as a positive control. The assays were performed in 

duplicate. 

 

2.6 In silico analysis of the antibacterial activity 

In order to gain insights into the antibacterial activity of Guttiferone E, we 

performed molecular docking simulations against bacterial targets. The targets 

(Supplementary Table A1) were obtained from AlphaFold-DB [34] and Protein Data 

Bank [35]  retrieved from UniProt (The UniProt Consortium, 2023). The structure of 

Guttiferone E was obtained from PubChem [36] under accession code 5352088. The 

molecular docking simulations were performed using DockThor v.2 [37], a program that 

employs a multiple solution genetic algorithm and the MMFF94S molecular force field 

scoring function for pose prediction. The affinity and ranking of protein-ligand binding 

complexes takes into account intermolecular and intramolecular interactions, such as 

electrostatic, van der Waals, lipophilic contacts, polar and non-polar solvation 

contributions, and the ligand torsional entropy [37]. The default parameters of the search 

algorithm were 24 docking runs and 1,000,000 evaluations on each docking run, and a grid 

box of 20 A was defined for atom selection from the binding sites obtained from UniProt 

and PDB annotations. The docking poses were clustered using a diversity criterion of 2.0 A 

and ranked by the total energy from the MMFF94S force field. The docking results were 

visualized using the Python (https://www.python.org/) packages matplotlib [38] and 



pandas [39]. The protein-ligand interactions were analyzed in Discovery Studio Visualizer 

v. 21.1.0 (BIOVIA, Dassault Systèmes). 

2.7 Assessment of anti-Toxoplasma gondii activity 

 

2.7.1 Cell culture and parasite  

Human trophoblast cells (BeWo lineage) were commercially purchased from the 

American Type Culture Collection (CCL-98™, ATCC, Manassas, VA, USA) and 

maintained in Roswell Park Memorial Institute (RPMI)-1640 medium (Cultilab, Campinas, 

SP, Brazil) supplemented with 100 U/mL penicillin (Sigma Chemical Co., St. Louis, MO, 

USA), 100 μg/mL streptomycin (Sigma) and 10% heat-inactivated fetal bovine serum 

(FBS) (Cultilab) in a humidified incubator at 37 °C and 5% CO2 [40].  

Toxoplasma gondii tachyzoites (highly virulent RH strain, 2F1 clone) expressing 

the β-galactosidase gene were cultivated by serial passages in BeWo cells cultured in 

RPMI 1640 medium supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin 

and 2% FBS at 37 °C and 5% CO2 [41]. 

 

2.7.2 Host cell viability  

We evaluated the host cell viability in the presence of the Gutiferone E and 

Oblongifolin B to establish the non-toxic concentration of each compound. The viability of 

BeWo cells was assessed by MTT assay Sigma-Aldrich) [(3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltertrazolin bromide)] [42]. In brief, BeWo cells (3 × 104/200 L/well) were 

seeded in 96-well microplates in 10% FBS medium at 37 °C and 5% CO2. After adhesion, 

both compounds ranging from 256 to 4 μg/mL (twofold serial dilutions) diluted in 10% 

FBS medium were added to the microplate for 24 h. We also treated the cells with 1.2 % 

DMSO, which is the percentage used at the highest concentration of the compounds (256 

μg/mL). Cells incubated with culture medium alone was considered to be 100% viable. 

Next, cells were submitted to MTT reagent (5 mg/mL, 10 μL) plus 90 μL of supplemented 

medium for 3 h at 37 °C and 5% CO2, followed by addition of 100 μL of 10% sodium 

dodecyl sulfate (SDS, Sigma) and 50% N,N-dimethyl formamide (Sigma-Aldrich). The 

MTT reduction was measured at 570 nm with a multi-well scanning spectrophotometer 

(VersaMax ELISA Microplate Reader, Molecular Devices, Sunnyvale, CA, USA). We 

showed cell viability in percentages (cell viability %), with the absorbance of cells 

incubated only with culture medium considered to be 100% viable. 

 



 

 

2.7.3 T. gondii intracellular proliferation by -galactosidase assay 

We screened different concentrations of Gutiferone E and Oblongifolin B to 

evaluate their effect on growth modulation of T. gondii through a β-galactosidase 

colorimetric assay. Briefly, BeWo cells (3 × 104/200 L/well) were seeded in 96-well 

microplates in 10% FBS medium at 37 °C and 5% CO2. After 18 h, cells were infected 

with T. gondii tachyzoites at a multiplicity of infection (MOI) of 3:1 (parasite/host cell 

ratio) for 3 h in 2% FBS medium. Afterward, cells were washed with 1× sterile phosphate-

buffered saline (1× PBS) to remove non-invaded parasites and then treated with a twofold 

serial dilution of Gutiferone E and Oblongifolin B (ranging from 256 to 4 μg/mL) for 24 h 

at 37 ºC and 5% CO2. In addition, BeWo cells were treated with association of sulfadiazine 

plus pyrimethamine (SDZ+PYR, 200 + 8 μg/mL, respectively), which are effective and 

safe concentrations for BeWo cells and considered the gold standard drugs for the 

treatment of congenital toxoplasmosis [43]. As negative control, infected cells were treated 

with 10% FBS medium. Parasite intracellular proliferation was analyzed using β-

galactosidase assay using the chlorophenol red-β-D-galactopyranoside reagent substrate 

(CPRG; Roche Diagnostics, Mannheim, Germany), as previously described [43]. We 

quantified T. gondii intracellular proliferation in percentage (% of T. gondii proliferation) 

and calculated the number of tachyzoites in comparison to a standard curve of free 

tachyzoites (ranging from 1 × 106 to 15.625 × 103 parasites). Infected BeWo cells treated 

with only culture medium (negative control) represented non-inhibited parasite growth. 

Dose-response inhibition curves (Log (inhibitor) vs. normalized response—Variable slope) 

were calculated as previously published. The selectivity index (SI) was determined based 

on the CC50 BeWo cells/IC50 T. gondii ratio [44] 

 

2.7.4 In silico analysis of anti-T. gondii activity 

To gain insights into the anti-T. gondii effects of Guttiferone E and Oblongifolin B 

isolated from BRP, we performed molecular docking simulations against the parasite 

targets. The targets (Supplementary Table A1) were obtained from PDB (Berman et al., 

2000) and the structure of Oblongifolin B was collected from PubChem [36] under 

accession code 11570735. The molecular docking simulations and analysis were 

performed as described in the previous section (2.6). 

 



2.7.5 Statistical analysis 

Statistical analyses of biofilm were carried out using GraphPad Prism 5 (GraphPad 

Software Inc., CA, USA). Survival curves of in vivo assay were made using the Kaplan–

Meier method. The cox regression model, also known as the proportional hazards model, 

was used to investigate the effect of the treatment on the outcome of death. The analysis of 

the Cox coefficients was based on the Wald statistics, and its p-value was analyzed. The 

treatment was considered relevant to the model if the Wald p-value was below the alpha 

threshold (0.05). The exponential of the coefficients (Exp(B) was interpreted as the risk of 

larval death compared to the untreated infected larvae. This statistical method compared 

the survival distributions based on different treatments.  

 

3. Results 

3.1 Antimicrobial activity 

 

3.1.1 Determination of Minimum Inhibitory Concentration (MIC), Minimum 

Bactericidal Concentration (MBC) and Minimum Fungicide Concentration (MFC)

 All BRP samples evaluated demonstrated antimicrobial activity, as shown in Table 

1, with MIC values that ranged from 3.12 to 200 µg/mL against bacteria and 5.86 to 187.5 

µg/mL against yeast. The isolated substances demonstrated the lowest MIC values, with 

emphasis on Gutiferone E presenting the lowest values (MIC values from 3.12 to 6.25 

µg/mL for the bacteria). Regarding yeast, the crude extract demonstrated the best results, 

with MIC values from 5.86 to 46.8 µg/mL). Regarding MBC, the crude extract 

demonstrated bactericidal activity against E. faecalis (clinical isolate) and S. salivarius 

(ATCC 25975); Gutiferone E against S. salivarius (clinical isolate) and L. paracasei 

(ATCC 11578) and Oblongifolin B against S. salivarius (ATCC 29975), S. salivarius 

(clinical isolate) and L. paracasei (ATCC 11578). Regarding MFC values, Gutiferone E 

and Oblongifolin B demonstrated fungicidal activity against C. glabrata (ATCC MYA-

276). The MIC values of the controls ranged from 0.92 to 3.68 µg/mL against bacteria and 

0.25 to 2 µg/mL against yeast. Chlorhexidine demonstrated bactericidal activity against S. 

salivarius (ATCC 25975) and L. paracasei (ATCC 11578) and amphotericin B 

demonstrated fungicidal activity against the yeasts C. parapsilosis (ATCC 22019) and C. 

Krusei (ATCC 6258). 



 

3.1.2 Synergistic activity 

 Table 2 shows the results of the assay evaluating synergistic activity against the 

most promising BRP samples against the bacteria and yeasts included in the study. 

Gutiferone E and crude extract demonstrated indifferent activity combined to 

chlorhexidine and amphotericin B, respectively.   

 

3.2 Antibiofilm activity 

 Gutiferone E demonstrated antibiofilm activity against all bacteria evaluated, as 

shown in Fig. 1A-1F. MICB50 values ranged from 0.195 to 12.5 µg/mL, with the lowest 

value demonstrated against E. faecalis (ATCC 4082) (Fig 1B). Regarding cell viability, 

above MICB50, there was a significant reduction in the number of viable biofilm cells 

against all bacteria compared to the control. The crude extract demonstrated a reduction in 

biofilm and the number of viable cells of both C. albicans (ATCC 28366) and C. glabrata 

(ATCC MYA-646), with MICB50 values of 93.75 µg/mL and 375 µg/mL, respectively 

(Fig. 1G and 1H, respectively). In relation to controls, MICB50 values ranged from 0.92 to 

3.68 µg/mL against bacteria, reducing the number of viable cells significantly (Fig. 2A-

2F). MICB50 values against yeast ranged from 0.0625 to 0.125 µg/mL, with a significant 

reduction in the number of viable cells (Fig. 2G-2H). 

 

3.2.1 Propolis samples act on the integrity of the cell membrane of oral bacteria and 

fragment yeast DNA 

 The results of inhibition of biofilm formation and reduction in the number of viable 

biofilm cells can be visualized in fluorescence microscopy images after the use of cell 

viability marker fluorescent dyes (DAPI and PI). Fig. 3 shows the control (untreated 

biofilm) and the biofilm treated at the concentration determined as MICB50, both stained 

with DAPI and PI of each microorganism evaluated. It is possible to observe that the 

treated biofilm has more dead cells (stained in red) than live cells (stained in blue) 

compared to the control, validating the cell viability tests previously carried out by 

counting microorganisms. Furthermore, the cells marked in red by the PI dye suggest that 

propolis acts on the cell membrane of these microorganisms, as these dye can only cross 

compromised membranes, staining the DNA or RNA inside dead cells or cells with 

damaged membranes. DAPI staining, in addition to staining viable cells, is also capable of 

binding to adenine and thymine in the smaller area of the DNA, making it possible to 



visualize possible morphological changes in this structure. This change was observed in 

viable cells present in the C. albicans biofilm (ATCC 28366) after treatment with the crude 

extract at MICB50 concentration, as shown in Fig. 3Q and 3R. After treatment, there was a 

fragmentation of the cell nucleus, as indicated by the red arrow in Fig. 3R. 

 

3.2.2 Scanning Electron Microscopy (SEM) 

  To visualize possible morphological changes in the cells of the biofilm formed by 

the pathogens included in the study after treatment with the BRP samples, SEM images 

were analyzed and are shown in Fig. 4. There was a notable decrease in the biomass of all 

biofilms treated with the propolis samples compared to the control. In Fig. 4A it is possible 

to notice that the untreated biofilm of E. faecalis (ATCC 4082) had an extensive biomass 

represented by the formation of several bacterial plaques, with a large production of 

extracellular matrix, which favors this adhesion. After treatment with Gutiferone E, there 

was a significant decrease in biomass and low cell aggregation. In Fig. 4B, there was a 

decrease in the biomass of the biofilm formed by E. faecalis (clinical isolate) after 

treatment with Gutiferone E, and in addition it is possible to observe that the bacterial cells 

changed shape, acquiring an irregular morphology compared to the control. 

 

3.3. Oral pathogen infection in an animal model 

 Fig 5 shows the Kaplan-meier curve with survival curve of larvae infected with the 

oral pathogens included in the study treated with different concentrations of the most 

promising propolis samples. Larvae infected with the bacteria and yeasts evaluated in the 

study were treated with 400 µg/mL of Gutiferone E (against the bacteria) and the crude 

extract (against the yeasts) and at the concentration determined as the MIC. Tables A2 and 

A3 in the Supplementary material present pairwise comparisons of infected and treated 

larvae compared to the control (infected and untreated larvae). The larvae infected with E. 

faecalis (ATCC 4082) and treated with 400 µg/mL of Gutiferone E demonstrate greater 

survival when compared to the untreated control (p=0.044). For larvae infected with E. 

faecalis (clinical isolate), both the highest concentration evaluated (400 µg/mL) and the 

MIC value (6.25 µg/mL) of Gutiferone E demonstrated an effect on increasing the survival 

of larvae with compared to the untreated control (p=0.000). Only the concentration of 400 

µg/mL of Gutiferone E demonstrated a protective effect against L. paracasei (ATCC 

11578) compared to larvae infected with this bacterium and not treated (p=0.044). Both the 

highest evaluated concentration of Gutiferone E and the MIC value (3.12 µg/mL) were 



capable of exerting a protective effect on larvae infected with S. aureus (clinical isolate) 

(p= 0.012). The same happened with larvae infected with C. albicans compared to the 

untreated control (p=0.004). Table A4 shows the results of the Cox regression that 

evaluated the effect of treatments on the risk of death of larvae. The concentration of 400 

µg/mL of Gutiferone E reduced the risk of death in larvae infected with E. faecalis (ATCC 

4082), E. faecalis (clinical isolate), S. aureus (clinical isolate), L. paracasei (ATCC 

11578), C. albicans (ATCC 28366) and C. glabrata (ATCC MYA-276) with reduction 

rates that ranged from 36% to 64%, with the greatest reduction in the risk of death 

demonstrated against larvae infected with E. faecalis (ATCC 4082). MIC values reduced 

the risk of death by up to 46%, with the highest rate of reduction observed in larvae 

infected with E. faecalis (clinical isolate). 

 

3.4 Molecular docking of Guttiferone E upon bacterial targets 

 The molecular docking results pointed out that Guttiferone E presented the best 

binding to S. aureus teichoic acid glycosyltransferase (tarP) and L. paracasei ribonuclease 

(rnz) (Fig. 6A), and S. salivarius urease accessory protein (ureG) and E. faecalis 

mevalonate diphosphate decarboxylase (mvaD) (Fig. 7A). Upon binding of S. aureus tarP, 

Guttiferone E forms hydrogen-bonds with Asp92 and Asp94, and hydrophobic interactions 

with Pro9, Thr10, Phe11, Asn13, Asp41, Gly70, Asn71, Ala72, Pro75, Arg76, Ser93, 

Asp95, Leu154, Asp178, Val203 and Asn205 (Fig. 6B). In parallel, Guttiferone E forms 

hydrogen-bonds with Gly11, Glu40 and Asp67, and hydrophobic interactions with Ser12, 

Pro13, Leu64, His65, Gly66, Ile69, Phe70, Arg142 and His248 with L. paracasei rnz (Fig. 

6C). Also, Guttiferone binds S. salivarus ureG and interacts with Asp46 and Lys150 

through hydrogen-bonds, and Leu20 and Ala127 through hydrophobic interactions (Fig. 

7B). Lastly, Guttiferone forms hydrogen-bonds with Lys68 and Lys72, and hydrophobic 

interactions Phe58, Leu60, Ser107, Ala105 and Leu111 of E. faecalis mvaD (Fig. 7C). 

 

3.5. Antiparasitic activity 

 

3.5.1 Gutiferone E and Oblongifolin B treatments promoted loss of cell viability  

 To determine the half-maximal cytotoxic concentration (CC50) of Gutiferone E and 

Oblongifolin B, BeWo cells were treated using twofold serial dilutions (ranging from 256 

to 4 μg/mL) for 24 h. Our data demonstrated that all tested concentrations of Gutiferone E 

reduced cell viability compared to untreated BeWo cells (Fig. 8A; p< 0.0001). In contrast, 



Oblongifolin B promoted loss of cell viability only at higher dosages (256, 128, 64 μg/mL; 

p< 0.0001) (Fig. 8B), when compared to control group (untreated cells). As control group, 

BeWo cells treated with 1.2% DMSO did not present loss of cell viability (Fig. 8A-B). As 

demonstrated in Table 3, the CC50 against BeWo cells was 14.10 μg/mL ± 0.635 for 

Gutiferone E, while Oblongifolin B demonstrated a CC50 of 54.08 μg/mL ± 1.625.  

 

3.5.2 Gutiferone E and Oblongifolin B strongly reduced T. gondii intracellular 

proliferation in BeWo cells 

To assess the half-maximal inhibitory concentration (IC50) of Gutiferone E and 

Oblongifolin B, T. gondii-infected BeWo cells were treated using twofold serial dilutions 

(ranging from 256 to 4 μg/mL) for 24 h. Intracellular parasite growth (T. gondii 

proliferation %) was measured by the β-galactosidase activity. Both compounds in all 

tested concentrations strongly inhibited parasite proliferation in comparison with the 

infected/untreated cells (p< 0.0001; Fig. 8C-D). As expected, SDZ+PYR treatment 

significantly controlled parasite growth compared to the control group (p< 0.0001; Fig. 

8C-D). Interestingly, both Gutiferone E and Oblongifolin B at higher dosages (256, 128 

and 64 μg/mL) demonstrated to be more effective to inhibit parasite proliferation than the 

classical treatment (P< 0.0001; Fig. 8C-D). As reported in Table 3, the IC50 against T. 

gondii in infected BeWo cells was 0.27 μg/mL ± 0.17 for Gutiferone E, while Oblongifolin 

B demonstrated a IC50 of 2.03 μg/mL ± 0.21. Based on the CC50 BeWo cells/IC50 T. gondii 

ratio, Gutiferone E and Oblongifolin B had a selectivity index (SI) of 52.22 and 26.64, 

respectively.  

 

3.5.3 In silico analysis of anti-T. gondii activity 

The molecular docking simulations showed that Guttiferone E and Oblongifolin B 

exhibited the best binding to T. gondii uracil phosphoribosyltransferase (uprt) and prolyl 

tRNA synthetase (prs), respectively (Fig. 9A). Upon T. gondii uprt, Guttiferone E forms 

hydrogen-bonds with Arg117 and Asp215, and hydrophobic interactions with Val91, 

Arg92, Ala93, Ile115, Gln116, Ala122, Asp144, Pro145, Met146, Ala148, Thr149, Ser152, 

Arg206, Tyr207, Tyr208, Phe216, Gly217, Asp218 (Fig. 9B). In parallel, Oblongifolin B 

interacts with T. gondii prs Glu79 and Arg131 through hydrogen-bonds, and Pro78, 

Glu133, Arg142, Phe146, Trp148, Lys189, Glu193, Lys194, Phe195, Ala196, Gln216, 

Ala217, Ala218, Thr219, His221, Gly251, Cys252, Thr253, Arg255 and Lys455 (Fig. 9C). 

 



4. Discussion 

 BRP is the second most commercialized type of propolis in Brazil and has a wide 

range of chemical constituents such as chalcones, flavonoids, isoflavones, isoflavans, 

pterocarpanes and isoflavans. From its crude extract, various substances can be isolated 

such as vestitol, neovestitol, Oblongifolin B, Gutiferone E, medicarpine, among others. 

[45]. In the present study, two isolated substances were selected to carry out the tests due 

to the promising results of Gutiferone E and Oblongifolin B against other pathogens that 

cause oral infections, demonstrated in previous studies by our research group. [46]. 

According to Rios and Recio [47], the antimicrobial activity of a natural product is 

considered promising when the MIC value is <100 µg/mL for crude extract and < 10 

µg/mL for isolated substances. According to this criterion, in the present study, Gutiferone 

E demonstrated promising results against all bacteria evaluated and the crude extract 

demonstrated promising antifungal activity against the yeasts evaluated. Several chemical 

constituents present in the crude extract of BRP have already been reported as potential 

antifungals, such as terpenes, isofavonoids and pterocarpanes [48, 49]. Studies demonstrate 

that the substances isosativan and medicarpine have good antifungal activity [50]. 

Furthermore, the synergy of action between all the compounds present in the crude extract 

may explain the good antifungal activity exerted in this study. Gutiferone E is derived from 

benzophenones, a class known for its antibacterial activity, already demonstrated against S. 

aureus 209 (obtained from the Bulgarian Type Culture Collection, Institute for State Drug 

Control, Sofia) and other bacteria [49]. According to Conceicao, Beserra, Aldana Mejia, 

Caldas, Tanimoto, Luzenti, Gaspari, Evans, Bastos and Pellizzon [51], Gutiferone's action 

is greater on Gram-positive bacteria than Gram-negative bacteria, which may be the reason 

for the good antibacterial activity reported in the present study. 

  Some authors have already demonstrated the antibacterial activity of mouthwashes 

based on crude ethanolic extract of BRP against S. salivarius (ATCC 7073) and L. 

paracasei (ATCC 393) and demonstrated MIC values of 238 and 476 mg/mL, respectively 

[52]. The present study demonstrated that Gutiferone E demonstrates lower MIC values 

and bactericidal activity against L. paracasei (ATCC 11578) and S. salivarius (ATCC 

25975), with MIC values of 3.12 and 6.25 g/mL, respectively. Mouthwash constantly 

undergoes changes in pH, which can degrade the organic acids present in BRP. 

Furthermore, the fluorine present in the mouthwash can chelate substances such as 

polyphenols, altering the antimicrobial activity of the product. More studies should be 



conducted regarding the best formulation of propolis-based rinses, so that their 

antibacterial activity is not compromised.  

 Other authors evaluated the antibacterial activity of the crude ethanolic extract of 

BRP against S. aureus (ATCC 6538) demonstrating MIC from 64 μg/mL to ≥1024 μg/mL 

µg/mL, with variations in values in different months of the year [53]. The result of the 

crude hydroalcoholic extract of BRP demonstrated in the present study of MIC against S. 

aureus (clinical isolate) was higher than that reported by these authors, as it was a wild 

isolate collected from a patient with endodontic infection. However, Gutiferone E 

demonstrated better results than the crude extract for this bacteria in the present study 

(MIC of 31.2 µg/mL). The evaluation of the antibacterial activity of Gutiferone E against 

bacteria that cause endodontic infections is scarce in the literature, requiring further 

studies. Sokolonski, Fonseca, Machado, Deegan, Araujo, Umsza-Guez, Meyer and Portela 

[54] evaluated the antifungal activity of the ethanolic extract of BRP against isolates of 

Candida spp. causing oral pathologies and obtained MIC values that ranged from 1 to 4 

mg/mL against C. albicans. In the present study, the hydroalcoholic extract demonstrated 

lower values compared to these authors, exerting fungicide activity against C. albicans 

(ATCC 28366).  

In the present study, it was also evaluated whether propolis samples in combination 

with antibiotics and antifungals commonly used in the treatment of endodontic infections 

would have a synergistic action against the pathogens evaluated. Gutiferone E and the 

crude extract demonstrated indifferent activity against all microorganisms evaluated in 

combination with chlorhexidine and amphotericin B, respectively, indicating that propolis 

does not interfere with the action of antimicrobials. More studies are needed to understand 

the mechanism of action of combined therapies.  

Endodontic infections can be treated to reduce the microbial load within the root 

canal system. However, biofilm formation impairs the disinfection process and contributes 

to a more persistent infection [7]. According to Er-Rahmani, Errabiti, Matencio, Trotta, 

Latrache, Koraichi and Elabed [55], The most promising natural products with antibiofilm 

activity are those that can disrupt or inhibit biofilm at low or sublethal concentrations. In 

the present study, the crude extract and Gutiferone E were able to inhibit biofilm formation 

by 50% or more and reduce the number of viable biofilm cells at concentrations equal to or 

lower than the MIC. The antibiofilm activity of Gutiferone E against E. faecalis deserves 

to be highlighted, as this bacterium is capable of surviving in the root canal even after 

endodontic treatment, withstanding pH variations, the presence of calcium hydroxide and 



resisting antibiotics, a characteristic strongly associated with its ability to form biofilm 

[56]. In a study developed by Parolia, Kumar, Ramamurthy, Madheswaran, Davamani, 

Pichika, Mak, Fawzy, Daood and Pau [57], propolis collected from Malaysia was coated 

with gold nanoparticles and its antibiofilm activity against E. faecalis (clinical isolate) was 

evaluated. According to these authors, the nanoparticles significantly reduced the number 

of CFU/mL of the biofilm, leaving a number of viable cells of up to 2.3 × 106 CFU/mL. In 

the present study, Gutiferone E was able to significantly reduce the number of viable cells, 

with a decrease of approximately four times compared to the control. Akca, Akca, Topcu, 

Macit, Pikdoken and Ozgen [58] evaluated the antibiofilm activity of the crude extract of a 

Turkish propolis against biofilms produced by S. aureus ATCC 25923), E. faecalis 

(ATCC 29212) and C. albicans (ATCC 10231) demonstrating MIC values against these 

microorganisms of 128, 64 and 64 µg/mL, respectively. In the present study, biofilm 

inhibition was evaluated based on the ability of the samples to inhibit biofilm by 50% or 

more, different from the methodology adopted by these authors, but the values 

demonstrated here are still lower (MICB50 of 12.5, 0.195 and 93.75 µg/ mL against S. 

aureus (clinical isolate), E. faecalis (ATCC 4082) and C. albicans ATCC 28366), 

respectively.   

 Biofilm cell viability assays play a crucial role in evaluating new agents with 

antibiofilm potential. The decrease in the number of viable cells after treatment with 

propolis samples can be visualized in fluorescence microscopy images using fluorescent 

dyes, as demonstrated in the present study. Propidium iodide is widely used for cell 

viability staining, staining cells with damaged or ruptured membranes, indicating cell death 

[59]. DAPI staining indicates live cells, as this dye can penetrate the cell membrane and 

bind to DNA.  Murugan, Subramaniyan, Priya, Ragavendran, Arasu, Al-Dhabi, Choi, Guru 

and Arockiaraj [60] evaluated the antibacterial activity of Withaferin A against S. aureus 

(ATCC 700699) through staining with PI and DAPI and demonstrated an increase in PI-

stained cells after treatment with Withaferin A compared to the control, which was also 

observed in the present study after treatment with propolis samples. The determination of 

biofilm cell viability should not be carried out exclusively by staining with fluorescent 

dyes such as PI, as it can emit underestimated signs of cell death, being considered 

complementary tests of microorganism count [59], as carried out in the present study. 

DAPI, in addition to playing an important role as an indicator of living cells, is also 

capable of binding to DNA, emitting fluorescence that is capable of detecting possible 

nuclear changes such as DNA fragmentation, which was observed in the nucleus of C. 



albicans cells (ATCC 28366) after treatment with the crude extract of BRP in the present 

study. Hao, Cheng, Clancy and Nguyen [61] evaluated the effects of caspofungin on C. 

albicans (SC5314) and also observed fragmentation in the cell nucleus of these yeasts after 

treatment, as well as changes in chromatin morphology. This nuclear fragmentation may 

indicate that the cell is in the process of apoptosis, which indicates that in addition to 

acting on the cell membrane as observed after staining with PI, propolis samples can also 

act by inducing apoptosis in yeast cells.  

In addition to visualizing the cell viability of biofilms, the present study 

demonstrated damage to the biofilm after treatment with propolis samples. In all biofilms, 

there was a decrease in biomass and cell aggregation. Furthermore, in the biofilm produced 

by E. faecalis (clinical isolate), after treatment with Gutiferone E, the morphology of the 

bacterial cells became irregular or possibly ruptured. According to Er-Rahmani, Errabiti, 

Matencio, Trotta, Latrache, Koraichi and Elabed [55], this change in morphology may be 

due to different mechanisms of action that several natural products present against 

biofilms, acting in interactions with bacterial proteins and cell walls, damage to the 

cytoplasmic membrane and inhibition of nucleic acid synthesis, among others. This change 

in the morphology of bacteria after treatment was also demonstrated by Moryl, Palatynska-

Ulatowska, Maszewska, Grzejdziak, Dias de Oliveira, Pradebon, Steier, Rozalski and Poli 

de Figueiredo [62] after treating the biofilm produced by E. faecalis (ATCC 29212) with 

phages for 48h and Lange, Matuszewski, Kutwin, Ostrowska and Jaworski [63] after 

treatment of E. faecalis (ATCC 51299) and S. aureus (ATCC 25923) with fernosol.  

In order to evaluate the antibacterial and antifungal activity of BRP samples against 

the pathogens included in the study in an animal model, C. elegans larvae were infected 

and treated with different concentrations of BRP for four days. Based on the literature, this 

is the first study that evaluated the antimicrobial activity of BRP against the 

microorganisms included in the study in C. elegans larvae. This animal model is 

commonly used to evaluate the toxicity of products and substances, by exposing the larvae 

to different concentrations of the sample, counting the number of live and dead larvae 

daily. This was previously carried out by our research group with the crude extract and 

substances isolated from BRP, which is why we used concentrations of BRP in the 

infection tests in the present study, which was already known as non-toxic to larvae [64]. 

The infection of pathogens in this type of in vivo model has been widely used to evaluate 

the antimicrobial activity of products. Ma, Yue, Liang, Gao, Wang, Cui, Li and Zhi [65] 

evaluated the antibacterial activity of Realgar, a type of arsenic sulfide, against E. faecalis 



V583, infecting larvae of C. elegans N2 mutants for five days and demonstrated that 

realgar increased the defenses of C. elegans against this bacterium, inducing immune 

responses, leading to the elimination of the pathogen. Also according to these authors, 

realgar at a concentration of 7.5 µg/mL was able to increase the survival of larvae when 

infected with the bacteria evaluated, during five days of infection. In the present study, the 

concentration of 6.25 g/mL of Gutiferone E exerted a protective effect against larvae 

infected with E. faecalis (clinical isolate) and reduced the risk of death, at a lower 

concentration than that reported by these authors, demonstrating the good antibacterial 

potential of Gutiferone E in vivo. 

Other authors have already evaluated the antimicrobial activity in C. elegans larvae 

of different compounds against different microorganisms, such as the antivirulence 

potential of betulin (triterpenoid) against S. pyogenes (ATCC 700294D-5) [66], evaluation 

of the antibacterial activity of alkaloids against strains of Stahylococcus aureus resistant 

and sensitive to methicillin (obtained from Beijing University of Chinese Medicine) [67], 

antifungal activity of quinic acid derived from Syzygium cumini against C. albicans  

(ATCC 90028) and C. glabrata (MTCC3019) [68] and the antifungal activity of azoles and 

amphotericin B against C. glabrata (ATCC 90030 and NCPF 3203), C. nivariensis  (CBS 

9984 and CECT 11998) and C. bracarensis NCYC 3397 and NCYC 3133) [69]. In the 

present study, Gutiferone E and the crude extract demonstrate their antibacterial and 

antifungal potential against the microorganisms evaluated in vitro and in vivo assays. 

Most in vivo studies using C. elegans and L. paracasei have highlighted their 

importance as a probiotic bacterium and demonstrated how some strains such as L. 

paracasei subsp. paracasei 2004 improves the health of larvae and increases their life 

expectancy [70]. However, the present study demonstrated the pathogenicity of a strain of 

L. paracasei (ATCC 11578) isolated from the oral cavity, frequently associated with 

endodontic infections, demonstrating its potential to cause infections in C. elegans larvae. 

To our understanding, this is the first study that evaluated this type of L. paracasei 

infection in C. elegans larvae. 

 Considering the various chemical compounds present in BRP and their diverse 

biological activities, the isolated substances Gutiferone E and Oblongifolin B were 

evaluated for their antiparasitic activity against T. gondii. Regarding the treatment of 

BeWo cells with propolis samples, the therapeutic index was not higher than 100 µg/mL, 

demonstrating that a high dosage is not necessary for BRP samples to exert antiparasitic 

activity, demonstrating also relatively low IC50 values (less than 3 µg/mL). The results 



presented in the present study are promising as these samples were able to reduce the 

intracellular proliferation of these parasites more efficiently than classical therapy. This 

reduction in intracellular proliferation becomes extremely important since as part of the life 

cycle, T. gondii replicates within host cells, to later cause the lysis of these cells and infect 

new ones recently surrounded, causing new foci of infections [71]. This is the first study 

that evaluated the antiparasitic activity of BRP against T. gondii. Huang, Yao, He, Pan, 

Hou, Fan, Du and Tao [72] evaluated the anti-T.gondii activity of Pelargonium X. asperum 

essential oils in HFF cells infected with tachyzoites and demonstrated a promising 

inhibition of these parasites at a concentration of 1.42 µg/mL. In the present study, even at 

the lowest concentrations evaluated (4, 8, 16, 32 and 64 µg/mL) there was a decrease in the 

percentage of cell proliferation by T. gondii, demonstrating higher concentrations than 

those reported by these authors, but still below 100 µg/mL). Teixeira, Paschoalino, de 

Souza, Rosini, de Lima Junior, Luz, Fajardo Martinez, Alves, Almeida, Damasceno, Silva, 

Ietta, Barbosa, Ferro and Gomes Martins [44] evaluated the antiparasitic activity of 

Rottlerin and demonstrated that this compound decreased the intracellular proliferation at 

concentrations ranging from 0.625 to 20 μM, and resulted in the arrest of the parasites' cell 

cycle. Despite current efforts against toxoplasmosis, current therapy still has limitations. 

The present study demonstrated promising results and contributed to the advancement of 

knowledge in this area, contributing to the future use of propolis as the basis for 

antiparasitic medications.  

Computational approaches have been applied in drug development due to the 

versatility to discover target and drug candidates [73]. In this context, the use of docking 

algorithms that evaluates the ligand-receptor binding and complementarity provides 

valuable insights into the mechanism of action of a given compound [74]. In view of this, 

we performed molecular docking simulations to evaluate the binding affinity of 

Guttiferone E and Oblongifolin B upon bacterial and T. gondii targets. Upon S. aureus, 

Guttiferone E exhibited the best binding to teichoic acid glycosyltransferase, which is 

crucial for S. aureus evasion of host defenses and considered as a druggable target against 

methicillin resistant S. aureus (MRSA) [75]. Against L. paracasei, Guttiferone E 

demonstrated the greatest binding to the bacterial ribonuclease, which is involved in tRNA 

maturation by the remotion a 3'-trailer from precursor tRNA [76]. On S. salivarius, 

Guttiferone E displayed the best binding to the urease accessory protein, which is required 

for the production of active ureases through the incorporation of nickel ions into the 

apoenzyme, and the urea metabolism is thought to inhibit the initiation and progression of 



dental caries [77]. Upon E. faecalis, Guttiferone E demonstrated the greatest affinity to the 

bacterial mevalonate diphosphate decarboxylase, which is final enzyme of the mevalonate 

pathway, crucial for the polyisoprenoid synthesis and bacterial growth [78]. In parallel, 

against T. gondii, the best binding of Guttiferone E and Oblongifolin B, respectively, was 

found to uracil phosphoribosyltransferase, which is involved in the biosynthesis of 

nucleotides and amino acids [79] and prolyl tRNA synthetase, which is essential for the 

binding of charged tRNA molecules into the protein synthesis machinery [80] and are 

recognized as druggable targets of T. gondii. In this sense, our analysis reveals that both 

Guttiferone E and Oblongifolin B bind to important bacterial and parasitic targets involved 

in crucial pathways. Although the exact target was not evidenced, our analysis provides 

valuable insights into the druggability of Guttiferone E and Oblongifolin B against the 

bacterial and parasitic pathogens. 

  

5. Conclusion 

 The present study demonstrated the antibacterial and antifungal activity of the 

crude extract and the isolated substances Gutiferone E and Oblongifolin B against bacteria 

and yeasts that cause endodontic infections. Furthermore, these samples were able to 

reduce the biomass and number of viable cells in the biofilm produced by these 

microorganisms, in addition to reducing cell adhesion in sessile cells. The BRP samples 

evaluated increased the survival of C. elegans larvae infected with the oral pathogens 

included in the study, even after three days of infection. The substances Gutiferone E and 

Oblongifolin B demonstrated antiparasitic activity against T. gondii, significantly reducing 

the cellular proliferation of these parasites in BeWo cells. The molecular docking results 

pointed out that Guttiferone E presented the best binding to S. aureus teichoic acid 

glycosyltransferase (tarP) and L. paracasei ribonuclease (rnz) and S. salivarius urease 

accessory protein (ureG) and E. faecalis mevalonate diphosphate decarboxylase (mvaD). 

Regarding targets against T. gondii, Guttiferone E and Oblongifolin B exhibited the best 

binding to uracil phosphoribosyltransferase (uprt) and prolyl tRNA synthetase (prs), 

respectively. These data demonstrate that BRP has antibacterial and antiparasitic activity 

against pathogens of clinical relevance, and can be used in the future as phytomedicines. 
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Table 1: Values of Minimum Inhibitory Concentration (MIC), Minimum Bactericidal Concentration (MBC) and 

Minimum Fungicide Concentration (MFC) of brazilian red propolis samples against oral pathogens. 

MIC range for Candida parapsilosis (ATCC 22019): 0.25-1.0 µg/mL and Candida krusei (ATCC 6258):0.25-2.0 

µg/mL.  - Not tested 

 

 

 

 

   Bacteria 

                                             Results in µg/mL 

Samples Staphylococcus 

aureus 

(clinical isolate) 

Enterococcus 

faecalis 

 (ATCC 4082) 

Enterococcus 

faecalis  

(clinical isolate) 

Streptococcus 

salivarius 

(ATCC 25975)  

Streptococcus 

salivarius  

(clinical isolate) 

Lactobacillus 

paracasei 

(ATCC 11578) 

 MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC 

Crude extract 200 400 200 400 200 200 200 200 100 400 100 200 

Gutiferone E 3.12 12.5 6.25 12.5 6,25 12.5 6,25 12.5 3.12 3.12 3.12 3.12 

Oblongifolin B 12.5 50 25 100 25 12.5 12.5 12.5 12.5 12.5 12.5 12.5 

Chlorhexidine 0.92 1.84 3.68 7.37 3.68 7.37 0.92 0.92 0.92 1.84 0.92 0.92 

Yeasts 

   Results in µg/mL 

Samples Candida albicans  

(ATCC 28366) 

Candida glabrata 

 (ATCC MYA-276) 

Candida parapsilosis 

(ATCC 22019) 

 

Candida Krusei 

(ATCC 6258) 

 MIC MFC MIC MFC MIC MFC MIC MFC 

Crude extract 46.87 46.87 5.86 46.87 - - - - 

Gutiferone E 187.5 750 93.7 93.7 - - - - 

Oblongifolin B 93.75 750 11.72 11.72 - - - - 

Amphotericin B - - - - 0.25 0.25 2 2 



Table 2: FICI values of the BRP samples in combination with standard antimicrobials against oral pathogens. 

Microrganism BRP Sample Antimicrobial 
MICa 

( g/mL) 

MICb 

( g/mL) 
    FIC FICI Result 

   1 2 1 2 1 2   

Staphylococcus aureus 

(clinical isolate) 
Gutiferone E Chlorhexidine 3.12 0.92 3.12 0.92 1 1 2 Indifferent 

Streptococcus salivarius 

ATCC (29975) 
Gutiferone E Chlorhexidine 12.5 0.92 6.25 0.92 0.5 1 1.5 Indifferent 

Streptococcus salivarius 

(clinical isolate) 
Gutiferone E Chlorhexidine 6,25 0.92 12.5 0,92 2 1 3 Indifferent 

Enterococcus faecalis 

(ATCC 4082) 
Gutiferone E Chlorhexidine 12,5 3,68 6,25 3,68 0.5 1 1.5 Indifferent 

Enterococcus faecalis 

(clinical isolate) 
Gutiferone E Chlorhexidine 12.5 3,68 12,5 3,68 1 1 2 Indifferent 

Lactobacillus paracasei 

(ATCC 11578) 
Gutiferone E Chlorhexidine 6.25 0.92 12.5 0.92 2 1 3 Indifferent 

Candida albicans 

(ATCC 28366) 
Crude extract Amphotericin B 23,43 0,5 23,43 0,03 1 0,06 1,06 Indifferent 

Candida glabrata 

(ATCC MYA-276) 
Crude extract Amphotericin B 5,86 0,5 5.86 0,5 1 1 2 Indifferent 

MICa—minimal inhibitory concentration alone. MICb- combined minimum inhibitory concentration. FIC- fractional inhibitory concentration. FICI- 
fractional inhibitory concentration index. (1)- BRP sample  (2)- Antimicrobial  FIC = MICb/MICa. FICI = FIC (1) + FIC (2).  
 



Table 3: Evaluation of the cytotoxicity of the isolated substances Gutiferone E and Oblongifolin B in 

BeWo cells infected with T. gondii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 

Compounds CC50 (g/mL) IC50 (g/mL) TI (CC50/IC50)

Gutiferone E 14.10 ± 0.635 0.27 ± 0.17 52.22

Oblongifolin B 54.08 ± 1.625 2.03 ± 0.21 26.64







 
 
Figure 3: Fluorescence electron microscopy images of biofilms of oral pathogens included in the study, untreated and treated with BRP 
samples at MICB50 concentration, stained with PI and DAPI solution. A&B: Biofilm of E. faecalis (ATCC 4082) untreated and treated 
with Gutiferone E, respectively. C&D: Biofilm of E. faecalis (clinical isolate) untreated and treated with Gutiferone E, respectively. E&F: 
Biofilm of S. salivarius (ATCC 25975) untreated and treated with Gutiferone E, respectively. G&H: Biofilm of S. salivarius (clinical 
isolate) untreated and treated with Gutiferone E, respectively. I&J: Biofilm of L. paracasei (ATCC 11578) untreated and treated with 
Gutiferone E, respectively. K&L: S. aureus biofilm (clinical isolate) untreated and treated with Gutiferone E, respectively. M&N: Biofilm 
of C. albicans (ATCC 28366) untreated and treated with BRP crude extract, respectively. O&P: Biofilm of C. glabrata (ATCC MYA-276) 
untreated and treated with BRP crude extract, respectively. Q&R: Biofilm of C. albicans (ATCC 28366) showing nuclear fragmentation 
after treatment with crude extract, indicated by the red arrow. 



 
Figure 4: Scanning electron microscopy images of biofilms of oral pathogens untreated and treated with BRP samples. A&B: Biofilm 
of E. faecalis (ATCC 4082) untreated and treated with Gutiferone E, respectively. The red arrow shows the decrease in cell aggregation 
and biomass. C&D: E. faecalis biofilm (clinical isolate) untreated and treated with Gutiferone E, respectively. The red arrow highlights 
the change in the morphology of bacterial cells after treatment compared to the control. E&F: Biofilm of S. salivarius (ATCC 25975) 
untreated and treated with Gutiferone E, respectively. G&H: Biofilm of S. salivarius (clinical isolate) untreated and treated with 
Gutiferone E, respectively. I&J: Biofilm of L. paracasei (ATCC 11578) untreated and treated with Gutiferone E, respectively. K&L: S. 
aureus biofilm (clinical isolate) untreated and treated with Gutiferone E, respectively. M&N: Biofilm of C. albicans (ATCC 28366) 
untreated and treated with BRP crude extract, respectively. O&P: Biofilm of C. glabrata (ATCC MYA-276) untreated and treated with 
BRP crude extract, respectively. 





 
Figure 6. Molecular docking simulations of Guttiferone E against S. aureus and L. paracasei. A) Binding affinity of Guttiferone E against 
S. aureus (left panel) and L. paracasei (right panel) ranked by the total energy. B) Best pose prediction of Guttiferone E upon S. aureus 
teichoic acid glycosyltransferase (tarP) colored in green. C) Best pose prediction of Guttiferone E against L. paracasei ribonuclease (rnz) 
colored in orange. The target surfaces are represented by the interpolated charge. The hydrophobic interactions, conventional hydrogen 
bond and carbon-hydrogen bond are colored in pink, green and blue, respectively. The carbon, oxygen and hydrogen atoms are shown in 
grey, red and black, respectively.  
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Figure 7. Molecular docking simulations of Guttiferone E against S. salivarus and E. faecalis. A). Binding affinity of 
Guttiferone E against S. salivarus (left panel) and E. faecalis (right panel) ranked by the total energy. B). Best pose prediction of 
Guttiferone E upon  S. salivarus teichoic acid urease accessory protein (ureG) colored in magenta. C). Best pose prediction of 
Guttiferone E against E. faecalis mevalonate diphosphate decarboxylase (mvaD) colored in blue.  The target surfaces are 
represented by the interpolated charge. The hydrophobic interactions, conventional hydrogen bond and carbon-hydrogen bond 
are colored in pink, green and blue, respectively. The carbon, oxygen and hydrogen atoms are shown in grey, red and black, 
respectively. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Host cell viability and T. gondii intracellular proliferation. BeWo cells were treated for 24 h in 
twofold serial dilutions (ranging from 256 to 4 μg/mL) with (A) Gutiferone E and (B) Oblongifolin B. Also, 
BeWo cells were treated with culture medium alone (control group), 1.2% DMSO (vehicle of compounds in 
the concentration of 256 μg/mL). Cell viability was expressed in percentages (Cell viability %), with the 
absorbance of cells incubated only with culture medium considered to be 100% viability. T. gondii-infected 
BeWo cells were exposed for 24 h to concentrations in twofold serial dilutions of (C) Gutiferone E and (d) 
Oblongifolin B (ranging from 256 to 4 μg/mL), sulfadiazine plus pyrimethamine (SDZ+PYR; 200 + 8 
μg/mL, respectively) or culture medium only (control group - considered as 100% parasite proliferation). 
Parasite intracellular proliferation was analyzed using a colorimetric β-galactosidase assay and expressed in 
percentage change in comparison with control (T. gondii proliferation %). Data are shown as means ± 
standard error of the means (SEM). *Comparison between infected/untreated cells and infected/treated cells. 
&Comparison to SDZ+PYR-infected/treated cells. Significant differences were analyzed using one-way 
ANOVA test with Dunnett's multiple comparison post-test to evaluate significant differences (P< 0.05). 



Figure 9. Molecular docking simulations of Guttiferone E and Oblongifolin B against T. gondii. A). Binding affinity of Guttiferone E 
(left panel) and Oblongifolin B (right panel) ranked by the total energy. B). Best pose prediction of Guttiferone E upon T. gondii 
uracil phosphoribosyltransferase (uprT) colored in red. C). Best pose prediction of Oblongifolin B against T. gondii prolyl tRNA 
synthetase (prs) colored in yellow.  The target surfaces are represented by the interpolated charge. The hydrophobic interactions, 
conventional hydrogen bond and carbon-hydrogen bond are colored in pink, green and blue, respectively. The carbon, oxygen and 
hydrogen atoms are shown in grey, red and black, respectively. 
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CAPÍTULO IV 
Considerações finais 



 

Esse trabalho teve como foco a avaliação da PVB demonstrando uma ampla 

gama de atividades farmacológicas relevantes. A elaboração de um novo fármaco a 

partir de um produto natural demanda investigações preliminares, incluindo a 

identificação das fontes botânicas, a caracterização dos componentes químicos, a 

padronização dos extratos, a avaliação da estabilidade, bem como a condução de 

pesquisas pré-clínicas para avaliar a eficácia e segurança. Os obstáculos residem na 

necessidade de preencher as lacunas essenciais para viabilizar o desenvolvimento de 

medicamentos, seja por meio da formulação utilizando tecnologias micro ou 

nanotecnológicas, empregando extratos padronizados, isolando substâncias in natura ou 

derivados semissintéticos.  

Com relação ao primeiro estudo publicado no periódico Scientific reports, pode-

se concluir que a PVB apresentou atividade antiperiodontopatogênica frente a todos os 

microrganismos avaliados, tanto as cepas padrão quanto clínicas. A atividade antiviral 

da PVB frente à CHIKV foi um resultado inédito e pioneiro, demonstrando a 

originalidade e inovação do estudo. A avaliação da toxicidade da PVB em C. elegans 

também foi inédita, sendo o primeiro artigo que avaliou sua toxicidade nesse tipo de 

animal. As concentrações que apresentaram atividade antibacteriana e antiviral podem 

ser futuramente utilizadas como parâmetro para testes clínicos.  

Quanto ao segundo artigo submetido no mesmo periódico, foi demonstrado que 

a PVB possui atividade antibacteriana e antifúngica frente a todas as cepas avaliadas. 

Esse estudo ainda demonstrou a atividade antibiofilme da Gutiferona E e extrato bruto 

da PVB frente a esses microrganismos, analisando em imagens de microscopia a 

diminuição da viabilidade celular do biofilme após o tratamento e danos na parede 

celular desses microrganismos, bem como diminuição da adesão celular. Além disso, 

outra inovação desse estudo foi a avaliação da atividade antibacteriana da PVB in vivo, 

demonstrando que as concentrações determinadas como MIC exercem um efeito 

protetivo nas larvas infectadas e tratadas e diminui o risco de morte em comparação 

com as larvas infectadas e não tratadas. Esses resultados são inéditos na literatura 

científica e mostram que a PVB exerce atividade antibacteriana e antifúngica tanto in 

vitro quanto in vivo, além de inibir a formação de biofilme.  

As atividades antibiofilme da PVB apresentadas aqui são de extrema 

importância, pois a formação de biofilme pode resultar em infecções persistentes e 

resistentes a tratamentos convencionais, representando um desafio significativo na área 



da saúde. Os estudos de toxicidade desempenham um papel crucial na avaliação da 

segurança dos produtos naturais, especialmente aqueles destinados a aplicações médicas 

ou terapêuticas. No entanto, é notável que na literatura científica, a quantidade de 

estudos de toxicidade, particularmente envolvendo organismos como C. elegans ainda é 

limitada. A falta de estudos de toxicidade pode representar uma lacuna significativa na 

compreensão abrangente dos efeitos adversos desses produtos.  

Portanto, os resultados apresentados nos dois artigos são promissores e destacam 

a importância de explorar os produtos naturais, avaliando seus potenciais biológicos. A 

busca por alternativas terapêuticas derivadas da natureza não apenas enriquece nosso 

entendimento sobre as propriedades medicinais desses elementos, mas também aponta 

para um futuro promissor na descoberta de novos medicamentos e no aprimoramento 

das abordagens terapêuticas existentes.  
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A B S T R A C T   

Some species of Klebsiella, such as Klebsiella pneumoniae and Klebsiella oxytoca, are important nosocomial path-
ogens frequently involved in outbreaks in Neonatal Intensive Care Units (NICU) and have the ability to form a 
biofilm. This study aims to evaluate the biofilm production of K. pneumoniae and K. oxytoca isolates collected 
from the hands of health professionals, neonates’ blood and the environment of a Brazilian NICU, using three 
colorimetric methods and a classical method of counting the colony-forming units and compare the analysis 
among these techniques. The biofilm formation was carried out by the microplate technique, using three 
colorimetric assays: crystal violet, safranin and 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl) -5 [(phenylamino) 
arbonyl] - 2H-tetrazolium hydroxide (XTT). Also, colony-forming units were determined. Twenty-eight isolates 
of K. pneumoniae were collected from the blood, hands and environment and five of K. oxytoca from the hands 
and environment. All of them were strong biofilm producers, but K. pneumoniae isolates produced more biofilm 
than K. oxytoca when compared to the American Type Culture Collection (ATCC) strains used as positive con-
trols. The number of viable cells in the biofilm produced by K. pneumoniae isolated from blood was significantly 
higher than in the control sample. Regarding the three colorimetric tests used in the study, the violet crystal 
obtained a higher absorbance average. The use of crystal-violet and XTT in the evaluation of biofilm in vitro make 
possible a complete analysis, since that it can quantify the total biomass (including the extracellular matrix) and 
evaluate the metabolic activity. In conclusion, this study identified isolates of K. pneumoniae and K. oxytoca that 
produce biofilms in the NICU and the bloodstream of neonates. This fact deserves attention since these patients 
are immunocompromised. The best methods will be chosen to answer research questions by always adopting 
more than one method so that more than one parameter or component of the biofilm is analyzed.   
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1. Introduction 

Some Klebsiella species, such as Klebsiella pneumoniae and Klebsiella 
oxytoca, are important nosocomial pathogen frequently involved in 
Neonatal Intensive Care Units (NICU) outbreaks, with mortality around 
30–40% (Cadot et al., 2019; Ruiz et al., 2019). Often these microor-
ganisms show the ability to form biofilm on biotic and abiotic surfaces 
(Ghasemian et al., 2019). Biofilm structures protect the microorganism 
from commonly used disinfectants, antibiotics and attacks by the host 
immune response, increasing the permanence of pathogen on surfaces, 
which is directly associated with the infections (Pozo, 2018). 

Thus, this study aims to evaluate biofilm production by clinical, 
environment and hands Klebsiella pneumoniae and K. oxytoca isolates in a 
Brazilian NICU, using three colorimetric methods and counting of 
colony-forming units (CFU) count and compare these techniques. 

2. Material and methods 

2.1. Study design 

The study was carried out at the Clinical Hospital NICU of the Federal 
University of Uberlandia. The hospital has 520 beds, of which 20 belong 
to the NICU. The samples were collected between March to December 
2018 from blood cultures of neonates with infection, hands of healthcare 
workers and environment neonatal. 

2.2. Sample collection 

Blood cultures were collected based on clinical criteria established 

by the hospital medical team and identification was performed by the 
BACT/Alert® system and Vitek® (bioMérieux-Durham, USA). The 
healthcare workers simulated hands washing in a sterile polypropylene 
bag containing 30 ml of sterile physiological saline (NaCl 0.9%). The 
material was placed in 15 ml sterile falcon tubes and was incubated at 
35 ± 2o C for 24 h (Ferng et al., 2014). The collections of environmental 
samples were made on surfaces of delimited areas with a sterile swab 
washed in 3 ml of 0.9% saline solution also sterilized and subjected to 
pressure and friction throughout the surface for 20 s. Finally, the swab 
with the sample was placed in the tube with Brain Heart Infusion (BHI) 
broth that was used to wash it (Meinke et al., 2012). The hands and 
environment samples were seeded in 5% sheep Blood Agar (HIMEDIA®, 
India), and Eosin-Methylene Blue Agar (HIMEDIA®, India) and incu-
bated at 35 ± 2 ◦C for 18–24 h. Samples with the growth of one colony 
were considered positive and the identification was made by MALDI 
TOF/MS (Matrix-Assisted Laser Desorption Ionization-Time of Flight). 

2.3. Biofilm formation 

The research of biofilm formation was done using the microplate 
technique described by (Merritt et al., 2011). The samples were sus-
pended from the stock BHI broth with 20% glycerol) for 4 μl of - Tryp-
ticase Soy Broth (TSB) and incubated overnight at 37 ◦C. Then the 
overnight cultures were diluted 1:100 into fresh medium to avoid the 
saturation of the medium. One hundred microliters of this dilution were 
added in the plates 96-well polystyrene and incubated at 37 ◦C for 24 h. 
After incubation, the wells were washed with Phosphate Buffered Saline 
(PBS) to remove the non-adherent cells. For each type of colorimetric 
assay, one 96-well plate was used. For biomass quantification, each well 

Table 1 
Biofilm production by Klebsiella species using three colorimetric methods and counting the number of colony-forming units.  

Isolates Site of isolation Biomass mean OD Extracellular matrix Metabolic activity Viable cells 
Mean OD Mean OD CFU/mL 

Kp (ATCC) – 1,97 1,59 0,44 2.2 × 108 

Kp 21 Environment 2,33* 1.51 0,60 6.2 × 108 

Kp 1 Blood 1,51 1,14* 0,64 6.1 × 108 

Kp 2 Blood 1,70 1,66 0,64 7.2 × 108 

Kp 3 Blood 1,30* 1,06* 0,63 6,6 × 108 

Kp 4 Blood 1,55* 1,22 0.84* 8,2 × 108 

Kp 1.1 Hand 2,49* 1,24 0,63 5,4 × 108 

Kp 9 Hand 2,59* 1,42 0,57 4,3 × 108 

Kp 10 Hand 2,77* 2,27* 0,55 1,0 × 108 

Kp 15 Hand 2,52* 1,43 0,38* 3,7 × 108 

Kp 17 Hand 2,35* 1,24* 0.55 1,0 × 108 

Kp 20 Hand 2,15 1,43 0,48 5,1 × 108 

Kp 40 Hand 1,83 1,13* 0,43 6,6 × 108 

Kp 46 Hand 2,25 1,57 0,55 2,3 × 109 

Kp 50 Hand 1,85 0,88* 0,46 2,6 × 109 

Kp 63 Hand 1,77 0,79* 0,27* 2,9 × 108 

Kp 68 Hand 2,19* 1,73 0,53 5,0 × 108 

Kp 72 Hand 1,81 1,99* 0,57 4,3 × 109 

Kp 73 Hand 2,09 1,69 0,85 6,8 × 108 

Kp 77 Hand 2,04 1,54 0,53 4,8 × 108 

Kp 85 Hand 2,59* 2,39* 1,01* 8,0 × 108 

Kp 92 Hand 1,50* 1,24* 0,53 7,7 × 108 

Kp 98 Hand 1,53* 1,03* 0,64 6,3 × 108 

Kp100 Hand 1,91 1,82* 0,59 2,6 × 108 

Kp126 Hand 1,68 1,65 0,36* 1,3 × 108 

Kp 137 Hand 1,60* 0,81* 0,56 4,6 × 108 

Kp 140 Hand 1,72 1,19* 0,46 1,6 × 108 

Kp 142 Hand 1.55* 0,96* 0,37* 6,0 × 108 

Kp 145 Hand 1,07* 1,04* 0,60 1,3 × 109 

Ko (ATCC) – 1,90 0,95 0,68 6,8 × 108 

Ko 3.3 Environment 1,26* 0,79* 0,50 5,8 × 108 

Ko 35 Hand 1,38* 0,80* 0,54 6,6 × 108 

Ko 66 Hand 0,82* 0,68* 0,58* 4,8 × 108 

Ko125 Hand 1,86 1,18* 0,62* 4,1 × 109 

Ko143 Hand 1,84 1,29* 0,29* 2,4 × 108  

* Statistically significant sample P < 0.05 - All the statistically significant samples, produced more or less than the control. Kp: Klebsiella pneumoniae; Ko: Klebsiella 
oxytoca. 
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was stained with 125 μL of 0.1% Crystal Violet solution for 15 min and 
for extracellular matrix quantification 125 μL of 0.1% Safranin was 
added in each well and incubated at room temperature for 15 min 
(Stepanović et al., 2007; O’Toole, 2011). To remove excess dye, the 
wells were rinsed three times with sterile distilled water. Then, a solu-
tion of 30% acetic acid was added to each well to solubilize the dyes and 
incubated at room temperature for 15 min. The wells were read in a 
microtiter plater reader at 595 and 530 nm, respectively. For the 
metabolic activity test, aliquots of 50 μL of XTT salt solution (1 mg mL-1 
in PBS) and 4 μL of menadione were added in each well and incubated at 
37 ◦C for 3 h. The reading was made at 495 nm (Chandra et al., 2008). 
The quantification assays were done in triplicate and repeated three 
times independently. Klebsiella pneumoniae American Type Culture 
Collection (ATCC) 700,603 and K. oxytoca ATCC 13182 were used as a 
positive control. 

Sterile TSB broth was used as a negative control. The interpretation 
of results was made according to Stepanović et al. (2007), being the 
isolates classified into the following categories: OD < ODc = non-biofilm 
producer; ODc < OD < 2 × ODc = weak biofilm producer; 
2 × ODc < OD < 4 × ODc = moderate biofilm producer; 
4 × ODc < OD = strong biofilm producer. 

Besides that, the number of viable cells (CFU/mL) was determined by 
a classical method of counting, to assess cell viability (Melo et al., 2014). 

After biofilm formation as described below, the biofilms were washed 
twice with PBS and after scraping the wells for 90s. The cell suspension 
obtained was plated onto the Trypticase Soy Agar (TSA) and incubated 
at 37 ◦C for 48 h. The CFU/mL were counted on each Petri dish (Melo 
et al., 2014). 

Quantitative assays were compared using a t-test for isolates. For the 
comparison of the three tests, the ANOVA followed by the Tukey test 
was used. All tests were perfomed with a statistical significance of 
P < 0.05. The graphics were made using the Prism version 8. The study 
was conducted by the Commitment of ethics in research with human 
beings number n. 2.678.16. 

3. Results 

Twenty-eight isolates of K. pneumoniae were collected from the 
blood, hands and environment; and five K. oxytoca from the hands and 
environment. All of them were strong biofilm producers, but 
K. pneumoniae isolates produced more biofilm than K. oxytoca compared 
to the ATCC strains used as a positive control. K. pneumoniae biofilm 
production was significantly higher in nine (32%) isolates about 
biomass production, four (14%) about matrix evaluation and two (7%) 
when analyzing metabolic activity. In the five isolates of K. oxytoca, the 
production of biofilm was significantly lower than the control, by the 
three colorimetric techniques (Table 1). 

Biofilm production was also compared in relation to the isolation 
site. Fig. 1A shows the production of biofilm by K. pneumoniae. Biomass 
production was statistically higher in isolates from the environment 
(OD = 2.83) when compared to other sites and metabolic activity was 
higher in hand isolates (OD = 1.85). Regarding the production of biofilm 
by the isolates of K. oxytoca, the production of biomass (OD = 1.75) and 
extracellular matrix (OD = 1.25) was statistically higher in the isolates 
of the hands when compared with those isolated from the environment 
(Fig. 1B). 

In addition, the number of viable cells were counted manually and 
compared with the absorbance found in the XTT colorimetric assay. 
Fig. 2 shows the number of viable cells and the metabolic activity of the 
biofilm formed by K. pneumoniae and K. oxytoca. A correlation was 
observed between the two tests, since the samples that showed the 
highest absorbance of XTT also had a higher number of viable cells. 

4. Discussion 

In this study, all isolates from blood, health professionals’ hands and 
the NICU environment were strong biofilm producers. It is already 
known that the production of biofilm makes bacteria more resistant to 
desiccation, to antimicrobials and more difficult to be removed during 
cleaning (Pozo, 2018). The hospital environment constitutes an impor-
tant reservoir of pathogens, remaining viable for a longer time due to the 
production of biofilm, especially on high-touch surfaces (Costa et al., 
2019). The contact of health professionals with contaminated surfaces 
can contribute to the transmission of these pathogens in the unit, 
highlighting the importance of correct hand and surface hygiene 
(Chowdhury et al., 2018). 

In this study, K. pneumoniae isolates showed significantly higher 
biofilm production compared to the control and with K. oxytoca isolates. 
The prerequisites for the ideal biofilm formation vary considerably 
among different species of bacteria, as well as the biofilm composition 
used to be different. Some intrinsic factors, such as pili, specific genes for 
the formation of biofilm, flagella, adhesins, fimbriae (that assist in the 
initial colonization of the host) and capsular polysaccharides (that 
protect the organism from phagocytosis) can be crucial for the produc-
tion of a consistent biofilm (Singh et al., 2019; Payne and Boles, 2016; 
Maldonado et al., 2007). 

Regarding collected sites, the sample that produced the most biomass 
was the environmental isolate for K. pneumoniae strains and for isolates 
of K. oxytoca the hands were the site with the highest production of both 

Fig. 1. Biofilm production according to the site collected. 
*Statistically significant samples (P ≤ 0.05). 
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biomass and extracellular matrix, compared to the other sites collected. 
It is estimated that environmental contamination is the source of path-
ogenic bacteria involved in 20% of infections associated with health-
care. In addition, 25–79% of medical devices are contaminated, and 
these microorganisms can come from any part of the hospital environ-
ment (Chowdhury et al., 2018). In addition, it is estimated that 20–40% 
of pathogenic bacteria come from the hands of health professionals 
(Costa et al., 2019). Only contact of the gloved hand with a contami-
nated surface results in a variable degree of pathogen transfer, with 
planktonic bacterial transfer rates between 38 and 65% occurring from 
the surfaces to the hands. Blood is also a relevant site when it comes to 
the formation of biofilms, especially in the NICU, since the formation of 
Klebsiella biofilms in these immunocompromised patients often results in 
a worsening of the patient’s prognosis, since biofilms can protect bac-
terial cells against host immune responses and antimicrobial therapies 
(Wang et al., 2017). 

In the last decades, several models for the in vitro study of the eval-
uation of biofilms were described (Peeters et al., 2008; Shukla and Rao, 
2017; Veerachamy et al., 2014). Our study used three colorimetric 
methods for evaluate different parameters of the biofilm. This 

evaluation is important since the biofilm is a complex structure and has 
several components to be analyzed, such as total biomass, extracellular 
matrix, metabolic activity and the number of viable cells. There is no 
method that is able for analyzing all of these biofilm parameters in a 
single trial, which would lead to loss of information about the biofilm. 
Crystal-violet is a basic protein-dye that stains the surface of negatively 
charged molecules and the biofilm extracellular matrix, therefore in a 
non-specific way, so that it doesn’t make possible the distinction of 
living or dead cells (Shukla and Rao, 2017). Also, XTT was used to 
evaluate the biofilm’s metabolic activity, since it is a tetrazolic salt 
capable of changing its chemical conformation in the presence of me-
tabolites, changing its color from transparent to orange (Xu et al., 2016). 
The use of crystal-violet and XTT in the evaluation of biofilm in vitro 
complete the analysis, since that makes possible to quantify the total 
biomass (including the extracellular matrix) and evaluate the metabolic 
activity (production of metabolites by viable cells) of biofilm. 

The number of viable cells in the biofilm was also counted. Thus, 
there was a greater metabolic activity and a greater number of viable 
cells among bloodstream isolates, suggesting a correlation between the 
two techniques. Although XTT has some disadvantages, such as the lack 

Fig. 2. Comparison of metabolic activity and viable cells according to the two methods used in the study.  
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of a linear relationship between the number of microorganisms present 
in the biofilm and the colorimetric signal, salt retention by these path-
ogens in planktonic and sessile form and a high cost (Costa-Orlandi 
et al., 2017), this trial it has high replicability and objectivity in the 
results provided. CFU counting, in addition to using many input mate-
rials, time and labor for the technique, is also subjective, dependent on 
the technical ability to count. 

Safranin was another colorimetric method used to specifically 
quantify the extracellular matrix of the biofilm. Some researchers have 
said that safranin specifically stains the mucopolysaccharides of the 
biofilm due to the high affinity of the dye with these compounds 
(Stepanović et al., 2007). However, because some biofilms do not have 
polysaccharides in the matrix, which is replaced by deoxyribonucleic 
acid (DNA) and other compounds, that theory may be a limitation of the 
technique (Payne and Boles, 2016). Ommen et al. (2017) quantified 
biofilm biomass using different colorimetric techniques and found 
similar results in staining with safranin and crystal-violet, revealing the 
ability of safranin to not only stain the matrix but also the entire biofilm 
biomass. This finding is confirmed by the data of our study since the 
average absorbance found by the crystal-violet was close to the value of 
safranin. Then, this possible feature may limit its use in determining the 
matrix, what maybe makes the ideal method for the specific quantifi-
cation of the extracellular matrix to be confocal microscopy, which al-
lows visualization in real-time of all the different components of the 
matrix (Schlafer and Meyer, 2017). 

5. Conclusions 

This study identified isolates of K. pneumoniae and K. oxytoca that 
produces biofilms in the NICU and in the bloodstream of newborns, a 
fact that deserves attention since these patients are immunocompro-
mised and highly susceptible to infections by these pathogens. Biofilms 
provide protection for microorganisms, making them resist longer in the 
unit and be more resistant to treatment, increasing the rates of morbidity 
and mortality. The epidemiological surveillance of these pathogens is 
therefore essential to explore and understand what type of pathogen is 
causing the infection in the unit, so that therapy is more targeted. 
Having this knowledge, it is possible to apply new or improved com-
pounds to assist in the challenge of tartar and resolve biofilm infection in 
clinical settings. 

For the evaluation of biofilm in vitro, each technique used in this 
study has advantages and disadvantages. It is up to the researcher, given 
the objective of the research, to choose the best methods that will safely 
answer the question of the research, always adopting more than one 
method, so that more than one parameter or component of the biofilm is 
analyzed. 
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Abstract: Fungal infections by Candida spp. are opportunistic and most often occur in individuals

with some predisposing factor. Essential oils (EO) have anti-Candida potential, being a therapeutic

alternative to be explored, especially for superficial and mucosal candidiasis. The objective was to

analyze the synergistic potential between the EO of Citrus limon, Cupressus sempervirens, Litsea cubeba

and Melaleuca alternifolia, and each of them with clotrimazole, to inhibit in vitro the formation and

eradication of Candida spp. biofilms. Added to this, the survival of Caenorhabditis elegans was

evaluated after exposure to EO, clotrimazole and their synergistic combinations. Anti-Candida activity

was determined by microdilution for the substances alone and in EO–EO and EO–clotrimazole

combinations. The combinations were performed by the checkerboard method, and the reduction

in the metabolic activity of biofilms was determined by the viability of MTT/menadione. C. elegans

larvae survival was evaluated after 24 h of exposure to EO, clotrimazole and synergistic combinations.

The minimum inhibitory concentration (MIC) of EO ranged from 500 to >4000 µg/mL. The lowest

MIC (500 µg/mL) was for C. sempervirens and L. cubeba on a C. krusei isolate; for clotrimazole,

the MIC ranged from 0.015 to 0.5 µg/mL. Biofilm inhibition and eradication both ranged from

1000 to >4000 µg/mL. The lethal concentration (LC50) of C. limon, L. cubeba and M. alternifolia was

2000 µg/mL for C. elegans, while for C. sempervirens and clotrimazole, it was not determined within

the concentration limits tested. In combination, more than 85% of the larvae survived M. alternifolia–

clotrimazole, M. alternifolia–L. cubeba, C. sempervirens–clotrimazole and C. sempervirens–C. limon

combinations. This study is the first, to our knowledge, to present a synergistic relationship of EO–EO

and EO–clotrimazole combinations on Candida spp. biofilms.

Keywords: essential oils; clotrimazole; Candida spp.; synergy; biofilm; toxicity; Caenorhabditis elegans

1. Introduction

Infections caused by species of the genus Candida are opportunistic and more severe
in immunocompromised, hospitalized individuals, using invasive devices and with comor-
bidities [1]. Superficial candidiasis affects the oral and vaginal mucosa, skin and nails; and
factors external to the individual, such as climatic conditions in tropical and subtropical
regions, and factors inherent to it, such as local humidity, use of immunosuppressive or
antibacterial drugs and some comorbidities, such as diabetes, facilitate the development
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of the disease [2]. In superficial infections, the most frequent Candida species is C. albicans;
however, in recent years, Candida non-albicans species have shown relevance among the
causative agents of vulvovaginal candidiasis (VVC) and recurrent VVC (RVVC), including
the species C. glabrata, C. krusei and C. tropicalis [2–4].

The azole antifungals have been one of the therapeutic options for the treatment
of superficial mycoses since the 1960s–1970s [5,6]. In this sense, topical formulations
containing azoles are attractive for VVC and RVVC due to the lower incidence of adverse
effects compared to the same drug class for oral use and systemic action [3]. Clotrimazole
has a cure rate of between 73% and 100% of infections, similar to other topical antifungals
such as nystatin [6,7].

In the last decades, the report of new Candida species and in vitro resistant isolates
to traditional antifungals has been an incentive for the search and development of new
ways of managing these infections [8]. Resistance is a result of multiple factors that include
structural changes in the drug target and the ability of Candida spp. to form biofilms [9–11].
In this sense, the community structure and firm adherence between the microorganisms
of the biofilm allow a barrier condition that makes penetration of drugs difficult and
consequently reduces the effectiveness of the treatment [8,10,11].

Essential oils are plant-derived products with potential activity against microorgan-
isms, attributable to the complex mixture of chemotypes [12–14]. Recently, combinations of
multiple agents have optimized antifungal activity against clinically relevant fungi. Thus, a
new therapeutic approach combining conventional antifungal drugs, such as clotrimazole,
and natural products with antifungal activity may have the potential for clinical use [15–18].

The in vivo screening of compounds with proven in vitro antimicrobial action is one
of the necessary steps within the current safety context to identify the toxicity of new
anti-infective agents [19]. In this context, in vivo studies using alternative animal models
such as Drosophila melanogaster, Galleria mellonella and Caenorhabditis elegans have been
proposed to assess the preliminary toxicity of new health products [20,21]. Thus, the
free-living nematode C. elegans can be an alternative predictive model option, being of
low cost, fast cultivation and not very complex laboratory handling, and lending itself
to the evaluation and screening of acute toxicity for use in animals, including humans,
and contamination of the environment [11,19,22]. In this sense, the evident anti-Candida
action of isolated essential oils could mean they present lower inhibitory values when
combined with other essential oils or antifungal substances, such as clotrimazole, and its
acute toxic repercussions.

Thus, in this study, the in vitro inhibitory activity of the essential oils of Cupressus sempervirens,
Citrus limon, Litsea cubeba and Melaleuca alternifolia, alone and in combination, and associated
with clotrimazole, against Candida species biofilms were analyzed. Furthermore, the in vivo
toxicity of these essential oils against C. elegans was also evaluated.

2. Materials and Methods

2.1. Essential Oils and Candida Species

The essential oils (EO) of Citrus limon, Cupressus sempervirens, Litsea cubeba and
Melaleuca alternifolia (FERQUIMA®; Vargem Grande Paulista, SP, Brazil) were included
in this study. The analysis of the EO, carried out by chromatography, was informed by
the supplier company and is shown in Table 1. Four reference strains, Candida albicans
ATCC 90028, Candida glabrata ATCC 2001, Candida krusei ATCC 6258 and Candida parapsilosis
ATCC 22019, and four clinical isolates from the vaginal mucosa (Candida albicans SV 01,
Candida glabrata SV 02, Candida krusei SV 03 and Candida parapsilosis SV 04) obtained from
previous studies were included in this study [23]. All microorganisms were stored in brain
heart infusion (BHI)–glycerol broth at −20 ◦C and subcultured on Sabouraud dextrose agar
(SDA; Disco, Detroit, MI, USA) and CHROMagar Candida medium (Becton Dickinson and
Company, Sparks, MD, USA), to evaluate the viability and purity, and even to confirm the
identification of the species.
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Table 1. Main components of essential oils from Citrus limon, Cupressus sempervirens, Litsea cubeba and

Melaleuca alternifolia, according to the supplier company.

Essential Oil Part of the Plant Extraction Method Main Components

C. limon Fruit Cold pressing
Limonene (65.6%), β-pinene (15.06%), γ-terpinene (7.93%),
α-pinene (2.34%), sabinene (1.76%) and myrcene (1.55%)

C. sempervirens Leaf NI
α-Pinene (52.4%), δ-3-carene (22%), limonene (3.5%),

terpinolene (3.4%), myrcene (2.4%), terpenyl acetate (1.7%),
cedrol (1.4%), β-pinene (1.2%) and terpinen-4-ol (1%)

L. cubeba Fruit Steam distillation Geranyl acetate (42%), neral (30%) and limonene (13%)

M. alternifolia Leaf Steam distillation

Terpinen-4-ol (41%), γ-terpinene (20.5%), α-terpinene (9.63%),
α-terpinolene (3.37%), α-terpineol (2.78%), α-pinene (2.59%),
ρ-cymene (2.39%), aromadendrene (2%), vidiflorene (1.81%),

δ-cadinene (1.54%) and 1,8-cineol (1.50%)

NI: not informed. Chemical analysis of the oils by chromatography was provided by the supplier company.

2.2. Determination of the Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal
Concentration (MFC)

To determine the MIC of EO and antifungal agents, the broth microdilution method
was used [24], with some adaptations. Flat-bottomed 96-well plates (Kasvi, PR, Brazil) and
RPMI-1640 broth with glutamine and without sodium bicarbonate (Corning Incorporated,
Corning, NY, USA) were used, plus 18 g/L of glucose (Sigma-Aldrich, St. Louis, MO,
USA), buffered with MOPS at pH 7 (Sigma-Aldrich, St. Louis, MO, USA) as a culture
medium, and yeast suspension at a resulting final concentration of 0.5–2.5 × 103 CFU/mL.
The concentration ranges varied from 7.81 to 4000 µg/mL for EO, from 0.03 to 16 µg/mL
for amphotericin B (Sigma-Aldrich, St. Louis, MO, USA) and from 0.125 to 64 µg/mL for
fluconazole and clotrimazole (Sigma-Aldrich, St. Louis, MO, USA). Amphotericin B and
fluconazole were used as controls [24].

EO and amphotericin B were solubilized in DMSO (dimethyl sulfoxide; 2%), flucona-
zole and clotrimazole in water and later diluted in RPMI. C. parapsilosis ATCC 22019 and
C. krusei ATCC 6258 strains were used to validate the tests [24]. The MIC was determined
in a spectrophotometer at 490 nm [24]. The cut-off point for defining susceptibility was set
at 80% inhibition of fungal growth compared to azole-free growth and 90% inhibition for
amphotericin B [24] and EO [25]; cultures were incubated for 24 h at 35 ◦C. The tests were
performed in triplicate.

The MFC was determined by transferring 5 µL of cell suspension from each well
to a plate containing SDA, followed by incubation for 48 h at 30 ◦C. The MFC was the
one corresponding to the concentration of the well where the growth of yeast colonies
was no longer evident [26]. The ratio of the MFC and MIC of EO and clotrimazole was
used to interpret the results, defining the drug as fungistatic (MFC/MIC: >4) or fungicidal
(MFC/MIC: ≤4) [27].

2.3. Evaluation of the Activity of EO and Clotrimazole against Candida spp. Biofilms

2.3.1. Determination of the Minimum Biofilm-Inhibiting Concentration (MBIC)

Inhibition of biofilm formation was determined in 96-well, flat-bottomed plates [28],
to which 100 µL of cell suspension in RPMI-1640 was added (1 to 5 × 106 cells/mL,
adjusted to a turbidity equivalent to 0.5 McFarland scale), as well as 100 µL of the drug
(EO and/or clotrimazole), at concentrations of 4 × MIC, 2 × MIC, 1 × MIC, 0.5 × MIC
and 0.25 × MIC. The culture was incubated at 35 ◦C for 48 h. Then, non-adherent cells
were removed, and the wells were washed three times with PBS (10 mM phosphate buffer,
2.7 mM potassium chloride, 137 mM sodium chloride, pH 7.4). Then, 100 µL of MTT
solution (5 mg/mL; 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide;
Sigma-Aldrich, St. Louis, MO, USA) plus 10 µL of phytomenadione (1 µM; 2-methyl-3-
[(E,7R,11R)-3,7,11,15-tetramethylhexadec-2-enyl]naphthalene-1, 4-dione; Sigma-Aldrich,
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St. Louis, MO, USA) was added to each well. The plate was incubated at 35 ◦C for 24 h in
the dark. Subsequently, the supernatant was removed, and 100 µL of DMSO was added
to each well, and the plate was incubated at 35 ◦C for 15 min, protected from light. Then,
80 µL of solvent was removed from each well and transferred to another plate, and the
reading was performed at 490 nm [29]. Growth and sterility controls were included for
each plate in the experiment. The tests were performed in triplicate.

2.3.2. Determination of the Minimum Biofilm-Eradication Concentration (MBEC)

The biofilm was previously formed in 96-well, flat-bottomed plates. Two hundred
microliters of the yeast cell suspension were added to each well (1 to 5 × 106 cells/mL,
adjusted to 0.5 McFarland in RPMI-1640), and the plates were incubated at 35 ◦C for
48 h [28]. Then, non-adherent cells were removed, and the wells were washed three times
with PBS. Then, 100 µL of the drug (EO and/or clotrimazole) was added at concentrations
of 4 × MIC, 2 × MIC, 1 × MIC, 0.5 × MIC and 0.25 × MIC and incubated at 35 ◦C for 24 h
in the dark. The procedures for revealing the biofilm were the same as described in the
previous item.

2.4. Evaluation of the Synergistic Potential of EO–EO and EO–Clotrimazole Associations against
Planktonic Growth and on Biofilms

To evaluate the combined effect of EO and clotrimazole on planktonic cells, the
checkerboard technique was used [30,31]. The synergistic potential of the combination
of the EO of C. sempervirens, C. limon, L. cubeba and M. alternifolia among themselves and
of each one of them with clotrimazole on the Candida biofilm was made according to the
results obtained for the MIC of the planktonic cells, as provided in the Supplementary
Material (Table S1). Concentrations of 0.25 × MIC, 0.5 × MIC, 1 × MIC, 2 × MIC and
4 × MIC were used for drug testing. Then, 100 µL of drug A (EO) horizontal and 100 µL of
drug B (EO/clotrimazole) vertical, and 100 µL of cell suspension (1 to 5 × 103 cells/mL)
were added to all wells of a 96-well flat-bottomed plate. Growth (containing drug-free
yeast suspension) and sterility (RPMI-1640) controls were included in each plate. The plates
were incubated at 35 ◦C for 48 h, and the reading was performed at 490 nm; results were
considered capable of reducing ≥ 90% of optical density (OD) in relation to the control
free of EO and clotrimazole [30]. The results were interpreted according to the fractional
inhibitory concentration index (FICI), determined as follows:

FICI :

(

MIC “A” combined

MIC “A” isolated

)

+

(

MIC “B” combined

MIC “B” isolated

)

(1)

The interpretation was conducted according to the classification of the substance
interaction score, where antagonism was considered when the score was greater than
4.0, indifference at a score greater than 1, additivity at a score between 0.5 and 1.0, and
synergism at a score less than 0.5 [31]. One hundred microliters of the combined solution
“A” (EO) and “B” (EO or clotrimazole) was added to each well, starting from column 11
and column 2. Briefly, the first and last wells received the highest concentrations of each of
the two compounds evaluated, resulting in decreasing concentrations from one end of the
plate to the other. Growth and sterility controls were included in each of the plates, and
each experiment was conducted in triplicate.

2.5. Toxicity Assay for Caenorhabditis elegans

The toxicity test was performed by exposing C. elegans larvae (AU37 [glp-4 (bn2) I;
mutant strain sek-1 (km4) X) to EO and clotrimazole [25].

C. elegans larvae were transferred to nematode growth medium (NGM), contained
in Petri dishes, which contained a previous mat of Escherichia coli OP50 (E. coli). The
plates were incubated at 16 ◦C for 72 h. Then, synchronization of the larvae in stage L2
was performed by treating the larvae with sodium hypochlorite. Then, the larvae were
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transferred to another plate containing NGM medium without E. coli OP50 and incubated
at 16 ◦C for 24 h [20,32].

For the experiment, a solution medium, composed of 40% BHI broth, plus cholesterol
(10 µg/mL), kanamycin (90 µg/mL), ampicillin (200 µg/mL) and 60% 50 mM NaCl, was
used. The assay was performed using 96-well flat-bottomed plates. Then, 180 µL of solution
medium and 20 µL of the suspension of synchronized larvae in stage L4 were added to
each well of the plate so that 10 to 20 C. elegans larvae were placed in each well, evaluated
in final serial concentrations ranging from 4000 to 250 µg/mL diluted in solution medium.
As a survival control, solution medium plus the larvae, without drug, was used, and as a
test control, solution medium and DMSO were used. The plates were incubated for 24 h at
35 ◦C in a humid chamber.

The results were interpreted considering the survival rate of the larvae and the 50%
lethal dose (LD50), determined by the concentration of the drug that was able to kill 50% of
the larvae [33,34]. Each experiment was performed twice in triplicate.

3. Results

3.1. Determination of the MIC and MFC of Essential and Antifungal Oils against
Planktonic Growth

The lowest MIC (500 µg/mL) found was for C. krusei SV 03, with the EO of C. sempervirens
and L. cubeba. The MIC of the EO ranged from 500 to >4000 µg/mL, considering the different
oils and the eight isolates tested. The EO of C. limon presented an MIC that ranged from 1000
to 4000 µg/mL, C. sempervirens from 500 to >4000 µg/mL, L. cubeba from 500 to 2000 µg/mL
and M. alternifolia from 1000 to 2000 µg/mL. For clotrimazole, the MIC ranged from 0.015 to
0.5 µg/mL (Table 1). The MIC of fluconazole and amphotericin B (test validation controls)
were, respectively, 32 and 1 µg/mL; those for C. krusei ATCC 6258 and C. parapsilosis ATCC
2019 were 0.25 and 0.25 µg/mL, respectively.

The lowest fungicidal concentrations (1000 µg/mL) were found for the EO of C. limon
against C. albicans ATCC 90028, C. sempervirens against C. krusei SV 03 and L. cubeba against
C. albicans ATCC 90028 and C. krusei SV 03; for clotrimazole, the lowest fungicidal concen-
tration (0.030 µg/mL) was found for the isolate of C. glabrata ATCC 2001.

Evaluation of the fungicidal activity (MFC/MIC: ≤4) showed that the EO of L. cubeba
and the antifungal clotrimazole were fungicidal for all the tested isolates; however, all the
other EO evaluated presented fungicidal activity dependent on the isolate, as can be seen
in Table 2. Thus, fungicidal activity was found for the EO of C. limon, M. alternifolia and
C. sempervirens, respectively, for four, five and six isolates.

Table 2. Minimum inhibitory concentration (µg/mL) and minimum fungicidal concentration

(µg/mL) of essential oils and clotrimazole tested with Candida species.

Candida spp. Isolates
C. limon C. sempervirens L. cubeba M. alternifolia Clotrimazole

MIC MFC MIC MFC MIC MFC MIC MFC MIC MFC

C. albicans ATCC 90028 2000 1000 2000 4000 1000 1000 2000 4000 0.25 0.25

C. albicans SV 01 4000 >4000 4000 >4000 2000 4000 4000 >4000 0.125 0.25

C. glabrata ATCC 2001 4000 4000 2000 4000 2000 4000 4000 4000 0.015 0.030

C. glabrata SV 02 4000 >4000 1000 4000 2000 4000 4000 >4000 0.25 0.5

C. krusei ATCC 6258 4000 >4000 2000 4000 1000 2000 4000 4000 0.5 1

C. krusei SV 03 1000 4000 500 1000 500 1000 2000 4000 0.5 1

C. parapsilosis ATCC 22019 1000 4000 4000 4000 1000 4000 4000 4000 0.25 0.5

C. parapsilosis SV 04 4000 >4000 >4000 >4000 2000 4000 4000 >4000 0.125 0.25

MIC: minimum inhibitory concentration (µg/mL); MFC: minimum fungicidal concentration (µg/mL). Fungicide:
(MFC/MIC: <4) in bold.
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3.2. Assessment of the Development of Candida spp. Biofilms

The activity of EO and clotrimazole to inhibit (MBIC) and eradicate (MBEC) the biofilm
formed by Candida species is shown in Table 3. Most EO presented an MBIC greater than
or equal to 4000 µg/mL. The lowest MBIC was 1000 µg/mL, found for C. sempervirens
(C. krusei SV 03), L. cubeba (C. albicans ATCC 90028) and M. alternifolia (C. krusei SV 03). The low-
est MBEC was 1000 µg/mL for L. cubeba (C. albicans ATCC 90028). Clotrimazole demonstrated
MBIC and MBEC values ranging from 0.125 to 2 µg/mL and 0.25 to 4 µg/mL, respectively.

Table 3. Activity of essential oils and clotrimazole against the formation of biofilms and preformed

biofilms of Candida species.

Species
C. limon C. sempervirens L. cubeba M. alternifolia Clotrimazole

MIC MBIC MBEC MIC MBIC MBEC MIC MBIC MBEC MIC MBIC MBEC MIC MBIC MBEC

C. albicans ATCC 90028 2000 4000 4000 2000 4000 >4000 1000 1000 1000 2000 2000 4000 0.25 1 1

C. albicans SV 01 4000 >4000 >4000 4000 4000 4000 2000 2000 4000 4000 4000 4000 0.125 0.5 1

C. glabrata ATCC 2001 4000 >4000 >4000 2000 >4000 4000 2000 2000 >4000 4000 4000 >4000 0.015 0.125 0.25

C. glabrata SV 02 4000 >4000 >4000 1000 >4000 >4000 2000 >4000 >4000 4000 4000 >4000 0.25 0.5 1

C. krusei ATCC 6258 4000 >4000 >4000 2000 2000 2000 1000 >4000 >4000 2000 4000 >4000 0.5 1 2

C. krusei SV 03 1000 2000 4000 500 1000 >4000 500 4000 >4000 1000 1000 >4000 0.5 1 1

C. parapsilosis ATCC
22019

1000 >4000 >4000 4000 4000 >4000 1000 4000 >4000 4000 4000 >4000 0.25 2 4

C. parapsilosis SV 04 4000 >4000 >4000 >4000 4000 >4000 2000 >4000 >4000 4000 >4000 >4000 0.125 0.25 0.5

Isolated MBIC and MBEC (µg/mL): capable of reducing ≥ 90% of optical density (OD) compared to control free
of EO and clotrimazole. Results in bold: ≤1000 µg/mL.

3.3. Evaluation of Synergism of EO and Clotrimazole

The tests of EO–EO and EO–clotrimazole combinations resulted in 80 combinations;
of these, 13 (16.25%) showed antagonism, 42 (52.5%) showed indifference, 17 (21.25%)
had an additive effect and 8 (10%) showed synergism. The OE–OE and OE–clotrimazole
combinations performed and their results related to inhibition of Candida spp. are provided
in the Supplementary Materials (Table S1). The synergistic effect was variable, depending
on the combination (EO–EO or EO–clotrimazole) and the Candida strain. The EO–EO
and EO–clotrimazole combinations that showed synergism in the evaluation of MIC were
selected for evaluation of inhibition (MBIC) and eradication (MBEC) of biofilms (Table 4).

Table 4. Minimum inhibitory, biofilm-inhibitory and biofilm-eradication concentrations of EO–EO

and EO–clotrimazole combinations against Candida species.

Species Combination

MIC (µg/mL) Biofilm (µg/mL)

Isolated
MIC *

Combined
MIC **

Isolated
MBIC *

Combined
MBIC **

Isolated
MBEC *

Combined
MBEC **

C. albicans ATCC 90028
M. alternifolia 2000 250 2000 62.5 4000 62.5
Clotrimazole 0.25 0.063 1 0.25 1 0.25

C. albicans SV 01
L. cubeba 2000 250 2000 125 4000 250

M. alternifolia 4000 1000 4000 2000 4000 1000

C. glabrata ATCC 2001
L. cubeba 2000 500 2000 2000 >4000 2000
C. limon 4000 1000 >4000 250 >4000 250

C. glabrata SV 02

L. cubeba 2000 250 >4000 1000 >4000 >1000
M. alternifolia 4000 1000 4000 250 >4000 >250

C. limon 4000 1000 >4000 4000 >4000 4000
M. alternifolia 4000 1000 4000 250 >4000 250
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Table 4. Cont.

Species Combination

MIC (µg/mL) Biofilm (µg/mL)

Isolated
MIC *

Combined
MIC **

Isolated
MBIC *

Combined
MBIC **

Isolated
MBEC *

Combined
MBEC **

C. krusei ATCC 6258

C. sempervirens 2000 1000 2000 4000 2000 >4000
C. limon 4000 250 >4000 62.5 >4000 >250

C. limon 1000 1000 >4000 4000 >4000 2000
M. alternifolia 2000 1000 4000 250 >4000 500

C. parapsilosis SV 04
C.

sempervirens
>4000 250 4000 500 >4000 125

Clotrimazole 0.125 0.032 0.25 0.015 0.5 0.063

Isolated MBIC and MBEC (µg/mL): able to reduce by ≥90% optical density (OD) compared to control free of
EO and clotrimazole. * Isolated: only one substance (EO or clotrimazole). ** Combined: MIC of the combination
(EO–EO or EO–clotrimazole) that resulted in synergism.

3.4. In Vivo Assay in Caenorhabditis elegans

The test of acute toxicity of EO and clotrimazole against C. elegans showed average
survival greater than 90% of larvae for the concentration of 250 µg/mL of all tested EO; and
for clotrimazole, 100% of C. elegans larvae survived at all concentrations within the evalu-
ated range (0.125–4 µg/mL). It was not possible to determine the LC50 of C. sempervirens
because at all concentrations evaluated, survival occurred in more than 90% of the larvae;
the LC50 for the EO of M. alternifolia was 2000 µg/mL and for C. limon and L. cubeba it was
4000 µg/mL (Figure 1; Table 5). The test controls showed that DMSO concentrations ≤5%
did not affect the survival of C. elegans larvae, and the untreated control showed a mean
survival of 96% at 24 h.

Figure 1. Survival rate (%) of C. elegans larvae in 24 h, evaluated at different concentrations of essential

oils of C. limon, C. sempervirens, L. cubeba and M. alternifolia.

Table 5. Mean survival rate (%) of C. elegans tested at different concentrations of essential oils from

C. limon, C. sempervirens, L. cubeba and M. alternifolia.

Concentration
(µg/mL)

C. limon C. sempervirens L. cubeba M. alternifolia

250 95.83 97.83 97.83 97.82
500 85.96 95.35 87.76 94.00

1000 64.58 93.48 67.50 85.11
2000 58.82 92.86 51.11 * 46.15 *
4000 37.25 * 88.64 40.43 0

* LC50: lethal concentration responsible for the mortality of 50% of C. elegans larvae.
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The EO–EO and EO–clotrimazole combinations that showed synergism in the evalu-
ation of the MIC were selected to evaluate the survival of C. elegans larvae. Overall, the
combinations showed a mean survival of 90% of the larvae for the combinations L. cubeba–
M. alternifolia, C. sempervirens–C. limon, M. alternifolia–clotrimazole and C. sempervirens–
clotrimazole (Table 6). Survival of less than 20% of larvae, demonstrating greater acute
toxicity, was found for the combinations C. limon–M. alternifolia and L. cubeba–C. limon.

Table 6. Survival rate (%) of C. elegans subjected to combinations of essential oil and clotrimazole

after 24 h of exposure.

Compound “A”
Concentration

(µg/mL)
Compound “B”

Concentration
(µg/mL)

Survival (%
Average)

M. alternifolia 250 Clotrimazole 0.063 88.89
L. cubeba 250 M. alternifolia 1000 93.3

C. sempervirens 250 Clotrimazole 0.032 100.00
C. sempervirens 1000 C. limon 250 90.00

C. limon 1000 M. alternifolia 1000 18.52
L. cubeba 500 C. limon 1000 13.79

4. Discussion

EO have been extensively studied nowadays and can be a complementary alternative
for the treatment of infections caused by Candida species, especially mucocutaneous infec-
tions. This study investigated the activity of the EO of C. limon, C. sempervirens, L. cubeba
and M. alternifolia, alone and in combination with each other and with clotrimazole, on four
species of the genus Candida, to determine in vitro the MIC, MBIC and MBEC; in addition
to this, an in vivo toxicity assessment for the nematode C. elegans was performed.

The EO extracted from plants of the studied species are products that have a complex
chemical composition and may have more than 20 identified compounds [12–15,18]. Our
study used EO that presented limonene (65.6%), α-pinene (52.4%), terpinen-4-ol (41%) and
geranyl acetate (42%) as the main component, respectively, for C. limon, C. sempervirens,
M. alternifolia and L. cubeba. These constituents are like those described for EO of these
plants in other studies [15,18,29,35–41]. Terpene derivatives, a class that includes the
mentioned constituents, are closely related to the antimicrobial biological action of these
EO, as already demonstrated for Candida spp. in other studies [13,15,16,41–43].

In the present study, the MIC varied according to the isolate and according to the
EO, but the EO of C. sempervirens and L. cubeba presented the lowest MIC (500 µg/mL)
for the same species (C. krusei SV 03), while M. alternifolia and clotrimazole combined
(62.5–0.25 µg/mL) inhibited C. albicans ATCC 90028 at lower concentrations than in isola-
tion. In this sense, the ranges of results for the EO showed the effectiveness of plant-derived
products in inhibiting microorganisms [42,43], a significant finding for the genus, given
the recognized adaptive antifungal arsenal associated with C. albicans and the intrinsic
fluconazole resistance of C. krusei [9,20,44].

This variability of MIC can be observed in the literature [9,18] and is due to the
characteristics of each isolate, which may be related to virulence factors and the origin of
the isolate (blood, feces, respiratory tract or environment). In addition to this, storage and
the constant activation and reactivation of cells, which occur in repeated cultures, may
have generated adaptive changes in the phenotypic profile of the reference strains [45].

The MFC were, on average, 2 × MIC for most isolates and EO, but for some, it was
not possible to make this determination, as the values were greater than 4000 µg/mL,
that is, greater than the limits of concentrations tested. Still, MIC and MFC of 2000 and
1000 µg/mL, respectively, were observed for C. albicans ATCC 90028 when evaluated for
the EO of C. limon. This fact may be explained if the growth curve of cells in contact with
this EO is evaluated, as it is possible that the fungicidal effect occurs through mechanisms
that involve the depletion of some essential intracellular constituent for growth, such as
ergosterol reserves, associated with other mechanisms of enzymatic inhibition, or action
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on the membrane or cell wall [46] which is time-dependent, but other assays need to be
performed to elucidate this finding.

The anti-Candida activity of EO may be a direct result of the interaction of the various
chemical components present and the association of different mechanisms, which may
explain the fungistatic and fungicidal effects. The characteristics common to EO, such as
lipophilicity and ability to cause damage to vital structures, membrane, and cell wall, result
in increased membrane permeability and release of intracellular contents, with consequent
death of Candida spp. cells [13,37].

The fungistatic action of clotrimazole at low concentrations is due to structural changes
in ergosterol; at high concentrations, it has a fungicidal effect [6]. Thus, it can be assumed
that the potentiation of the effects, demonstrated by the synergism observed in the associ-
ation of clotrimazole with different proportions of EO, is the result of the multiplicity of
mechanisms resulting from the various constituents of the EO, leading to the fungicidal
effect [47]. The activity of EO against biofilm [10,13,17,25,26,48–51] is another factor that
contributes to the need for studies that evaluate the combination of other drugs and a
greater number of EO [26,47,51,52].

The application of a product with simultaneous inhibition of microbial growth and
biofilm is advantageous since it allows for more efficient satisfactory results in different
structures of Candida spp. The present study demonstrated that there was inhibition of
biofilm formation and a reduction in the viability of the cells of previously formed biofilm,
with MIC up to five times lower for the synergistic combination when compared to the
same MIC found for the drugs evaluated alone. This study is the first, to our knowledge,
to present a synergistic relationship of EO–EO and EO–clotrimazole on Candida spp.,
evaluating their action on biofilms.

The initial assessment of a substance, such as toxicity and antifungal activity, is a
preliminary step in the design of new drug and health product candidates [32]. Our study
sought to evaluate the safety of EO and clotrimazole alone, as well as in combinations,
exposed for 24 h to the in vivo model C. elegans. It was observed that more than 80% of
C. elegans larvae survived at concentrations of 500 µg/mL for three of the evaluated EO.
For C. sempervirens, 80% of the larvae survived at the concentration of 4000 µg/mL, and for
clotrimazole, the survival of 100% of the larvae was observed at all concentrations.

Among the EO evaluated, the biological activity of the EO of C. limon and M. alternifolia
is better known when compared with those of L. cubeba and C. sempervirens [18]. As observed
in Table 4, the LC50 was not determined for the EO of C. sempervirens (LC50: >4000 µg/mL),
suggesting that it is the least toxic for C. elegans larvae among the four evaluated. Our
study demonstrated that lethal toxicity of L. cubeba EO against C. elegans larvae was at
2000 µg/mL; however, lower concentrations such as 0.120–0.525 mg/mL (120–525 µg/mL)
were found previously for the nematode Bursaphelenchus xylophilus [37]. In our study, we
found lower toxicity of C. sempervirens EO alone; however, it was moderate and high for
other combinations (OE–OE and OE–clotrimazole). Some studies have provided other
models for assessing toxicity by evaluating different cell cultures, showing that in vitro
inhibitory concentrations (IC50) for MCF-7 and MDA-MB-231 mammary tumor cells were
lower than 34.5 and 65.2 µg/mL, respectively [53], and that C. sempervirens is lethal at
higher concentrations in human promyelocytic leukemia strains (HL-60 and NB4) (LC50:
333.79 to 365.41 µg/mL) [38] and in experimental animal Ehrlich ascitic carcinoma (LC50:
372.43 µg/mL) [38]. In the larvae of Culex quinquefasciatus, a non-vertebrate model and
vector of filariasis, the LC50 was 16.1 µg/mL after 24 h of exposure [39].

The complexity of factors intrinsic to EO, such as the variability and concentration
of chemotypes, which can vary in the same plant species according to the part of the
plant used for extraction, region of cultivation and stage of development, may be, in
part, responsible for the different results obtained in the same toxicity model used. In
different models, this variability of constituents can be even greater, as can be seen in
some studies [12,15,18,41,49,53]. Thus, it is suggested that toxicity is evaluated in different
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models to obtain evidence of greater safety and definition of the best drug concentrations
that may have biological action and an absence or reduction of damage.

Our study focused on the preliminary assessment of EO–EO and EO–clotrimazole
combinations, using concentration ranges applied predictively to planktonic cells and
subsequently to biofilm and C. elegans after 24 h. Therefore, the totality of combinations
that the checkerboard provides for the biofilm was not explored, nor was the influence of
different exposure times of the substances for inhibition, eradication and toxicity. Our study
used evaluation in the C. elegans model; therefore, it is important to evaluate correlation with
the results in other models for a better understanding of the mechanism related to toxicity,
including the use of EO in biocompatible pharmaceutical applications in nanosystems to
improve aspects of physicochemical and biological agents against Candida spp.

The complexity of the composition of EO allows wide use in alternative and comple-
mentary medicine. The exploration of antimicrobial activity may enable new strategies and
therapeutic alternatives for infectious diseases, especially mucocutaneous ones, where topi-
cal application is possible. The association of EO makes it possible for some constituents,
even though they are not in the majority, to interact, enhancing or evidencing biological
effects and reducing toxicity. In this context, studies still need to be carried out to determine
the practical relevance of the combinations, better concentrations of each one of them, and
the economic and market viability, in addition to the advantages over existing products.

5. Conclusions

The EO–EO and EO–clotrimazole combinations showed synergistic activity in vitro,
dependent on the isolate and on the Candida species, and of the combined drugs, when
evaluating the inhibition of planktonic growth in vitro and the inhibition of biofilm forma-
tion and eradication. The combinations M. alternifolia–clotrimazole, L. cubeba–M. alternifolia,
C. sempervirens–clotrimazole and C. sempervirens–C. limon were the most efficient against
planktonic cells and biofilm. In addition, they demonstrated low or negligible toxicity to
C. elegans larvae. Thus, our results suggest that the drug combinations evaluated here show
promising activity in the control and treatment of vaginal infections caused by Candida
species, for topical application through different devices, for example, local nanorelease
systems, such as mucoadhesive formulations.

Supplementary Materials: The following supporting information can be downloaded at: https://

www.mdpi.com/article/10.3390/pharmaceutics14091872/s1, Table S1: Combinations between OE–OE

and OE–clotrimazole in Candida species.

Author Contributions: Concept, research, writing, review and editing, R.A.d.S., N.B.S.S., R.H.P.,

C.H.G.M., D.V.D.d.B.R. and R.d.S.P.; supervision, D.V.D.d.B.R. and R.d.S.P. All authors have read and

agreed to the published version of the manuscript.

Funding: This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de

Nível Superior—Brasil (CAPES)—Finance Code 001.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: To Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) for

the master’s scholarship awarded to R.A.S.

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceutics 2022, 14, 1872 11 of 13

References

1. Pfaller, M.A.; Diekema, D.J.; Turnidge, J.D.; Castanheira, M.; Jones, R.N. Twenty Years of the SENTRY Antifungal Surveillance

Program: Results for Candida Species from 1997–2016. In Open Forum Infectious Diseases; Oxford University Press: Oxford,

UK, 2019.

2. Silva-Rocha, W.P.; Azevedo, M.F.; Chaves, G.M. Epidemiology and fungal species distribution of superficial mycoses in Northeast

Brazil. J. Mycol. Méd. 2017, 27, 57–64. [CrossRef] [PubMed]

3. Gonçalves, B.; Ferreira, C.; Alves, C.T.; Henriques, M.; Azeredo, J.; Silva, S. Vulvovaginal candidiasis: Epidemiology, microbiology

and risk factors. Crit. Rev. Microbiol. 2016, 42, 905–927. [CrossRef]

4. Willems, H.M.E.; Ahmed, S.S.; Liu, J.; Xu, Z.; Peters, B.M. Vulvovaginal Candidiasis: A Current Understanding and Burning

Questions. J. Fungi 2020, 6, 27. [CrossRef] [PubMed]

5. Denning, D.W.; Kneale, M.; Sobel, J.D.; Rautemaa-Richardson, R. Global burden of recurrent vulvovaginal candidiasis: A

systematic review. Lancet Infect. Dis. 2018, 18, e339–e347. [CrossRef]

6. Soriano-Ruiz, J.L.; Calpena-Capmany, A.C.; Canadas-Enrich, C.; Febrer, N.B.; Suner-Carbo, J.; Souto, E.B.; Clares-Naveros, B.

Biopharmaceutical profile of a clotrimazole nanoemulsion: Evaluation on skin and mucosae as anticandidal agent. Int. J. Pharm.

2019, 554, 105–115. [CrossRef]

7. Taudorf, E.H.; Jemec, G.B.E.; Hay, R.J.; Saunte, D.M.L. Cutaneous candidiasis–an evidence-based review of topical and systemic

treatments to inform clinical practice. J. Eur. Acad. Dermatol. Venereol. 2019, 33, 1863–1873. [CrossRef]

8. Silva, S.; Rodrigues, C.F.; Araújo, D.; Rodrigues, M.; Henriques, M. Candida Species Biofilms’ Antifungal Resistance. J. Fungi 2017,

3, 8. [CrossRef]

9. Santos, G.C.D.O.; Vasconcelos, C.C.; Lopes, A.J.O.; dos Cartágenes, M.; Filho, A.K.D.B.; do Nascimento, F.R.F.; Ramos, R.M.;

Pires, E.R.R.B.; de Andrade, M.S.; Rocha, F.M.G.; et al. Candida Infections and Therapeutic Strategies: Mechanisms of Action for

Traditional and Alternative Agents. Front. Microbiol. 2018, 9W, 1351. [CrossRef]

10. Sardi, J.C.O.; Scorzoni, L.; Bernardi, T.; Fusco-Almeida, A.M.; Giannini, M.M. Candida species: Current epidemiology, pathogenic-

ity, biofilm formation, natural antifungal products and new therapeutic options. J. Med. Microbiol. 2013, 62, 10–24. [CrossRef]

11. Scorzoni, L.; de Paula e Silva, A.C.A.; Marcos, C.M.; Assato, P.A.; de Melo, W.C.M.A.; de Oliveira, H.C.; Costa-Orlandi, C.B.;

Mendes-Giannini, M.J.S.; Fusco-Almeida, A.M. Antifungal Therapy: New Advances in the Understanding and Treatment of

Mycosis. Front. Microbiol. 2017, 8, 36. [CrossRef]

12. Mutlu-Ingok, A.; Devecioglu, D.; Dikmetas, D.N.; Karbancioglu-Guler, F.; Capanoglu, E. Antibacterial, antifungal, antimycotoxi-

genic, and antioxidant activities of essential oils: An updated review. Molecules 2020, 25, 4711. [CrossRef] [PubMed]

13. Cannas, S.; Usai, D.; Tardugno, R.; Benvenuti, S.; Pellati, F.; Zanetti, S.; Molicotti, P. Chemical composition, cytotoxicity,

antimicrobial and antifungal activity of several essential oils. Nat. Prod. Res. 2016, 30, 332–339. [CrossRef]

14. Tariq, S.; Wani, S.; Rasool, W.; Shafi, K.; Bhat, M.A.; Prabhakar, A.; Shalla, A.H.; Rather, M.A. A Comprehensive Review of the

Antibacterial, Antifungal and Antiviral Potential of Essential Oils and Their Chemical Constituents Against Drug-Resistant

Microbial Pathogens. Microb. Pathog. 2019, 134, 103580. [CrossRef] [PubMed]

15. Tungmunnithum, D.; Thongboonyou, A.; Pholboon, A.; Yangsabai, A. Flavonoids and other phenolic compounds from medicinal

plants for pharmaceutical and medical aspects: An overview. Medicines 2018, 5, 93. [CrossRef] [PubMed]

16. El-Baz, A.; Mosbah, R.; Goda, R.; Mansour, B.; Sultana, T.; Dahms, T.; El-Ganiny, A. Back to Nature: Combating Candida albicans

Biofilm, Phospholipase and Hemolysin Using Plant Essential Oils. Antibiotics 2021, 10, 81. [CrossRef]

17. Jafri, H.; Ahmad, I. Thymus vulgaris essential oil and thymol inhibit biofilms and interact sinergistically with antifungal drugs

against drug resistant strains of Candida albicans and Candida Tropicalis. J. Mycol. Med. 2020, 30, 100911. [CrossRef] [PubMed]

18. Silva, R.A.; Antonieti, F.M.P.M.; Röder, D.V.D.B.; Pedroso, R.S. Essential oils of Melaleuca, Citrus, Cupressus, and Litsea for the

management of infections caused by Candida Species: A Systematic Review. Pharmaceutics 2021, 13, 1700. [CrossRef]

19. Elkabti, A.B.; Issi, L.; Rao, R.P. Caenorhabditis elegans as a Model Host to Monitor the Candida Infection Processes. J. Fungi 2018,

4, 123. [CrossRef]

20. Scorzoni, L.; de Lucas, M.P.; Mesa-Arango, A.C.; Fusco-Almeida, A.M.; Lozano, E.; Cuenca-Estrella, M.; Mendes-Giannini, M.J.;

Zaragoza, O. Antifungal efficacy during Candida krusei infection in non-conventional models correlates with the yeast in vitro

susceptibility profile. PLoS ONE 2013, 8, e60047. [CrossRef]

21. Segal, E.; Frenkel, M. Experimental in vivo models of candidiasis. J. Fungi 2018, 4, 21. [CrossRef]

22. Hernando-Ortiz, A.; Mateo, E.; Perez-Rodriguez, A.; de Groot, P.W.J.; Quindós, G.; Eraso, E. Virulence of Candida auris from

different clinical origins in Caenorhabditis elegans and Galleria mellonella Host Models. Virulence 2021, 12, 1063–1075. [CrossRef]

23. Felix, T.C.; Araújo, L.B.; Brito Röder, D.V.D.; Pedroso, R.S. Evaluation of vulvovaginitis and hygiene habits of women attended in

primary health care units of the Family. Int. J. Women’s Health 2020, 12, 49–57. [CrossRef]

24. Clinical and Laboratory Standards Institute (CLSI). M27-S4: Reference Method for Broth Dilution Antifungal Susceptibility Testing of

Yeasts; Third Informational Supplement, 3rd ed.; Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2012.

25. Pedroso, R.S.; Balbino, B.L.; Andrade, G.; Dias, M.C.P.S.; Alvarenga, T.A.; Pedroso, R.C.N.; Pires, R.H. In Vitro and In Vivo

Anti-Candida spp. Activity of plant-derived products. Plants 2019, 11, 494. [CrossRef]
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A B S T R A C T   

Skin wound infections can be considered one of the most common causes of death in burned patients. The raising 
reports of multidrug resistant microorganisms reveals a complicated condition for the treatment of burn wound 
injuries, establishing urgency in the development of novel antimicrobial agents. Considering this scenario, the 
present work describes the synthesis, antibacterial and antifungal activities of a sulfadoxine-salicylaldehyde 
Schiff base (SFX-SL), and of its novel dimeric silver(I) complex (AgSFX-SL). Elemental analysis indicated a 1:1 
metal:ligand molar composition for the AgSFX-SL complex, with the minimum formula AgC19H17N4O5S. Mass 
spectrometric (HRMS) data reveal the existence of dimeric species of the complex in solution. Infrared (FT-IR) 
and nuclear magnetic resonance (NMR) spectroscopic studies suggest coordination of the Schiff base to silver(I) 
by the nitrogen and oxygen atoms of the sulfonamide group. The structure of the SFX-SL Schiff base was 
determined by single crystal X-ray diffraction. Molecular modeling confirms the proposition of a dimeric 
structure for the AgSFX-SL complex as early indicated by mass spectrometric data. The AgSFX-SL complex 
showed an effective antimicrobial activity over pathogens including Gram-positive Staphylococcus aureus 
(multidrug resistant), S. epidermidis, Cutibacterium acnes, and Gram-negative Pseudomonas aeruginosa and Bur-
kholderia cepacia, with minimum inhibitory concentration (MIC) values in the range 12.0–48.0 µmol⋅L−1. 
Additionally, the AgSFX-SL complex was active against Candida albicans with a MIC value of 2.8 µmol⋅L−1. 
Electrophoresis assays showed that the AgSFX-SL complex does not interact with protein models lysozyme and 
bovine serum albumin (BSA).   

1. Introduction 

Burn wounds in their diverse forms are characterized by the accu-
mulation of injured tissues and cells, becoming a potential target for 
infections by pathogenic microorganisms such as Gram-negative Pseu-
domonas aeruginosa and Gram-positive methicillin-resistant Staphylo-
coccus aureus (MRSA) bacterial strains, and fungi [1]. These infections 
can complicate the treatment process and, consequently, the recovery of 
affected individuals, increasing time, cost of treatment and mortality 
[2]. The World Health Organization (WHO) estimates >180,000 deaths 
annually due to burns, establishing itself as a global public health issue. 

With the increasing reports of resistant microorganisms, this scenario 

could be aggravated, since the development of new antimicrobial agents 
is much slower than the emergence of new resistant microorganisms [3]. 
In this case, metallodrugs have demonstrated potential as novel anti-
microbial agents exhibiting a multitarget mode of action on different 
cellular structures. The metal-based agents act by promoting membrane 
disruption, formation of reactive oxygen species (ROS), denaturation of 
essential proteins and enzymes, and interruption on cell division pro-
cess. This set of possible cellular targets can overcome the resistance 
mechanisms in emerging microorganisms and thus promote patient re-
covery [4,5]. 

One of the strategies for metallodrug design is based on the combi-
nation of bioactive molecules with well-established activities, such as 
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antibacterial and anti-inflammatory ones, with metals such as silver, 
platinum and copper, among others. Silver, for example, can be 
considered as one of the most studied metals over the centuries due to its 
antimicrobial activities. The literature describes several applications of 
silver during the history of science as in the maintenance of purity of 
beverages for long periods, and the use of silver wires in surgical sutures. 
Silver salts, on the other hand, were used mostly empirically for a long 
time for the treatment of several human disorders as conjunctivitis, 
gastroenteritis, skin lesions and ophthalmia neonatorum [6,7]. 

The sulfa drugs, or sulfonamides, represent a good example of a class 
of bioactive molecules which has been considered in the synthesis of 
new metallodrugs. Sulfonamides are considered as an important mark in 
antimicrobial chemotherapy since the discovery of Prontosil’s antibac-
terial effects [8]. In special, silver sulfadiazine (SSD) is probably the 
most notable example of the success of combination of sulfonamides and 
metal ions in the search of antibacterial agents for skin infections. Ac-
cording to the literature, SSD is included in the list of essential medicines 
of the World Health Organization (WHO) and used topically in the form 
of a 1 % cream to treat second and third-degree burns. Although used 
for>50 years, SSD is still considered in many cases for topical treatment 
to avoid infections in the cases of skin lesions in burn patients [1,6]. 

Nowadays, the sulfonamide moiety plays an important role in drug 
design, giving rise to anti-inflammatory, antibacterial, antifungal and 
antiparasitic compounds [9]. However, microbial resistance is a strong 
factor for restricted use of sulfonamides, diminishing its application 
range. Structural modifications in such compounds, including the syn-
thesis of sulfonamide-Schiff base derivatives, have been employed for 
bioactivity enhancement seeking to overcome bacterial resistance. 
Mondal et al. [10] published the synthesis of Schiff bases of several 
sulfonamides that exhibited inhibitory action against resistant micro-
organisms, while the former sulfonamides were inactive. Also, the syn-
thesis of Schiff bases derivatives from sulfadiazine with activity and 
selectivity for Staphylococci and fungi were described. These com-
pounds presented minimum inhibitory concentration (MIC) values 
lower than those of sulfadiazine [11]. Other Schiff bases from sulfon-
amides presented antifungal activity against fluconazole-resistant 
Candida auris strains [12]. Such data reinforces the potential of appli-
cation of sulfonamide derived Schiff bases in medicine. 

Sulfadoxine (SFX) is a sulfonamide that is used in combination with 
pyrimethamine as antiparasitic drug. It is commercialized as Fansidar®, 

used in chloroquine-resistant malaria diseases treatment [13]. The SFX 
molecule acts as a folate antagonist, promoting inhibition of dihy-
drofolate reductase enzyme and disturbing the essential parasite’s folate 
biosynthetic pathway [14]. However, mutations in the genes of this 
enzyme can cause the emergence of sulfadoxine-resistant parasites [15]. 

Chellan et al. [16] published the synthesis of metal complexes with 
sulfadoxine Schiff base derivates with good responses in vitro against 
sulfadoxine-resistant strains of Plasmodium parasites, evidencing an 
enhancement in antimicrobial activity of this drug when associated with 
metal ions. In a similar approach, our research group has dedicated ef-
forts in the development of novel antimicrobial agents based in the 
combination of metal complexes with sulfonamides [17–24]. The silver 
(I) and copper(II) complexes with sulfadoxine [14], mafenide [15], 
sulfathiazole and sulfamethoxazole [17], and sulfadimethoxine [18], as 
examples, exhibited in vitro antibacterial activities over Gram-positive 
and Gram-negative bacterial strains, including those related to skin in-
fections as Pseudomonas aeruginosa. In the case of the silver complex 
with mafenide, the minimum inhibitory concentration (MIC) of the 
compound over P. aeruginosa was at least two times lower than SSD [15]. 

In this work we describe the synthesis and structural characterization 
of a sulfadoxine-salicylaldehyde Schiff base (SFX-SL) and its new silver 
(I) complex. Spectroscopic and theoretical studies of the complex and 
the evaluation of its antibacterial and antifungal activities are also 
provided in this article. 

2. Experimental section 

2.1. Reagents and equipment 

Sulfadoxine, salicylaldehyde, silver nitrate and bovine serum albu-
min (BSA) were purchased from Sigma-Aldrich/Merck. Elemental ana-
lyses of the compounds were carried out in a CHNS/O Analyzer 2400, 
Perkin-Elmer. Nuclear magnetic resonance (NMR) data for SFX and 
SFX-SL in dimethylsulfoxide solution (DMSO‑d6) were obtained by using 
a Bruker AVANCE III 400 MHz spectrometer operating at temperature of 
298 K. The 13C nuclear magnetic resonance (NMR) spectra for the Ag(I) 
complex and the Schiff base were acquired in a Bruker 400 MHz spec-
trometer, with combination of magic angle spinning (MAS) and cross- 
polarization (CP). Infrared (FTIR) absorption spectra were recorded in 
an Agilent FTIR spectrometer, model Cary 630. The spectra were 

Scheme 1. Reactional scheme of sulfadoxine-salicylaldehyde Schiff base formation (SFX-SL).  

Scheme 2. Synthetic route of the silver(I) sulfadoxine-salicylaldehyde Schiff base (AgSFX-SL) complex.  

I. Santos Oliveira et al.                                                                                                                                                                                                                        



Polyhedron 225 (2022) 116073

3

obtained by attenuated total reflectance (ATR) method, from 4000 to 
400 cm−1 with 4 cm−1 of resolution. The mass spectra were obtained 
using an Orbi-trap Thermo Q-Exactive equipment, using electrospray 
ionization (ESI-MS) method. Samples were prepared in a methanol: 
water solution containing 0.1 % of formic acid. The final solutions of the 
compounds were infused directly into the instrument’s ESI source. The 
samples were analyzed in the positive mode with flow rate of 200 
μL•min−1 and cone voltage of 3.5 kV. 

2.2. Synthesis of SFX-SL Schiff base 

Sulfadoxine (1.0 mmol) was added into a flask with salicylaldehyde 
(1.0 mmol) and methanol. The reaction (Scheme 1) was taken under 
reflux and magnetic stirring over 3 h, resulting in a yellow precipitate. 
After cooling, the precipitate was separated by vacuum filtration, 
washed with few portions of methanol and dried with P2O5 in a desic-
cator. Single-crystals of SFX-SL were obtained by slow crystallization of 
reactional supernatant stored in −4◦C after few days. Calculated (%): C, 
55.06; H, 4.38; N, 13.52; Found (%): C, 54.39; H, 4.00; N 13.54. Yield 
86 %. 

2.3. Synthesis of the silver complex with sulfadoxine Schiff base (AgSFX- 
SL) 

The silver(I) complex was synthesized according to the following 
procedure (Scheme 2): first, the Schiff base SFX-SL (0.25 mmol) and 
potassium hydroxide (0.30 mmol) were added in a round flask with 5.0 
mL of methanol. Then, after the Schiff base partial solubilization, a 
freshly prepared solution of silver nitrate (0.25 mmol) was slowly added 
and the reaction was kept on stirring for 30 min, at room temperature, 
and under light protection. A bright yellow precipitate was formed and 
separated by filtration, washed with methanol, and dried in a desiccator 
with P2O5. Based on the elemental analysis, the minimum formula 
AgC19H17N4O5S was proposed for the complex. Calculated (%): C, 
43.78; H, 3.29; N, 10.75; Found (%): C, 43.17; H, 3.20; N 10.20. Yield 
94 %. No single crystals of this compound were obtained, despite several 
attempts, for a detailed X-ray diffraction analysis. 

2.4. Structure determination 

Crystal data of SFX-SL Schiff base were collected on a Bruker APEX II 
Duo diffractometer using Mo Kα radiation (λ = 0.71073 Å) from a fine- 
focus sealed tube with a curved graphite monochromator and at 150 K. 
For all data sets, SAINT and SADABS [25,26] were used for data inte-
gration and multi-scan absorption correction. Using Olex2 [27], the 
structure was solved with the ShelXT [28] structure solution program 
using Intrinsic Phasing and refined with the ShelXL [29] refinement 
package using Least Squares minimization. All non-hydrogen atoms 
were refined anisotropically, while hydrogen atoms were refined ac-
cording to the riding model. The complete crystallographic data are 
presented in Supplementary Material. Figures were generated using 
Olex2 [27] and Mercury [30]. 

2.5. Molecular modeling 

For theoretical studies, the density functional theory (DFT) was used 
and all molecules were optimized to the minimum energy using the 
hybrid functional ωB97XD [31]. For carbon, hydrogen, oxygen, sulfur 
and nitrogen the 6-31G(d,p) [32,33] basis set was used and for the silver 
atom LANL2DZ effective core potential basis set was selected [34]. 
Frequency calculations were performed to confirm that the structures 
optimized were at their minimum energy. All optimization and fre-
quency calculations were performed using the Gaussian 09 program 
[35]. The structures were constructed using the GaussView program 
[36]. The binding energy (ΔEBind), Gibbs energy and the enthalpy of the 
coordination process was quantified by the equations 1–3.  

ΔEBind = Ecomplex – [Eligand + Emetal]                                                  (1)  

ΔG = Gcomplex – [Gligand + Gmetal]                                                     (2)  
ΔH = Hcomplex – [Hligand + Hmetal]                                                     (3) 
where ΔEBind corresponds to binding energy, Ecomplex is the energy of the 
complex, Eligand and Emetal correspond to the electronic energies of SFX- 
SL and the silver atom, respectively [37–39]. The zero-point energy 
(ZPE) was added in the electronic energy (E + ZPE). The Gibbs energy 
and the enthalpy of the process were also calculated in an analogous 
way. 

The energies of the HOMO (Highest Occupied Molecular Orbital) and 
LUMO (Lowest Unoccupied Molecular Orbital) were used to obtain 
chemical hardness (η), chemical softness (S), chemical potential (μ), 
electronegativity (χ) and electrophilicity index (ω) [40,41] taking into 
account the Koopmans theorem [42], equations 4–7: 

η =
(EHOMO − ELUMO)

2
(4)  

S =
1

η
(5)  

μ =
(EHOMO + ELUMO)

2
= − χ (6)  

ω =
μ2

2η
(7) 

The AIMALL package [43] was selected and applied to characterize 
the interactions or bonds using the Quantum Theory of Atoms in Mol-
ecules (QTAIM) [44–48]. 

2.6. Antibacterial activity studies 

To determine the minimum inhibitory concentration (MIC) of the 
selected bacterial strains, the microdilution method was applied 
following the recommendation of the Clinical and Laboratory Standards 
Institute (CLSI) [49,50]. For the aerobic bacteria, the selected com-
pounds were first dissolved in dimethylsulfoxide (DMSO, Merck®) or 
distilled water and diluted with Mueller Hinton broth (Kasvi®). For the 
anaerobic strain, the compounds were diluted with Schaedler broth 
(Difco®) supplemented with hemin (5 mg⋅mL−1, Sigma®) and mena-
dione (1 mg⋅mL−1, Sigma®). After that, 12 concentrations of the com-
pounds in the range 0.195–400 μg⋅mL−1 in a 96-well microplate were 
examined. 

All bacterial strains evaluated in this research were from the Amer-
ican Type Culture Collection (ATCC). The aerobic bacterial strains used 
were S. aureus (ATCC BA-44), B. cepacia (ATCC 25416), S. epidermidis 
(ATCC 12228) and P. aeruginosa (ATCC 15442), while C. acnes (ATCC 
11827) was the only anaerobic bacteria selected. Such strains were 
chosen based on their presence in community and hospital acquired 
infections, including skin wounds. The inoculums were adjusted to the 
final cell concentration of 5⋅105 CFU⋅mL−1 for the aerobic and 1⋅106 

CFU⋅mL−1 for the anaerobic bacterial strains, where CFU means colony 
forming unity. 

The 96-well microplates containing the aerobic bacterial strains were 
incubated for 24 h at 37 ◦C, while the microplate containing the 
anaerobic bacterial strain was incubated for 72 h at 37 ◦C in an anaer-
obic chamber (Don Whitley Scientific, Bradford, U.K.). After, 30 μL of 
0.02 % aqueous resazurin (Sigma®) solution was added to each well of 
the plates to show bacterial growth [51]. The blue and red colors of this 
colorimetric assay characterize the absence and the presence of micro-
bial growth, respectively. As positive controls, gentamicin (0.0115 to 
5.9 µg⋅mL−1), vancomycin (0.0115 to 5.9 µg⋅mL−1) and chloramphen-
icol (7.198 to 5000 µg⋅mL−1) were employed, while dimethylsulfoxide 
(5 %, v/v) was employed as negative control. Silver nitrate was used for 
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comparative studies, considering its well-established antimicrobial ac-
tivity although toxic to humans in concentrations higher than 1 %. An 
inoculum was included to examine bacterial cell growth. All experi-
ments were conducted in triplicate. 

2.7. Antifungal activity assays 

The antifungal activity studies of the compounds were conducted by 
using the broth microdilution method as recommended by CLSI (2008). 
Strains of Candida albicans used in this work were acquired from the 
American Type Culture Collection (ATCC 90028 and 64550, Rockville 
MD, USA). 

Stock solutions were initially prepared by dissolving the samples in 
DMSO (Sigma-Aldrich, Co) at a concentration of 192,000 µg•mL−1. 
Dilutions with the stock solutions were carried out in RPMI 1640 culture 
medium buffered at pH 7.2 with 0.165 mol⋅L−1 of 3-N-morpholinopro-
panesulfonic acid (MOPS, Acros Organics, Geel, Turnhout, Belgium) at 
12,000 µg•mL−1 and these are the working solutions. The inoculum was 
prepared using a spectrophotometric method and compared to a 0.5 
McFarland scale to obtain the value of 6 × 106 CFU•mL−1. Then, the 
dilutions recommended by CLSI (2008) [52] were performed in RPMI 
broth until the inoculum reached 1.2 × 103 CFU•mL−1. 

The determination of MIC values was conducted in microdilution 
plates with 96 wells, in which serial dilutions were made with the final 
concentrations of the samples ranging from 1.46 to 3,000 µg•mL−1. The 
culture medium used was MOPS-buffered RPMI broth with a final pH of 
7.2. Each well received 100 µL of the inoculum suspension and the final 
volume in each well was 200 µL. The positive control used was the drug 
amphotericin B, which was diluted in broth to obtain concentrations 
from 0.031 to 16 µg•mL−1. Dimethylsulfoxide was used as the negative 
control with concentrations from 10 % to 1 % (v/v). The inoculum- 
added culture medium was used as a growth control. The microplate 
was incubated at 37 ◦C for 24 h. 

After incubation, 30 µL of an aqueous solution of resazurin (Sigma) at 
0.02 % was added to each well, the microplate was reincubated for 
another 3 h, the reading was performed visually and analyzed descrip-
tively. The blue and red colors characterize the absence and presence of 
microbial growth, respectively [53], thus, the minimum inhibitory 
concentration (MIC) was evaluated, which corresponds to the minimum 
concentration of the sample capable of inhibiting the growth of yeasts. 
The tests were performed in triplicate. 

2.8. Gel electrophoresis analysis (SDS-PAGE) 

Lysozyme and BSA were chosen to evaluate possible protein 

interactions of the compounds considered in this work. Solutions of the 
SFX-SL Schiff base and silver nitrate (1.0 mmol⋅L−1) were prepared in 
water with 1 % of dimethylsulfoxide (v/v), while the AgSFX-SL complex 
was suspended in water with 1 % of dimethylsulfoxide (v/v). Then, 5 µL 
of the samples were mixed with 10 µL of BSA or lysozyme solutions (250 
µmol⋅L−1 in phosphate buffer HPO42−/H2PO4−, pH = 7.4) followed by the 
addition of 35 µL of phosphate buffer and incubated for 3 h at temper-
ature of 37 ◦C. After that, 50 µL of loading buffer (Tris/HCl 100 
mmol⋅L−1, pH 6.8, SDS 4.0 %, bromophenol blue 0.2 % and glycerol 
20.0 %) were added to each sample for a final concentration of 50 
µmol⋅L−1 and 25 µmol⋅L−1 of compound and protein, respectively. 

The mixtures were subsequently heated in a water bath for 5 min at 
96 ◦C. The samples (10 µL) were then added to the sodium dodecyl 
sulfate polyacrylamide gel (SDS-PAGE) and electrophoresed for 2 h at 
100 V. Finally, each gel was washed accordingly and dyed using Coo-
massie blue [18]. Samples with only BSA or lysozyme were used as 
control; Precision Plus Protein™ Dual Color Standard was used as 
weight marker. 

3. Results and discussion 

3.1. X-ray diffraction 

The Schiff base SFX-SL crystallized in the monoclinic P21/c space 
group and it is a polymorph (CSD entry GUVQOE) of a crystal structure 
obtained for this compound [54]. The obtained crystal structure con-
firms the formation of the imine due to the 1.296(4) Å C8-N1 bond 
length, which is consistent with a double bond, although longer than the 
average value of 1.279(8) Å [55]. This value is also consistent with the 
polymorph of this compound, which showed a value of 1.275(3) Å [54]. 
When comparing the present structure with data from sulfadoxine [56], 
there is a difference between the C8-N1 bond length in sulfadoxine 
(1.355(4) Å) and SFX-SL (1.411(5) Å). This may be related to the sp3 

hybridization on the N atom of sulfadoxine and sp2 hybridization in SFX- 
SL. Fig. 1 presents the asymmetric unit representation of SFX-SL. 

The crystal structure of SFX-SL shows a network of hydrogen bonds, 
which is very distinct from the one shown by CSD entry GUVQOE [55] 
(see Figure S1). The sulfonamide group of SFX-SL participates in 
hydrogen bonds to the hydroxyl group of the phenol. Meanwhile, the 
nitrogen atoms from the pyrimidine ring are not involved in hydrogen 
bonding. Contrastingly, the GUVQOE polymorph presents a R22 (8) 
hydrogen bonding pattern involving one of the N atoms from the py-
rimidine group and the nitrogen from the sulfonamide (see Figure S2). 

Fig. 1. Molecular representation of SFX-SL. Ellipsoids are drawn at 50% probability level.  
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3.2. Infrared spectroscopic data (FT-IR) 

Comparing the FT-IR spectra data of SFX and SFX-SL (Figure S3) it is 
possible to notice the disappearance of the bands related to asymmetric 
and symmetric stretching modes of the amino group (–NH2) of SFX, at 
3461 and 3374 cm−1, respectively. Such results are an important 
indicative for Schiff base formation from SFX and salicylaldehyde. The 
FT-IR spectrum of AgSFX-SL complex shows the main bands from the 
ligand SFX-SL. The stretching bands of sulfone group (O––S = O) are 
shifted to 1262 and 1153 cm−1 in the spectrum of the complex, indi-
cating that this group is one of the possible coordination sites of the 
ligand to silver. Moreover, the absence of the stretching mode of the 
N–H group from the SO2N-H moiety of SFX-SL in the complex evidence 
that the sulfonamide group is deprotonated and coordinated to silver by 
its nitrogen atom [17]. 

3.3. 1H and 13C NMR spectroscopic data 

The 1H and 13C NMR spectroscopic studies of Schiff base SFX-SL were 
performed in solution state using DMSO‑d6 as solvent. For comparative 
purposes, SFX was analyzed in the same conditions. In the 1H NMR 
spectrum of the Schiff base SFX-SL (Fig. 2) it is possible to observe sig-
nals related to the methoxy groups in the pyrimidine ring at 3.72 and 
3.91 ppm and the presence of the singlet related to the azomethine 
moiety (–HC––N–) at 8.97 ppm. The signals observed at 6.99, 7.45 and 
7.69 ppm corresponded to the aromatic hydrogens and a singlet at 
11.22 ppm corresponds to the hydroxyl group derivate from salicy-
laldehyde.. There are also other signals with low intensity present in the 
aliphatic region of the SFX-SL 1H NMR spectrum centered at 3.16 and at 
4.01 ppm which match with residual methanol used in the synthesis of 
the compound. The asterisks (*) at 2.50 and at 3.30 ppm in Fig. 2 refers 
to CHD2(SO)CD3 residual peak and H2O, respectively, from the 
DMSO‑d6 used in the experiment. Additional unlabeled and low- 

Fig. 2. 1H NMR spectra of SFX-SL. The asterisk at 2.50 denotes the presence of CHD2(SO)CD3 residual peak, while the peak at 3.30 ppm refers to H2O from the 
DMSO-d6 used as solvent in the experiment. 

Fig. 3. 13C NMR CPMAS spectra of (a) SFX-SL and (b) AgSFX-SL.  
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intensity signals can be attributed to some residual SFX [17] present in 
the sample. 

The AgSFX-SL complex demonstrated low solubility in DMSO and in 
other solvents. Considering this, the 13C NMR spectroscopic experiments 
of SFX-SL and AgSFX-SL were performed in solid state for comparative 
analysis. The spectra of SFX-SL and AgSFX-SL with carbon atoms as-
signments are shown in Fig. 3. The two signals observed in the spectrum 
of SFX-SL and AgSFX-SL in the range 50–60 ppm are attributed to the 
carbon atoms of –OCH3 groups in the pyrimidine ring. The solid-state 
13C NMR data indicates the maintenance of the Schiff base integrity 
and its coordination to silver. The chemical shifts in signals related to 
carbon nuclei C5, C6 and C8 at 150.99, 149.29 and 137.87 ppm in the 
ligand spectrum to 145.65, 150.62 and 133.53 ppm in the spectrum of 

the AgSFX-SL complex, respectively, suggest nitrogen coordination of 
the SO2N-group to Ag(I). The observed data reinforce the coordination 
of the ligand to silver by the sulfonamide moiety as indicated by FT-IR 
spectrum of the AgSFX-SL complex. Nevertheless, chemical shifts were 
also observed for carbon atoms C12, C13 and C18 when the ligand and 
silver complex 13C NMR spectra are compared. So, ligand interaction 
with Ag(I) by the oxygen atom of the salicylic moiety and the imine 
nitrogen atom cannot be totally discarded considering this technique. 

3.4. High resolution mass spectrometric studies (HRMS) 

The spectrum of the AgSFX-SL complex is presented in Fig. 4. Peaks 
at 833.0755 m/z and 729.0493 m/z were detected and assigned to [Ag 

Fig. 4. Mass spectrum of AgSFX-SL from 100 to 1500 m/z with assigned signals in A. Expanded spectra and calculated isotopic pattern of [Ag2(SFX-SL)2+H]+
molecular ion in B. 
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(SFX-SL)(SFX) + H]+ and [Ag(SFX)2 + 2H]+ species. These peaks 
correspond to successive loss of salicyl groups of the Schiff base ligand. 
Peaks at m/z 601.0164 and at 264.9310 m/z were also observed, being 
attributed to ligand scrambling in the gas phase and formation of [Ag 
(SFX-SL)(DMSO) + H]+ and [Ag(DMSO)2]+ species. The DMSO comes 
from sample preparation before HRMS analysis. The presence of the 
[Ag2(SFX-SL)2 + H]+ ion at 1042.9985 m/z indicates a dimeric structure 
for the AgSFX-SL complex as already observed for similar silver com-
plexes with sulfa drugs [17,20,22–24]. The peak at 937.0121 m/z is 
related to the fragmentation of the [Ag2(SFX-SL)2 + H]+ ion with the 
loss of one silver ion thus corroborating the dimeric form of the complex. 
The full spectrum of the silver complex with expanded regions can be 
found at the supplementary material (Figure S4). 

3.5. Molecular modeling 

For the theoretical study of the AgSFX-SL complex, the SFX-SL ligand 
was considered in its anionic form by deprotonation of the nitrogen 
atom of the sulfonamide group. The loss of the hydrogen of the SO2N-H 
moiety of the ligand was confirmed by considering the experimental FT- 
IR spectrum of the AgSFX-SL complex, as discussed in section 3.2. The 
anionic structure was generated from the neutral molecule obtained 

from the crystal, according to the crystallographic data described in 
section 3.1. 

Considering the FT-IR and NMR spectroscopic data, oxygen coordi-
nation from the sulfonamide group to Ag(I) was also proposed. With the 
experimental data, the lower energy conformers were elucidated and 
consequently the most stable ones for the AgSFX-SL complex. In Fig. 5a 
the torsion dihedron is shown in detail and Fig. 5b presents the internal 
rotational barrier determined for the deprotonated SFX-SL ligand, where 
the torsion angle varied in 360◦ with 10◦ intervals. 

From the results obtained in the rotational barrier for the SFX-SL 
anion, it is possible to observe two more stable conformers at 50◦ and 
180◦. The 50◦ conformation is the structure shown in Fig. 5a, in which 
the –OCH3 group is in the C–N–S–O dihedral plane. At 180◦ the ni-
trogen of the pyrimidine ring is oriented towards one of the oxygens of 
the -SO2 group. The third conformer at 290◦ presents the least possibility 
to coordinate the metal, as it presents steric hindrances. 

The possibility of formation of monomeric or dimeric species 
involving silver complexes with sulfonamides is well established in the 
literature. In this context, and taking into account the 1:1 metal:ligand 
molar composition found from elemental analysis, monomeric and 
dimeric forms for the silver(I) complex with SFX-SL were considered 
[17,20]. Fig. 6 shows the dimeric structure of the complex with 

Fig. 5. a) Optimized structure of the SFX-SL anion and b) internal rotational barrier for the C-N-S-O dihedral.  
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respective bond length between metal and donor atoms of the SFX-SL 
ligand. The coordination mode proposed here for AgSFX-SL is consis-
tent with one of the common geometrical motifs reported for silver(I)- 
sulfonamide complexes, forming an eight-membered ring where each 
two nitrogen atoms (from the sulfonamide group and from the pyrimi-
dine ring) of the ligand bind to a particular silver(I) ion [57]. Additional 
binding to oxygen atoms of the sulfonamide group was also observed in 
crystal structures of silver(I)-sulfonamide complexes reported by our 
group [17,22,23]. The monomeric structural proposition for the com-
plex is presented at the supplementary material (Figure S5) for 
comparative purposes. 

Table 1 presents a comparison of the main calculated bond lengths 
for AgSFX-SL and values reported for crystal structures of other silver- 
sulfonamide complexes. After the formation of the dimer depicted in 
Fig. 6, the bond lengths between oxygen and silver presented the values 
of 2.466 Å and 2.490 Å. The calculated Ag-O bond lengths are slightly 
shorter with the values of 2.60(2) Å and 2.662(2) Å reported for the 
silver(I)-sulfadoxine [17] and of the silver(I)-sulfameter [22] complexes, 
respectively. The calculated Ag-N bond lengths of the nitrogen atoms of 
SFX-SL and silver are consistent with the mean value of 2.24(12) Å re-
ported in the Cambridge Structural Database [58]. Finally, the theo-
retical model of AgSFX-SL proposed here accounts for the formation of 
an argentophilic interaction Ag-Ag (2.820 Å), similar to what was 

observed in crystal structures of silver-sulfonamide complexes 
[17,22,59]. 

To observe the magnitude of the coordination of the metal with the 
SFX-SL ligand and the formation of the dimeric structure, the binding 
energies (EBind), Gibbs energies (ΔG) and enthalpies (ΔH) involved in 
the coordination were calculated for the monomeric and dimeric species 
and are represented in Table 2. 

Analyzing the results in Table 1, it is possible to infer that EBind 
values are < 0, showing that the coordination is effective in both species. 
The values of ΔG and ΔH are also < 0, so coordination is spontaneous, 
and energy is released in the process. 

Comparing the energy values between the monomer and the dimer, it 
is evident that the dimer formation favors complexation due to the 
significant increase in binding energy, Gibbs and enthalpy. Since the 
existence of a dimeric species was also corroborated by experimental 
HRMS data, the proposed structure presented in Fig. 6 is the most 
probable one for the AgSFX-SL complex. 

As the dimer is the most probable species, the FTIR spectrum, the 
reactivity indices, and topological properties were evaluated for the 
AgSFX-SL complex. Theoretical results of the FTIR spectra were calcu-
lated for the anionic SFX-SL and for AgSFX-SL, Figure S6. The results 
show that all vibrational frequencies of the bonds in the complex spec-
trum were altered when compared to the vibrational frequencies of the 
isolated ligand, thus confirming that the interaction occurred. The 
spectra follow the same trend as the experimental results and it is worth 
noting that for the theoretical simulations all peaks are determined and 
that no scale factor was used to perform the calculations. 

The reactivity indices, Energy gap (Eg), chemical hardness (η), 
chemical softness (S), chemical potential (μ), electronegativity (χ) and 
electrophilicity index (ω) were calculated for the AgSFX-SL complex and 
for SFX-SL. The results are presented in Table S2 at the supplementary 
material. The hardness determinant (η) is a property that measures the 
stability of the molecule. Electronegativity (χ) measures the strength of 

Fig. 6. Structural formula for the AgSFX-SL complex.  

Table 1 
Main bond length values calculated for AgSFX-SL and reported values for other 
silver-sulfonamide complexes.  

Compound Ag – N (Å)* Ag – O (Å)* Ag⋯Ag (Å) Reference 
AgSFX-SL 2.195 – 

2.267 
2.466 – 

2.490  
2.820 This work 

Ag(I)-sulfadoxine 2.26(2) – 

2.53(1) 
2.60(2) – 

2.71(2)  
2.744(6) [17] 

Ag(I)-sulfameter 2.192(6) – 

2.267(5) 
2.662(2)  2.901(1) [22] 

Ag(I)-sulfadimethoxine 2.235(6) – 

2.408(6) 
2.806(7) – 

2.899(6)  
2.737(9) [23] 

Ag(I)- 
sulfachloropyridazine 

2.105(6) –  2.8897(3) [59] 

Ag(I)-sulfamoxole 2.122(5) – 

2.152(4) 
–  2.8957(10) [60] 

* Ranges of bond-length values found in the crystal structures. For the specific 
case of Ag-O bonds, they may be absent altogether, depending on the crystal 
structure. 

Table 2 
Binding energy (ΔEBind) at zero Kelvin, Gibbs energy (ΔG) and enthalpy at 298 
Kelvin for the complexes.  

Complex EBind ΔG ΔH 
Kcal mol−1 

AgSFX-SL (monomer)  −141.97  −133.48  −142.16 
AgSFX-SL (dimer)  −357.99  −317.62  −348.08  
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attracting electrons. The electrophilicity index (ω) measures the elec-
trophilic power of the molecules and can be classify as strong (ω > 1.5 
eV), moderate (ω between 0.9 and 1.4) and very small (ω < 0.8 eV). The 
chemical potential (μ) is usually associated with the charge transfer 
ability of the system in its ground state. Alternatively, μ is the index of 
escaping tendency of electrons from an equilibrium system [61–63]. 

Analyzing the results for the reactivity indices at Table S2, it is 
possible to infer that the results between the ligand and the complex are 
very close for all properties, which allows to infer that the complex 
formed has practically the same reactivity, stability and electrophilic 
characteristics and strength of attracting electrons as the ligand. 

The results for QTAIM analysis aimed at the characterization of the 
nature of the chemical bonds of the dimer. The obtained data for AgSFX- 
SL are shown at the supplementary material (Table S3). 

The molecular graph for the AgSFX-SL is shown in Fig. 7 and the 
Critical Binding Points (CBP) prove that the complex is formed. The 
electron density (ρ(r)) values are also represented in Fig. 7 and as 
observed, the ρ(r) values follow the same trend found for the structural 
parameters, where for smaller bond lengths, the electron density is 
greater. 

Another way to classify the interactions is by the Laplacian of elec-
tron density (∇2ρ(r)) and total energy density (H(r)). When ∇2ρ(r) >
0 and H(r) < 0 the interaction is partially covalent and for ∇2ρ(r) >
0 and H(r) > 0 are electrostatic. The results show that all electron 
density Laplacian (∇2ρ(r)) are positive and that all total energy densities 
are negative. The values of H(r) and ∇2ρ(r) show that the character of all 
interactions of the metal with the SFX-SL ligand is partially covalent. 

3.6. Antibacterial and antifungal activity studies 

The MIC values of the compounds against bacteria and yeasts asso-
ciated to skin wound infections are shown in Table 3. The bacterial 
strains selected are pathogens that commonly cause burn wound in-
fections and skin lesions. These bacterial strains are resistant to some 
antibiotics, which represent a challenge for treatment [64–66]. Also, the 
bacterial strains used in this study have shown to be resistant to sulfa-
doxine in the considered conditions. 

The AgSFX complex described in an earlier work by our research 
group was reprepared as described in reference [17] and used for 
comparative studies in the MIC assays. The AgSFX and AgSFX-SL com-
plexes presented the lowest MIC values for aerobic bacteria in the range 
from 12.5 to 59.9 μmol•L−1. All the tested compounds presented relative 
low activities and high MIC values for C. acnes (anaerobic strain). The 
obtained MIC values for AgSFX and AgSFX-SL complexes were lower 
than those found in the literature for silver sulfadiazine (SSD), a com-
mercial antibacterial agent. For P. aeruginosa, the MIC value found for 
SSD was 56 μmol•L−1, while for S. epidermidis, the MIC value for SSD 
was 224 μmol•L−1 [67]. 

Sulfadoxine (SFX) and its respective Schiff base (SFX-SL) showed no 
significant activity against the tested bacterial strains. Meanwhile, the 
SFX-SL species demonstrated a moderate activity against yeast in com-
parison to SFX, showing an enhancement of activity after the modifi-
cation of the sulfa drug in its Schiff base form. 

The MIC values of the AgSFX and AgSFX-SL complexes were much 
lower than the values found for SFX and SFX-SL against bacteria and 

Fig. 7. Molecular graph for the AgSFX-SL complex and topological parameter ρ(r) generated by QTAIM.  

Table 3 
MIC values of the compounds over bacteria and yeasts. Values are given in µg⋅mL−1 and (µmol⋅L−1).  

Compounds Aerobic bacteria Anaerobic 
bacteria 

Yeasts 

S. aureus ATCC 
BA44 

B. cepacia ATCC 
25,416 

S. epidermidis ATCC 
12,228 

P. aeruginosa ATCC 
15,442 

C. acnes 
ATCC 11,827 

C. albicans ATCC 
90,028 

C. albicans ATCC 
64,550 

SFX >400 (>1288.9) >400 (>1288.9) >400 (>1288.9) >400 (>1288.9) 200 (644.5) 3000 (9667.1) 3000 (9667.1) 
AgSFX 50 (59.9) 12.5 (15.0) 25 (29.9) 12.5 (15.0) 200 (239.5) 2.93 (3.5) 2.93 (3.5) 
SFX-SL >400 (>965.2) 400 (965.2) >400 (>965.2) >400 (>965.2) 200 (482.6) 375 (904.8) 187.5 (452.4) 
AgSFX-SL 50 (48.0) 12.5 (12.0) 25 (24.0) 12.5 (12.0) 200 (191.8) 2.93 (2.8) 2.93 (2.8) 
AgNO3 12.5 (73.6) 3.12 (18.4) 3.12 (18.4) 3.12 (18.4) 100 (587) 2.93 (17.25) 5.86 (34.50) 
Gentamicin – – 0.05 1.5 0.4 – – 

Vancomycin 0.7 – – – – – – 

Chloramphenicol – 14.4 – – – – – 

Amphotericin – – – – – 1.0 1.0  
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fungi as can be seen in Table 2. The antimicrobial activities presented by 
the metal complexes are probably due to the presence of silver ions, with 
emphasis on a superior efficacy in the inhibition of aerobic microor-
ganisms’ growth. Although AgNO3 presented low MIC values in this 
experiment, it is important to emphasize that this compound exhibits 
toxicity to cells and tissues at concentrations >1 %. This effect can be 
attributed to the fast release of Ag(I) ions [68]. 

3.7. Polyacrylamide gel electrophoresis assays (SDS-PAGE) 

Considering the antibacterial and antifungal activities exhibited for 
SFX-SL and the AgSFX-SL complex as presented in Table 3, biophysical 
assays based on sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) were conducted. Such technique is an important 
tool to further investigate the possible biomolecular targets for several 
classes of drugs and correlate it with their activities. Lysozyme and 
bovine serum albumin (BSA) are commonly used to examine if the 
compounds are able to interact with proteins in biological medium. As 
early reported, albumins are the most abundant proteins in plasma and 
drug interaction with albumin can be considered as a key factor for the 
pharmacokinetics and pharmacodynamics of such compounds [16]. 
Lysozyme is a protein of approximately 12 kDa also commonly used in 
the evaluation of proteins and drug interactions. By the evaluation of the 
influence of the SFX-SL and AgSFX-SL on the electrophoretic mobility of 
the chosen proteins, it is possible to evaluate the selectivity of the 
compounds for this class of biomolecules and correlate it with its anti-
microbial activities [16]. No evidence of interaction was found for the 
compounds in this preliminary approach with the model proteins bovine 
serum albumin (BSA) and lysozyme. Figure S7 at the supplementary 
material presents the pattern of the bands obtained after incubation of 
the compounds with the selected proteins. Further investigations of 
interaction mode with other possible targets, such as DNA or even with 
proteins by using other techniques, are envisaged and will be performed 
in the future. 

4. Conclusions 

The Schiff base of sulfadoxine with salicylaldehyde (SFX-SL) and its 
respective silver(I) complex (AgSFX-SL) were obtained. The experi-
mental and computational studies revealed coordination of the Schiff 
base to Ag(I) by the oxygen and deprotonated nitrogen atoms from 
sulfonamide group, and by the nitrogen atom from pyrimidine ring 
forming a dimeric structure. The AgSFX complex formerly described in 
the literature and the novel AgSFX-SL complex presented MIC values 
from 2.8 to 59.9 µmol⋅L−1 for the selected bacterial strains. The obtained 
results were comparable to the activity of the commercial drug SSD for 
P. aeruginosa and S. epidermidis species that participate in skin wound 
infections. The complexes were also active over C. albicans with con-
centration values in the micromolar range. Preliminary biophysical as-
says suggest no interaction of the compounds with the selected model 
proteins albumin and lysozyme. 
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Abstract: Background: Contamination of the hospital environment with multi-resistant (MDR)

Staphylococcus increases the risk of infection. The aim of this study is to identify the MDR species

of Staphylococcus on inanimate surfaces, in air, and in clinical samples, and analyze the risk factors

that correlate with the occurrence of infections in a Neonatal Intensive Care Unit. Methods: Samples

of inanimate surfaces and air were taken using a premoistened swab (0.9% sodium chloride) and

spontaneous air sedimentation, respectively. The clinical isolates were recovered from infected

neonates. The isolates (environmental and clinical) were identified by matrix-assisted laser desorption

ionization-time of flight and the resistance profile was calculated using the disk diffusion agar

technique. Results: In total, 181 isolates were obtained, 93 from (surfaces), 18 from the air, and

70 clinical samples. S. epidermidis was the most frequent species (66.8%), and the failure rate in

air cleaning was 100%. More than 60% of the isolates were MDR, and the majority of clinical

isolates (60.4%) had a resistance profile identical to that of the environmental isolates. Conclusion:

Staphylococcus spp. were found in most of the analyzed samples, with a high frequency of MDR

isolates, demonstrating the importance of the hospital environment as a reservoir, and the need for

infection control measures, and rational use of antimicrobials.

Keywords: Staphylococcus; environmental contamination; air; neonatal intensive care unit;

antimicrobial resistance

1. Introduction

The microbial contamination of the hospital environment plays an important role
in the development of Healthcare Associated Infections (HAI) and contributes to the
increase in morbidity and mortality of patients admitted to the Neonatal Intensive Care
Unit (NICU) [1]. It is estimated that more than 25% of the cases of HAIs are triggered by
microorganisms present in the environment, for example high touch surfaces, which lead
to a greater risk of the transmission of infections in healthcare services [2–6].

Microorganisms 2022, 10, 567. https://doi.org/10.3390/microorganisms10030567 https://www.mdpi.com/journal/microorganisms
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During hospitalization, patients spread bacteria capable of surviving for long periods
on inanimate surfaces and in the air, including Gram-positive bacteria, which are one of
the main etiological agents of HAI in the NICU [3,7]. Coagulase-negative Staphylococcus
(CoNS) are responsible for up to 40% of these infections, with emphasis on Staphylococcus
epidermidis and Staphylococcus haemolyticus, while Staphylococcus aureus is responsible for up
to 25% of HAIs [8–14].

Staphylococcus spp. multidrug resistance (MDR) is responsible for 2% to 5% of HAIs
in the NICU and causes significant neonatal morbidity and mortality (20–35%) [11,15,16].
These microorganisms can survive for long periods on inanimate surfaces and in the
air [3,15,17]. Studies have shown that the persistence of MDR isolates in the environment
can vary from 7 days to 5 years, depending on the type of surface, humidity, and tempera-
ture, persisting longer on dry surfaces [3,18].

The transfer of these microorganisms between the environment and patients has been
demonstrated in the literature [3,7,17], and emphasizes the importance of knowing the
reservoirs of hospital microbiota. Despite the relevance of the subject, studies of this type in
the NICU are scarce; therefore, the purpose of this study was to identify the MDR species
of Staphylococcus on inanimate surfaces, in air, and in clinical samples and analyze the risk
factors that correlate with the occurrence of infections caused by these microorganisms in
an NICU.

2. Materials and Methods

2.1. Studied NICU

The study was performed in a 20-bed NICU of the Uberlândia University Hospital.
Disinfection of the NICU surfaces is performed using Glucoprotamin™ with 0.5%

quarternary ammonium compound by rubbing with the product at least three times a day,
at the beginning of each work shift (6:00 a.m., 1:00 p.m., and 6:00 p.m.).

2.2. Sampling

2.2.1. Surface Screening

Environmental samples were collected in March, June, and August 2018, always on
the same day of the week and two hours before unit disinfection. High-touch surfaces were
considered to be those with frequent contact with the hands and that provide the greatest
risk of transmission of microorganisms [3].

Samples were collected from the surface of 20 baby incubators, 20 monitor tables,
20 respirator monitor, 20 infusion pumps, 20 vital sign monitors, six NICU access doors,
five soap dishes, five paper towel holders, five faucet spouts, three cabinet drawers, three
light switches, three medicine storage refrigerators’ doors, three medication preparation
tables, and three bath sink drains, totaling 136 collection points per month and 408 samples.

The sampling sites were sampled using swabs (Plastlabor, Rio de Janeiro, Brazil) pre-
moistened with 0.9% sodium chloride and vigorously wiped over approximately 6 cm2.
Swabs were vortexed in 2 mL of neutralizing solution (Hexis Científica, Jundiaí, Brazil), and
0.2 mL was plated on nutrient and Staphylococcal selective agars (Oxoid Ltd., Basingstoke,
UK). Growth on nutrient agar was assessed and aerobic colony counts per cm2 were calcu-
lated and classified as: no growth; scanty growth (<2.5 colony-forming unit [CFU]/cm2);
light growth (≥2.5–12 CFU/cm2); moderate growth (>12–40 CFU/cm2); and heavy growth
(>40 CFU/cm2), according to the number of CFU counted. Hygiene failure was considered
to have occurred for those samples that showed growth ≥2.5 CFU/cm2 [7].

2.2.2. Air

The air sample was collected as follows: three Petri dishes containing nutrient and
staphylococcal selective agar were exposed at each timepoint, totaling nine plates, in
the center of the NICU III and II by the spontaneous sedimentation method, 1 m from
the ground, 1 m from any obstacle, for 1 h [19]. Healthcare workers were allowed to
freely enter the rooms when the sampling was on-going, however the movements were
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not recorded. Samples that showed the growth of at least one colony were considered
positive. The samples that showed growth of colonies with different characteristics were
classified as having multiple growths and the identification and susceptibility test for
staphylococci was carried out. The plates were incubated for 24 h at 37 ◦C and the CFU
count was calculated, being classified as no growth, scanty growth (1 or 2 CFU/plate),
light growth (≥2–10 CFU/plate), moderate growth (>10–40 CFU/plate), and heavy growth
(>40 CFU/plate). Hygiene failure was considered to have occurred for those samples that
showed growth ≥2 CFU/plate/hour [19]. These air samplings were performed at the same
times as the surface samplings.

2.2.3. Clinical Samples of Neonates and Epidemiological Surveillance

The clinical isolates included in the study from the bloodstream and ocular secretions
were laboratory confirmed and obtained between the months of January and Decem-
ber 2018. The medical team established the parameters for the collection of biological
samples and sent them to the Clinical Analysis Laboratory, where they were processed
and identified.

In addition, neonates admitted to the NICU in 2018 were followed up daily through the
“National Healthcare Safety Network” (NHSN) system [20], from admission to discharge
or death, to check for the presence of clinical characteristics that are considered risk factors
for the occurrence of infections, including birth weight, gestational age, use of a drain,
use of a bladder catheter, use of invasive procedures such as the insertion of a central
venous catheter (CVC), peripherally inserted central catheter (PICC), umbilical venous
catheter, phlebotomy and intracath, total parenteral nutrition, mechanical ventilation, use
of antimicrobial prior to infection, length of hospital stay, and outcome of hospitalization
(discharge or death). Only neonates with Staphylococcus spp. infection were included in the
study.

Neonates who had more than one positive culture were considered to have a new
episode of infection when the isolation of the microorganisms occurred more than 14 days
apart and showed different resistance profiles [21].

2.3. Identification and Antimicrobial Susceptibility Testing

All isolates were identified using matrix-assisted laser desorption ionization-time
of flight (MALDI-TOF MS, Bruker Daltonik, Germany) [22] and the susceptibility to the
antimicrobials: penicillin (10 µg), oxacillin (1 µg), cefoxitin (30 µg), gentamicin (10 µg),
sulfazotrim (25 µg), erythromycin (15 µg), and clindamycin (2 µg) was evaluated following
the methodology proposed by the Clinical and Laboratory Standards Institute document
M07-A9 [23]. Bacterial isolates were classified as susceptible, intermediate, or resistant
according to the Clinical and Laboratory Standards Institute (CLSI) document M100 [24].
MDR was defined as acquired non-susceptibility to at least one agent in three or more
antimicrobial categories [25].

2.4. Detection of Methicillin-Resistant Staphylococcus (MRS)

The methicillin-resistant Staphylococcus test (MRS) was performed using a diffusion
disk with cefoxitin (30 µg). Isolates of S. aureus and CoNS were considered resistant to
methicillin when they presented an inhibition halo ≤21 mm and ≤24 mm, respectively [25].
For quality control, the reference strains S. aureus American Type Culture Collection (ATCC)
25,923 (methicillin-susceptible) and ATCC 43,300 (methicillin-resistant) were used.

2.5. Resistance to Macrolides, Lincosamides, and Streptogramin B (MLSB)

The isolates that were initially susceptible to clindamycin (2 µg) and resistant to ery-
thromycin (15 µg) were examined for inducible clindamycin resistance using the D-test
according to CLSI recommendations [24]. Briefly, erythromycin (15 µg) and clindamycin
(2 µg) disks were placed 15–20 mm apart (edge to edge) and then incubated at 35–37 ◦C
for 18 h. Isolates showing resistance to erythromycin but susceptibility to clindamycin and
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producing a D-shaped zone of inhibition around the clindamycin disk on the side facing
the erythromycin disk were considered to show an iMLS resistance phenotype. Moreover,
resistance to both erythromycin and clindamycin was taken to indicate a cMLS resistance
phenotype. Isolates showing resistance to erythromycin while being susceptible to clin-
damycin with no blunting zone were classified as showing an MS resistance phenotype.
S. aureus ATCC 25923, S. aureus ATCC BAA-976 (Test D negative), and S. aureus ATCC
BAA-977 (Test D positive) were used as controls.

2.6. Statistical Analysis

The mean time of hospitalization was described within each group of neonates (with
or without infection) using the means and standard deviations. The other variables were
described using double-entry tables. The risk factors for the occurrence of infection in
neonates were assessed by univariate and multiple logistic regression, followed by the
selection of variables using the stepwise method [26]. The chi-square test was used for
analyzing categorical variables. All tests were performed using the Statistical Package for
the Social Sciences (SPSS v.20) software and a significance level of 5% was applied.

2.7. Research Ethics

This research was approved by the Human Research Ethics Committee of the Federal
University of Uberlândia (Approval N◦. 2.173,884) and performed following the ethical
precepts of the Declaration of Helsinki.

3. Results

3.1. Microbial Load of Inanimate Surfaces and Air

Staphylococcus spp. were isolated in 93 (22.8%) of the 408 samples from inanimate
surfaces, with an average number of colonies of 8.5 CFU/cm2, ranging from 1 to >40
CFU/cm2; the average hygiene failure rate was equal to 10.6%. Regarding the samples
collected from the air, all exposed plates showed growth of Staphylococcus spp., totaling 18
isolates, 16 (88.9%) of which were S. epidermidis and two (11.1%) S. aureus. Colony counts
ranged from 2 to 40 CFU/plate, with an average of 10.1 CFU/plate. The analysis of the air
samples indicated 100% hygiene failure (Table 1).

Table 1. Categories of microbial load for inanimate surfaces, air, and hygiene failure in the Neonatal

Intensive Care Unit.

Inanimate Surfaces
No

Growth

Scanty
Growth

<2.5 cfu/cm2

Light Growth
≥2.5–12
cfu/cm2

Moderate
Growth

>12–40 cfu/cm2

Heavy
Growth

>40 cfu/cm2

Hygiene Fails
(≥2.5 cfu/cm2)

n %

Light switches (n = 9) 4 2 3 0 0 3 33.3
Monitors table (n = 60) 34 11 8 2 5 15 25.0

Baby incubators (n = 60) 34 12 11 3 0 14 23.3
Door handle (n = 18) 11 3 3 1 0 4 22.2

Medication preparation table
(n = 9)

7 1 0 1 0 1 11.1

Drawer (n = 9) 8 0 0 0 1 1 11.1
Respirators monitors (n = 60) 49 5 5 1 0 6 10.0
Towel paper holder (n = 15) 12 2 1 0 0 1 6.6
Vital sign monitors (n = 60) 55 3 2 0 0 2 3.3

Infusion pumps (n = 60) 56 2 2 0 0 2 3.3
Soap dish (n = 15) 13 2 0 0 0 0 0

Facet spout (n = 15) 14 1 0 0 0 0 0
Sink drains (n = 9) 9 0 0 0 0 0 0
Medicine storage

refrigerator’s door (n = 9)
9 0 0 0 0 0 0
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Table 1. Cont.

Air
No

Growth

Scanty
Growth

<2 cfu/plate

Light Growth
≥2–10

cfu/plate

Moderate
Growth

>10–40 cfu/plate

Heavy
Growth

>40 cfu/plate

Hygiene Fails
(≥2

cfu/plate/hour)

n %

N = 9 0 0 3 5 1 9 100

3.2. Surfaces and Isolated Species

In the samples from surfaces, CoNS was isolated from incubators (n = 26; 28.9%),
monitor tables (n = 25; 27.8%), respirator monitors (n = 10; 11.2%), door handles (n = 7;
7.7%), vital signs monitors (n = 5; 5.5%), paper towel holders (n = 5; 5.5%), infusion pumps
(n = 4; 4.4%), light switches (n = 4; 4.4%), medication preparation tables (n = 2; 2.2%), faucet
spouts (n = 1; 1.2%), and drawers (n = 1; 1.2%). S. epidermidis was the most commonly
isolated species in the samples from inanimate surfaces (71%) and other CoNS represented
25.8% of the total. On the other hand, S. aureus represented 3.2% of the total isolates, being
recovered from incubators (n = 1; 33.3%), light switches (n = 1; 33.3%), and monitor tables
(n = 1; 33.3%) (Table 2).

Table 2. Staphylococcus spp isolated from inanimate surfaces, air, and neonatal infection in the

Neonatal Intensive Care Unit.

Microorganisms Samples

Staphylococcus aureus
Inanimate surfaces (n = 3)

Air (n = 2)
Neonates (n = 14)

Staphylococcus epidermidis
Inanimate surfaces (n = 66)

Air (n = 16)
Neonates (n = 39)

Staphylococcus capitis
Inanimate surfaces (n = 7)

Neonates (n = 10)

Staphylococcus haemolyticus
Inanimate surfaces (n = 6)

Neonates (n = 3)

Staphylococcus warneri
Inanimate surfaces (n = 4)

Neonates (n = 1)

Staphylococcus xylosus
Inanimate surfaces (n = 4)

Neonates (n = 1)

Staphylococcus hominis
Inanimate surfaces (n = 3)

Neonates (n = 2)

3.3. Clinical Samples

Between January and December 2018, 284 newborns were admitted to the NICU. Of
these, 48 (16.9%) had Staphylococcus spp. infection. In 34 (70.8%) of the newborns, the
isolation occurred from the bloodstream, in 10 (20.8%) from ocular secretions, and in four
(8.4%) patients, Staphylococcus spp. were isolated from both sites. A total of sixteen (33.3%)
newborns had mixed infection with the isolation of different species of Staphylococcus from
the same site. In total, 70 isolates were recovered; however, the majority (n = 53; 75.7%) were
from the bloodstream, followed by ocular secretions (n = 17; 24.3%). Of these 70 isolates
recovered from clinical samples, 39 (55.7%) were S. epidermidis, 17 (24.3%) other CoNS, and
14 (20%) S. aureus.

3.4. Multidrug Resistance

Of the 181 isolates (environmental and clinical), 132 (72.9%) were MRS, (including
seven MRSA), with 48.5% from inanimate surfaces, 10.6% from the air, and 40.9% from
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clinical isolates. Erythromycin and clindamycin resistance was seen in 56.4% (102/181) and
54.1% (98/181) of the isolates, respectively. Resistance to erythromycin and clindamycin
were more frequent in MRS compared to methicillin-susceptible Staphylococcus (MSS) (E-R:
59.1% vs. 49.1% and Clin-R: 62.9% vs. 30.6%). Erythromycin susceptibility and clindamycin
resistance was detected in 34 MRS isolates. The overall prevalence of iMLSB, cMLSB and
MS phenotypes was 12.7% (23/181), 35.4% (64/181), and 8.3% (15/181), respectively. Both
iMLSB and cMLSB phenotypes predominated in MRS strains (p-value = 0.002) (Table 3).

Table 3. Clindamycin susceptibility patterns among MRS and MSS.

MRS (%)
N = 132

MSS (%)
N = 49

Total (%)
N = 181

E-S (n = 79)
E-S, CL-S 20 (15.2) 25 (51.0) 45 (24.9)
E-S, CL-R 34 (25.8) x 34 (18.8)

E-R (n = 102)

E-R, CL-S
(iMLSB)

19 (14.4) 4 (8.2) 23 (12.7)

E-R, CL-R
(cMLSB)

49 (37.1) 15 (30.6) 64 (35.4)

E-R, CL-S (MS
Phenotype)

10 (7.6) 5 (10.2) 15 (8.3)

S: susceptible.

A total of twenty-nine (60.4%) neonates presented infection with Staphylococcus spp.,
with a resistance profile identical to that of some environmental isolates, 11 (30.5%) from
baby incubators, eight (22.2%) from the air, seven (19.4%) from monitor tables, four (11.1%)
from respirator monitors, one (2.8%) from a vital sign monitor, one (2.8%) from a switch,
one (2.8%) from a paper towel holder, and one (2.8%) from a cabinet drawer. In three of
these neonates (10.3%), there was more than one episode of infection, totaling 36 MRS
clinical isolates with a profile identical to that presented by isolates from the environment,
29 (54.7%) coming from the bloodstream and six (35.3%) from eye discharge. Figure 1
shows the design of the unit with the layout of the beds (23 to 42) and the environmental
and clinical isolates that presented an identical resistance profile.

3.5. Risk Factors

Independent risk factors for the occurrence of Staphylococcus spp. infection were the
use of antimicrobials prior to infection (RR = 6.68; p = 0.0045), use of more than three
antimicrobials (RR = 4.01; p = 0.0024), and hospital stay length (RR = 1.03; p = 0.0013).
Mortality was twice as high (RR = 2.24; p = 0.0490) in neonates infected by Staphylococcus
spp. as in un-infected neonates (Table 4).

Table 4. Clinical characteristics and evolution of neonates admitted to the Neonatal Intensive Care Unit.

Characteristics
Staphylococcus

Infection
N = 48

Without Infection
N = 196

Univariate Analysis Multivariate Analysis

N % N % RR (IC95%) p RR (IC95%) p

Weight (g)
<750 14 29.2 12 6.1 - - - -

751–1000 5 10.4 8 4.1 0.54 (0.14–2.08) 0.3675 - -
1001–1500 11 22.9 36 18.4 0.26 (0.09–0.73) 0.0104 - -
1501–2500 11 22.9 86 43.9 0.11 (0.04–0.30) 0.0000 - -

>2500 7 14.6 54 27.5 0.11 (0.04–0.33) 0.0001 - -
Gestational Age (weeks)

<34 33 68.8 91 46.4 - - - -
34 a 37 5 10.4 58 29.6 0.24 (0.09–0.64) 0.0047 - -

>37 10 20.8 47 24.0 0.59 (0.27–1.29) 0.1860 - -
Use of drain 4 8.3 13 6,6 1.28 (0.40–4.11) 0.6790 - -

Use of bladder catheter 10 20.8 15 7.7 3.18 (1.33–7.60) 0.0095 * - -
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Table 4. Cont.

Characteristics
Staphylococcus

Infection
N = 48

Without Infection
N = 196

Univariate Analysis Multivariate Analysis

N % N % RR (IC95%) p RR (IC95%) p

Use of CVC >7 days 43 89.6 83 42.3 11.71 (4.45–30.83) 0.0000 * - -
Use of CVC
Umbilical 29 60.4 60 30.6 3.46 (1.80–6.65) 0.0002 * - -

PICC 43 89.6 116 59.2 5.93 (2.25–15.63) 0.0003 * - -
Intracath 4 8.3 1 0.5 17.73 (1.93–162.50) 0.0110 * - -

Phlebotomy 7 14.6 5 2.6 6.52 (1.97–21.57) 0.0021 * - -
Total Parenteral Nutrition 40 83.3 81 41.3 7.10 (3.16–15.97) 0.0000 * - -

Mechanical Ventilation 37 77.1 71 36.2 5.92 (2.84–12.33) 0.0000 * - -
Antimicrobial use prior

to infection
45 93.8 77 39.3 23.18 (6.96–77.22) 0.0000 *

6.68
(1.80–24.83)

0.0045 *

Use of >3 antimicrobials 31 64.6 18 9.2 18.03 (8.39–38.74) 0.0000 *
4.01

(1.63–9.83)
0.0024 *

Hospitalization >7 days 47 97.9 139 70.9 19.27 (2.60–143.02) 0.0038 * - -
Average hospitalization

time (days)
48.5 16.5 1.06 (1.04–1.08) 0.0000 *

1.03
(1.01–1.05)

0.0013 *

Death 11 22.9 23 11.7 2.24 (1.01–4.98) 0.0490 * - -

Legend: * p ≤ 0.05 (statistically significant); CVC: central vascular catheter; PICC: peripherally inserted central
catheter; RR: Relative Risk; CI: Confidence Interval.
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4. Discussion

This study investigated MDR Staphylococcus spp. on inanimate surfaces and envi-
ronmental air in the NICU of a tertiary hospital and the risk factors for the occurrence
of infections in critically ill neonates. This is an important way to evaluate the efficiency
of surface cleaning and its impact on HAI, because simple measures, such as the correct
sanitization of the environment and health care personnel hand washing, have a significant
impact on the reduction of neonatal morbidity and mortality, bearing in mind that the
environment is a reservoir of microorganisms that can be transmitted to neonates via the
hands and invasive devices [3].

Previous studies conducted in the intensive care unit (ICU) of a Scottish hospital that
accounted for CFU of inanimate surfaces showed that, of the 500 “high-touch” surfaces
analyzed, 414 (82.8%) showed a count of >1 CFU/cm2, with a hygiene failure rate of 47% [7].
This discrepancy in percentages can be explained by the difference in collection techniques,
as Smith and collaborators [7] used double-sided dip slides coated with selective nutrient
agar, as well as different methods of cleaning and disinfecting the ICU, which is performed
twice a day with detergent and sodium hypochlorite solution.

The CFU count of the air samples showed a 100% hygiene failure rate. It is noteworthy
that the unit’s ventilation system is central and does not have EPA (high efficiency par-
ticulate air) filters. At all times when the air was sampled, the unit was 100% occupied.
Active air sampling was performed; however, the movements were not recorded. Increased
people-traffic and a positive correlation with active air sampling at higher bed occupancy
levels is also unsurprising [27]. These results are worrying, because the air conditioning
system at the NICU is central, and there are many invasive procedures, performed in the
unit, such as bladder catheterization, CVC insertion, PICC, and umbilical venous catheter-
ization. In addition, extremely premature newborns are admitted to the unit, who have
immature immune systems, favoring infections by environmental microorganisms. There-
fore, it is recommended that the unit’s environment be as clean as possible to minimize
contamination by pathogenic microorganisms.

This failure rate of air cleaning is higher than that found by Adams and Dancer [17],
who evaluated the contamination of a hospital environment that used mechanically venti-
lated air, with 10 air changes per hour, and constant temperature, and humidity. In their
study, half of the exposed plates produced counts of >1 CFU/plate and the hygiene failure
rate was 50%. These results confirm that air sampling can be used as a routine monitoring
strategy for these units.

MDR microorganisms in the hospital environment are a public health problem, espe-
cially in critical patient units, because infections caused by these microorganisms usually
have limited therapeutic options, and are associated with treatment failures and higher
rates of morbidity and mortality [28]. In our study, more than half of the isolates were MDR,
as has been observed in other studies carried out in Brazil, Colombia, and Kuwait. Those
studies reported MDR S. epidermidis on “high-touch” surfaces, in NICU environmental air,
and in clinical samples (52.7%, 33.9%, and 61.8%, respectively) [28–30]. Our study revealed
the presence of S. epidermidis MDR in much higher percentages (81%), 72.7% of inanimate
surfaces, 68.8% of air, and 100% of clinical isolates, which alerts us to the need for urgent
measures to minimize the risk of proliferation of these microorganisms in the NICU.

Neonates with MDR infection stayed for longer in the NICU (average 50.6 days) and
are more likely to die (25.0%) than those infected with non-MDR bacteria (36.8 days and
20.0%, respectively). In addition, MDR isolates from the bloodstream and ocular secretion
(54.7% and 35.3%, respectively) presented a resistance profile identical to those recovered
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from environmental samples. These findings reinforce the importance of the rational use of
antimicrobials and the appropriate and efficient cleaning of the environment to reduce the
persistence and spread of MDR microorganisms.

According to our study, previous antibiotic therapy, use of more than three antimi-
crobials, and the mean hospital stay were considered independent risk factors for the
occurrence of Staphylococcus spp. infection. Similar findings have been reported by re-
searchers from other countries, such as Japan and China [31–34].

The previous use of antimicrobials, usually broad-spectrum, increases hospital costs
and drives the emergence of resistant microorganisms, as it exerts a selective pressure
in the ICU environment, selecting MDR isolates. It is also associated with death as a
consequence of inadequate therapy [35,36]. Thus, we can observe the occurrence of a cycle,
as MDR microorganisms from neonatal infections are deposited on surfaces exposed to
air or directly by the hands of health professionals. In this way, they can be transmitted
to other patients who have risk factors for Staphylococcus infections, resulting in increased
rates of morbidity and mortality [37]. In this study, mortality was twice as high in neonates
infected with Staphylococcus spp. compared to those hospitalized in the same period and
who did not develop an infection.

There are many variables involved in newborn ICU infection, many of which we
address in this study. There are many risk factors, and the microorganisms involved are
quite variable. Staphylococcus spp. colonize human skin, and spread through the environ-
ment, and thus are most commonly involved in infection. The route of infection can be the
environment, or the hands of health professionals; however, the true involvement of these
routes of infection needs to be deeply investigated in order for consistent conclusions to
be drawn. CoNS were isolated concomitantly from environmental samples and neonatal
infections, including S. capitis, S. haemolyticus, S warneri, S xylosus, and S hominis, emphasiz-
ing the importance of the environment as an infection route that can also worsen clinical
outcomes. Our results can be improved with the use of molecular analysis to assess the
genetic similarity between isolates from the environment and infections cases, so that cases
where this shows an identical resistance profile and the presence of resistance genes that are
prevalent in the NICU can be identified. However, our results demonstrate the importance
of the environment as a reservoir of MDR isolates, data which are scarce in the literature.
Other studies in the future may provide the comparison of isolates from the environment
with those isolated from cases of bacteremia, using techniques based on molecular biology
or proteomics, and also investigate the occurrence of cross-infection. This will certainly
contribute to a better understanding of infection routes and reservoirs of Staphylococcus
species in the NICU.

5. Conclusions

The NICU environment acts as an important reservoir of potentially pathogenic
microorganisms, because Staphylococcus spp. were recovered from all surveyed sites, with
S. epidermidis being the most frequent species. In addition, it was found that most isolates
were MDR, and the use of antimicrobials prior to infection, the use of more than three
antimicrobials, and length of stay in the unit were risk factors for the occurrence of infection.

These findings call attention to the need for both the rational use of antimicrobials
in the unit and for the constant and rigorous cleaning of the environment and the hands
of professionals before and after handling neonates. This will minimize the chances
of contamination and dissemination of MDR isolates in the NICU and, consequently,
contribute to reducing infection and morbidity and mortality rates.
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Abstract: This study aimed at evaluating the potential of Copaifera lucens, specifically its oleoresin

(CLO), extract (CECL), and the compound ent-polyalthic acid (PA), in combating caries and tox-

oplasmosis, while also assessing its toxicity. The study involved multiple assessments, including

determining the minimum inhibitory concentration (MIC) and minimum bactericidal concentration

(MBC) against cariogenic bacteria. CLO and PA exhibited MIC and MBC values ranging from 25

to 50 µg/mL, whereas CECL showed values equal to or exceeding 400 µg/mL. PA also displayed

antibiofilm activity with minimum inhibitory concentration of biofilm (MICB50) values spanning from

62.5 to 1000 µg/mL. Moreover, PA effectively hindered the intracellular proliferation of Toxoplasma

gondii at 64 µg/mL, even after 24 h without treatment. Toxicological evaluations included in vitro

tests on V79 cells, where concentrations ranged from 78.1 to 1250 µg/mL of PA reduced colony

formation. Additionally, using the Caenorhabditis elegans model, the lethal concentration (LC50) of

PA was determined as 1000 µg/mL after 48 h of incubation. Notably, no significant differences in

micronucleus induction and the NDI were observed in cultures treated with 10, 20, or 40 µg/mL of

CLO. These findings underscore the safety profile of CLO and PA, highlighting their potential as

alternative treatments for caries and toxoplasmosis.

Keywords: Copaifera lucens; ent-polyalthic acid; antibacterial; antibiofilm; antiparasitic; toxicity

1. Introduction

The oral cavity comprises various microenvironments such as tooth surfaces and
mucosal epithelium. In each of these oral cavity sites, one can find about fifty species of
microorganism, each of these locations in the oral cavity will be inhabited by different
bacterial species, due to the cellular tropism of each microbe, there are around a thousand
species that are capable of colonizing and integrating the microbiota of the oral cavity.
Changes in the resident microbial community lead to dysbiosis, affecting the composition
of the community [1,2].

In the case of dental caries, a diet with excess carbohydrates and sugars promotes
the production of extracellular polymeric substances (EPS), the matrix that integrates the
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bacterial biofilm. As a result, saliva cannot neutralize the pH, and the bacteria in the formed
and strengthened biofilm by a rich matrix of EPS produce acids that demineralize the tooth
enamel, leading to dental caries [2]. Bacteria belonging to the lactobacillus and mutans
streptococci groups, such as Streptococcus mutans, S. mitis, S. salivarius, and Lactobacillus
paracasei, are directly responsible for the development of caries [3,4].

In 2019, according to the Global Burden of Disease, Injuries and Risk Factors Study,
caries in permanent teeth were the most prevalent health condition in adults, with an
estimated 2 billion cases. In the same year, caries in deciduous teeth were also the condition
that most affected children (aged 0 to 14 years old), with an estimated 0.5 billion cases [5].

Chlorhexidine has been used as a gold-standard antimicrobial agent against cariogenic
bacteria. Still, its long-time use can cause undesirable side effects such as taste change, the
greenish-brown coloration of the teeth, mucosal peeling, and stone formation, in addition
to the development of antimicrobial resistance in the oral microbiota [6]. That is the
reason why developing new therapeutic alternatives with biological properties, capable of
combating these diseases safely, becomes important and necessary.

Toxoplasmosis, caused by the protozoa Toxoplasma gondii, is an endemic disease that
affects both humans and warm-blooded animals worldwide [7,8]. Its transmission occurs
horizontally, involving the ingestion of food or water contaminated with infective oocysts,
as well as the consumption of infected raw food among intermediate hosts, or through
blood transfusion and organ donation from infected patients; it can also occur vertically
which happens during pregnancy. The infection is usually asymptomatic or with mild
flu-like symptoms in healthy humans. However, cases of clinical importance occur in
immunosuppressed and pregnant individuals [7–9].

Even though approximately 30% of the world’s population is infected with T. gondii [10,11],
toxoplasmosis is considered a neglected tropical disease [12,13], mainly because its higher
incidence occurs in developing countries such as Brazil [7,8,11]. The gold-standard treat-
ment against toxoplasmosis uses the drugs pyrimethamine (PYR) and sulfadiazine (SDZ).
However, the therapy requires the prolonged use of the drugs which can increase tox-
icity and present significant failure rates in treatment [14]. Therefore, developing new
therapeutic agents capable of safely combating the disease is also necessary.

To this end, natural products have been sourced to develop new drugs [15]. Trees
belonging to the Copaifera genus are native to tropical regions of Latin America and West
Africa. The genus Copaifera belongs to the Fabaceae family and includes 72 species. More
than 20 Copaifera spp. exist in the Brazilian territory, where they are popularly called
“copaibeiras”, “pau d’oleo”, or “copaíbas” [16,17].

The scientific literature contains numerous reports on the pharmacological activities of
Copaifera species, such as their anti-inflammatory potential, antitumor, antiproliferative, an-
thelmintic, antituberculosis, gastroprotective, chemopreventive, immunomodulatory, and
other antibacterial actions [16,17]. Although natural compounds have been traditionally
employed, their use ought to occur safely; many studies have reported that several plant
species applied in herbal medicine exhibit mutagenic, carcinogenic, or toxic effects [18].

The literature has widely described the chemical composition of different oleoresins [19,20].
In general, oleoresin is a natural product of secondary metabolism and consists mainly
of a mixture of diterpene acids (resin fraction) and sesquiterpenes (volatile fraction) [16].
Although significant differences in the chemical profile of the oleoresin are observed be-
tween different species and various individuals of the same taxon, the diterpenes belonging
to the types of skeleton caurano, clerodano, and labdano can be identified in all oleo-
resins [21], such as copalic, hardwickiic, kaurenoic, and polyalthic acids [22,23]. Specifically,
for C. lucens, it was found that ent-polyalthic acid is the main constituent of this class of
metabolites [24].

The diterpene ent-polyalthic acid, ent-15,16-epoxy-8(17),13(16),14-labdatrien-19-oic acid,
is known for its biological properties, including gastroprotective [25], anti-inflammatory [26],
antibacterial [27,28], antifungal [27], antitumor [29], and muscle relaxant actions [30]. Con-
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sequently, this molecule demonstrates potential to assist in the development of alternative
therapies capable of addressing significant clinical conditions.

With the purpose of bringing scientific evidence to inform these health issues, the
present study aimed to evaluate the potential anticariogenic properties of the crude extract
of C. lucens (CECL), C. lucens oleoresin (CLO), and its major compound ent-polyalthic acid
(PA). Additionally, the potential antiparasitic properties of PA were studied and the toxicity
of the samples CLO and PA was assessed.

2. Results

2.1. Anticariogenic Activity

The anticariogenic evaluation of planktonic cells from CLO, CECL and PA was per-
formed by determining the minimal inhibitory concentration (MIC) and minimal bacterici-
dal concentration (MBC). The results are shown in Table 1.

Table 1. Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC) of

Copaifera lucens oleoresin (CLO), crude extract of Copaifera lucens (CECL) an ent-polyalthic acid (PA)

against cariogenic strains.

Cariogenic Strains

CLO
(µg/mL)

CECL
(µg/mL)

PA
(µg/mL)

Chlorhexidine
(µg/mL)

MIC MBC MIC MBC MIC MBC MIC MBC

Enterococcus faecalis (ATCC 4082) 25 25 >400 >400 25 25 7.37 7.37
Lactobacillus paracasei (ATCC 11578) 25 50 >400 >400 25 50 3.68 3.68

Streptococcus mitis (ATCC 49456) 25 50 400 400 25 50 3.68 3.68
Streptococcus mutans (ATCC 25175) 25 50 >400 >400 50 50 0.92 0.92

Streptococcus salivarius (ATCC 25975) 25 50 400 400 50 50 0.92 0.92
Streptococcus sanguinis (ATCC 10556) 25 50 400 400 25 50 7.37 7.37
Streptococcus sobrinus (ATCC 33478) 25 25 400 >400 25 25 0.92 0.92

CLO—Copaifera lucens oleoresin. CECL—crude extract of Copaifera lucens. PA—ent-polyalthic acid. MIC—Minimal
Inhibitory Concentration. MBC—Minimal Bactericidal Concentration.

The CLO and PA values ranged from 25 to 50 µg/mL, while the CECL values were
higher or equal to the highest evaluated concentration of 400 µg/mL. CLO showed bacteri-
cidal activity against Enterococcus faecalis and S. sobrinus, PA showed bactericidal activity
against E. faecalis, S. mutans, S. salivarius, and S. sobrinus, whereas CECL showed bactericidal
activity against S. mitis, S. salivarius, and S. sanguinis. The positive control chlorhexidine
presented MIC/MBC ranging from 0.92 to 7.37 µg/mL.

It was observed that the isolated compound PA presented the same bactericidal results
as CLO; as it is also one of the major compounds present in CLO, it was considered that the
anticariogenic activity presented by CLO is due to PA, and this compound was chosen for
the continuation of the assessment of inhibition activity in biofilm formation.

To evaluate the anticariogenic activity of PA in bacterial communities, the biofilm
formation inhibition assay was performed. Thus, the minimum inhibitory concentration
of biofilm (MICB50) and cell viability (Log10 CFU/mL) were determined. The cariogenic
strains were capable of forming biofilms at 107 CFU/mL after 24 h of incubation in a
suitable atmosphere.

The PA antibiofilm activity (Figure 1) presented MICB50 values that ranged from 62.5 to
1000 µg/mL, and it was able to completely eliminate cell viability for the strains S. salivarius
(500 µg/mL), S. sobrinus (1000 µg/mL), S. mitis (250 µg/mL), S. mutans (125 µg/mL), and
L. paracasei (500 µg/mL). The antibiofilm activity of the drug chlorhexidine, the standard
drug used in the treatment of caries, against the strains used in the present study was also
evaluated. The results are shown in Figure 2.
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Figure 1. Graphical representation of antibiofilm activity as demonstrated by optical density (O.D.)

and number of microorganisms (Log10 CFU/mL) of the ent-polyalthic acid against cariogenic bacteria.

(a) Streptococcus salivarius (ATCC 25975); (b) Enterococcus faecalis (ATCC 4082); (c) Streptococcus

sobrinus (ATCC 33478); (d) Streptococcus sanguinis (ATCC 10556); (e) Streptococcus mitis (ATCC 49456);

(f) Streptococcus mutans (ATCC 25175); (g) Lactobacillus paracasei (ATCC 11578). The MICB50 value is

represented in dark gray.
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Figure 2. Graphical representation of the antibiofilm activity as demonstrated by optical density (O.D.)

and number of microorganisms (Log10 CFU/mL) of the chlorhexidine against cariogenic bacteria.

(a) Streptococcus salivarius (ATCC 25975). (b) Enterococcus faecalis (ATCC 4082). (c) Streptococcus

sobrinus (ATCC 33478). (d) Streptococcus sanguinis (ATCC 10556). (e) Streptococcus mitis (ATCC 49456).

(f) Streptococcus mutans (ATCC 25175). (g) Lactobacillus paracasei (ATCC 11578). The MICB50 value is

represented in dark gray.

2.2. Antiparasitic Activity

For the antiparasitic evaluation assays, PA did not interfere with the cell viability of
BeWo cells at concentrations of 64 µg/mL and lower, only losing viability at high doses of
128 µg/mL and 256 µg/mL (Figure 3a). In the assay for the evaluation of intracellular pro-
liferation of T. gondii, the percentage was quantified through the activity of β-galactosidase
in viable parasites. The inhibitory potential of compound PA was assessed at concentra-
tions ranging from 4 to 256 µg/mL, and the combination of SDZ (200 µg/mL) and PYR
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(8 µg/mL) was also tested. The percentages of proliferation observed in the treatments
described were compared with the negative control, which consisted of only infected BeWo
cells. The data were graphically represented (Figure 3b), and after analysis, it was possible
to identify that compound PA at concentrations of 32 (p < 0.01), 64 (p < 0.01), 128 (p < 0.0001),
and 256 µg/mL (p < 0.0001), as well as SDZ + PYR (p < 0.0001), significantly inhibited
the intracellular proliferation of T. gondii compared to the negative control. PA obtained a
cytotoxicity concentration of 50% (CC50) of 171.76 ± 7.725, and inhibition concentration of
50% (IC50) of 93.24 ± 1.395.

Figure 3. Graphical demonstration of the antiparasitic activity of the ent-polyalthic acid. (a) Viability

of BeWo cells after 24 h of treatments. (b) Toxoplasma gondii intracellular proliferation after treat-

ments. (c) Evaluation of the irreversibility antiparasitic action after treatment removal. ** Statistical

significance with p < 0.01 when compared with the control (medium). *** Statistical significance with

p < 0.001 when compared with the control (medium). **** Statistical significance with p < 0.0001 when

compared with the control (medium).
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Because of the promising anti-T. gondii activities exhibited by PA, a reversibility test
was conducted to evaluate the maintenance of the antiparasitic effects. The assay was also
performed on BeWo cells to quantify the intracellular proliferation of T. gondii through
β-galactosidase activity. As expected, PA at 64 µg/mL (p < 0.01) and SDZ + PYR at 200
µg/mL and 8 µg/mL, respectively (p < 0.0001), reduced intracellular parasite proliferation
at 24 h of treatment (Figure 3c). Interestingly, PA (p < 0.001) and SDZ + PYR (p < 0.0001)
treatments maintained their ability to control parasite growth even after 24 h of treatment
removal in comparison with the control group (infected cells incubated with RPMI 1640
medium only) (Figure 3c).

2.3. Toxicity Assessment

The toxicity evaluation of the survival fraction of V79 cells after treatment with dif-
ferent concentrations of CLO are shown in Figure 4. A significant reduction in colony
formation was shown in concentrations ranging from 78.1 to 1250 µg/mL when compared
to the group negative control. There was no significant difference in colony formation at
the lowest concentrations tested (from 4.88 to 39.0 µg/mL). Therefore, the concentrations
of 10, 20, and 40 µg/mL were chosen for the genotoxicity assessment.

ff

ff

ff

ff

ff

Figure 4. Survival fraction of V79 cells after the treatment with Copaifera lucens oleoresin. CLO

(Copaifera lucens oleoresin), NC (negative control, without treatment), SC (solvent control, Tween 80,

1%), PC (positive control, methyl methanesulfonate, 110 µg/mL). * Significantly different from the

negative control (p < 0.05).

The binucleated micronucleated V79 cell frequencies and nuclear division indexes
(NDI) after treatment with CLO are shown in Figure 5. No significant difference in mi-
cronucleus induction and in the NDI were observed between cultures treated with 10,
20, or 40 µg/mL of CLO compared to the negative control group, revealing absence of
genotoxicity and cytotoxicity, respectively.

Table 2 shows the results obtained from the in vivo evaluation in Swiss mice of the
genotoxic potential of CLO and PA. No significant differences in the frequencies of micronu-
cleated poly-chromatic erythrocytes (MNPCEs) were observed between animals treated
with the different doses of CLO or PA and the negative control, demonstrating the ab-
sence of genotoxic activity. No significant reduction in the percentage of polychromatic
erythrocyte (PCEs) in total red blood cells was observed in any of the treatment groups
compared to the negative control, demonstrating the absence of cytotoxicity of the different
treatments under the conditions tested.

The in vivo toxicity assessment using the C. elegans model was employed to determine
the lowest concentration capable of killing 50% (LC50) of the larvae over time. Figure 6
shows the toxicity evaluation of different concentrations of PA over a 72-h period. The
LC50 of PA was determined at 1000 µg/mL after 48 h of incubation.
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ff

ff

ff

ff

ff

Figure 5. Binucleated micronucleated V79 cell frequency (a) and NDI (b) after treatment with

Copaifera lucens oleoresin. CLO (Copaifera lucens oleoresin), NC (negative control, without treatment),

SC (solvent control, Tween 80, 1%), PC (positive control, methyl methanesulfonate, 110 µg/mL).

* Significantly different from the negative control (p < 0.05).

Table 2. Frequencies of MNPCEs and PCE/PCE + NCE ratio in the bone marrow of Swiss mice

observed after the treatment with different doses of Copaifera lucens oleoresin, ent-polyalthic acid, and

in respective controls.

Treatments
(mg/kg)

MNPCEs PCE/(PCE + NCE)

Mean ± SD Mean ± SD

Negative control 2.60 ± 1.34 0.59 ± 0.13
Tween 80 2.40 ± 1.14 0.72 ± 0.10

DMSO 1.60 ± 0.55 0.69 ± 0.02
CLO 125 5.00 ± 4.58 0.54 ± 0.04
CLO 250 9.60 ± 2.88 0.57 ± 0.07
CLO 500 6.80 ± 3.56 0.53 ± 0.07

PA 1 4.00 ± 0.55 0.56 ± 0.05
PA 10 3.60 ± 0.89 0.54 ± 0.02
PA 20 2.80 ± 1.79 0.56 ± 0.03

Positive control 34.60 ± 1.82 * 0.67 ± 0.14

MNPCEs—micronucleated polychromatic erythrocytes; PCE—polychromatic erythrocyte; NCE—normochromatic
erythrocyte; Negative control—water; Tween 80, 5%; DMSO—dimethylsulfoxide, 5%; CLO—Copaifera lucens
oleoresin; PA—ent-polyalthic acid; Positive control—methyl methanesulfonate, 40 mg/kg. *—Significantly
different from the negative control group (p < 0.05).

ff

ff

ff

 

ff

ff

Figure 6. Evaluation of the toxicity of the ent-polyalthic acid in the Caenorhabditis elegans in vivo model.
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3. Discussion

To date, no article has been found in the literature that evaluated the anticariogenic
activity of C. lucens. Therefore, this study was the first to address this topic.

Holetz, et al. [31] consider that an extract exhibits good antibacterial activity at con-
centrations below 100 µg/mL, moderate activity between 100 and 500 µg/mL, and weak
activity between 500 and 1000 µg/mL; above 1000 µg/mL, the extract antibacterial activity
is considered inactive. Based on the authors’ criteria, it can be concluded that CECL showed
moderate antibacterial activity against the strains S. mitis, S. salivarius, S. sanguinis, and
S. sobriunus (MIC 400 µg/mL). On the other hand, CLO displayed good antibacterial
activity against all seven cariogenic strains (MIC 25 µg/mL) evaluated in the present study.

Nevertheless, because of the lack of studies evaluating the anticariogenic potential of
C. lucens, it is not possible to directly compare the data obtained in the present study with
other authors. There are reports of the same biological property in other Copaifera species.
Abrão et al. [32] evaluated the anticariogenic potential of the oleoresin of C. duckei and found
MIC values between 25 and 50 µg/mL against the same strains. All of these aforementioned
data indicate that Copaifera spp. is a source with active antibacterial potential, specifically
against cariogenic bacteria. Furthermore, they validate the results obtained in the present
study, as the MIC values found for CLO fall within the concentration range reported in the
literature for other oleoresins of Copaifera spp.

Abrão et al. [32] evaluated the antibacterial activity of ent-polyalthic acid isolated from
C. duckei against the cariogenic bacteria used in the present study, and the authors reported
MIC and MBC values ranging from 25 to 50 µg/mL. The PA isolated from C. lucens used in
the present study also exhibited MIC and MBC values within the same concentration range
as reported by the authors. Despite the differences in the source of origin and extraction
method, the compound used by the authors and in the present study refers to the same
molecule, and therefore shares the same chemical composition. As previously mentioned,
PA is the major compound in CLO, representing approximately 69.8% of the total oleoresin
composition [24]. Regarding the oleoresin of C. duckei, the scientific literature reports values
ranging from 6.9% to 40.86% [33–35] of ent-polyalthic acid in its composition. Therefore,
CLO appears to be a source where a higher concentration of PA can be obtained.

When analyzing the MIC and MBC results of CLO and PA, it is observed that both
samples exhibit identical results against the same strains with the exception of S. mutans
and S. salivarius bacteria. For CLO, the MIC value was 25 µg/mL, while PA showed an
MIC of 50 µg/mL against these particular strains. However, it is important to note that
the bactericidal concentration was found to be the same for both samples. Based on these
results, it may be suggested that the antibacterial activity exhibited by CLO is attributed to
its compound PA. Therefore, since PA has been shown as a promising active compound,
the experiments were pursued using it.

Bacterial biofilms exhibit high resistance to antibiotics, and the way it embeds within
its EPS matrix is considered a virulence factor associated with the development of chronic
infections which can affect even immunocompetent individuals [36]. Studies estimate that
the treatment required for effective elimination of these bacterial communities needs to be
administered at concentrations 10- to 1000-fold higher than those needed to eliminate the
bacteria in their planktonic form [37–39]. This propensity was confirmed in the present
study, where the concentrations of PA required to inhibit 50% of biofilm formation by
cariogenic bacteria ranged from 15.6 to 1000 µg/mL, while the MIC to inhibit planktonic
bacteria was 25 to 50 µg/mL. Even at the highest concentration evaluated (2000 µg/mL), it
was not possible to completely eliminate the cell viability of the E. faecalis and S. sanguinis
strains within the biofilm.

Abrão et al. [32] evaluated the activity of ent-polyalthic acid in inhibiting biofilm
formation by L. paracasei (ATCC 11578), S. mutans (ATCC 25275), and S. sobrinus (ATCC
33478) strains, with a standardized bacterial inoculum concentration of 1 × 106 CFU/mL.
They obtained MICB50 value of 3.12 µg/mL against L. paracasei and 50 µg/mL against
S. mutans and S. sobrinus, completely inhibiting cell viability at concentrations of 50 µg/mL
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(L. paracasei) and 200 µg/mL (S. mutans and S. sobrinus). In the present study, using the
same strains, PA exhibited MICB50 of 15.6 µg/mL against L. paracasei, 125 µg/mL against
S. mutans and 250 µg/mL against S. sobrinus, with complete inhibition of cell viability
observed at concentrations of 500, 125, and 1000 µg/mL, respectively. It is important to note
that in the present study, the inoculum concentration used was 1 × 107 CFU/mL, which is
higher than that used by Abrão et al. [32]. This difference in inoculum concentration may
explain the data obtained in the present study.

Considering neglected diseases, Copaifera spp. can be a source with biological proper-
ties against parasites. Santos et al. [24] evaluated the activity against the promastigote form
of Leishmania amazonensis of nine oleoresins from Copaifera spp. and all samples showed sig-
nificant differences in parasite inhibition. One of the species evaluated by the authors was
the oleoresin of C. lucens (containing 69.8% of PA in its composition), which exhibited IC50

of 20 ± 0.9 µg/mL against L. amazonensis [24]. Izumi, et al. [40] evaluated the oleoresin of
C. lucens in the inhibition of Trypanosoma cruzi in three different forms of the parasite. They
found IC50 value of 10.0 ± 2 µg/mL against the amastigote form, 51.0 ± 1.4 µg/mL against
the epimastigote form and 215.0 ± 21.2 µg/mL against the trypomastigote form. Mizuno,
et al. [41] evaluated the antileishmanial and antitrypanosomal activity of polyalthic acid.
The authors found IC50 values of 8.68 ± 0.33 µg/mL against L. donovani amastigotes and
3.87 ± 0.28 µg/mL against T. brucei [41].

The initial findings presented in the current investigation indicate that a significant
portion of the antimicrobial properties exhibited by CLO may potentially be ascribed to the
bioactive constituent PA. Moreover, the current literature has demonstrated the promising
antiparasitic effects of CLO [24] and PA against protozoan parasites [41]. Considering all
the aforementioned points and taking into account that CLO consists of an approximate
69.8% composition of PA [24], we decided to exclusively employ PA for evaluating its
anti-T. gondii efficacy within the BeWo cell model, which serves as the host cell model for
this assessment.

In this context, Teixeira, et al. [42] evaluated the inhibitory activity of ent-polyalthic
acid from Copaifera spp. against T. gondii tachyzoites using human villous explants as an
experimental model. The PA used by the authors reduced the viability of villous explant at
concentrations of 256 and 512 µg/mL. Furthermore, the compound was able to significantly
inhibit the proliferation of tachyzoites at concentrations of 64 and 128 µg/mL. In addition
to the inhibitory capacity at these concentrations (64 and 128 µg/mL), the compound also
maintained its antiparasitic action even upon the removal of the treatment after 24 h of
incubation [42]. In the present study, conducted in BeWo cells, the antiparasitic activity
was similar, where the reduction in cell viability occurred at concentrations of 128 and
256 µg/mL, and the inhibitory action on T. gondii tachyzoites proliferation was significantly
lower at non-cytotoxic concentrations of 32 and 64 µg/mL. At a concentration of 64 µg/mL,
the antiparasitic activity of PA was maintained after 24 h of withdrawal of treatment. Taken
together, using a different experimental model, our data are in agreement with the current
literature that has demonstrated the prominent anti-T. gondii activity of PA, highlighting
the potential of this bioactive compound.

As already mentioned, C. lucens oleoresin is rich in diterpenes, especially PA and
copalic acid (CA), which are the major compounds [16]. Considering the popular use
and the region of occurrence, CLO can be useful against tropical diseases and bacteria, so
further studies could help to understand the effectiveness and possible human use. Furtado,
et al. [43] carried out an extensive work, aiming to investigate the genotoxic potential of
oleoresin from six different species of the Copaifera genus in mouse bone marrow. As a
result, the absence of cytotoxicity and genotoxicity were found, even at the maximum limits
recommended by OECD guidelines (2000 mg/kg) [44]. These results taken together with
those obtained in the present study demonstrate the absence of significant genotoxic risk of
oleoresin in these species of Copaifera.

The literature is scant regarding bioassays using PA in isolate form although it is
known to be highly cytotoxic in human tumor cells [45] and antimutagenic against 3-
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amino-1,4-dimethyl-5H-pyrido(4,3-B)indole (Trp-P-1) genetic damage by Ames test [46].
In addition, PA had a considerable antibacterial and antifungal effect in vitro owing to
cytotoxicity, including a greater effect than most of its semi-synthetic derivatives with extra
carboxyl groups which were also tested [27].

CA is considered one of the biomarkers for Copaifera genus and represents up to
11% of the constitution of the CLO, but it is still considered as the second most abundant
compound [24].

Another novel finding presented in our study is the toxicity evaluation using the
C. elegans model. The use of the nematode model for toxicity assessment has been imple-
mented satisfactorily as it provides an in vivo system with low maintenance requirements
and expresses homologs of approximately 80% of human genes, despite some limitations
such as evolutionary distance from humans and lack of organs [47]. The toxicity of PA was
evaluated over a period of 72 h, and it showed good performance. Below the LC50 value
(1000 µg/mL), even after 72 h of exposure, the compound exhibited a non-toxic profile to
C. elegans.

All the toxicity evaluation data presented here, both for CLO and PA, indicate that
they have the potential to become alternatives in the fight against cariogenic bacteria and
T. gondii, as they did not show toxicity at the concentrations where they exhibited these
biological properties.

4. Materials and Methods

4.1. Plant Material and Polyaltic Acid

Copaifera lucens Dwyer oleoresin (CLO) and crude extract of Copaifera lucens (CECL),
obtained from the leaves of the tree, were collected in Rio de Janeiro, Brazil, between Au-
gust 2012 and May 2014; this was authorized by the Brazilian government through SISBIO
(35143-1) and CGEN (010225/2014-5). The plant material was identified by Haroldo Caval-
cante de Lima at the Rio de Janeiro Botanical Garden Herbarium (JBRJ) and is deposited
there under identification number 474304. Pure ent-polyalthic acid (PA) was obtained
according to the methodology reported by our research group [35].

4.1.1. Obtainment of CECL

The leaves of C. lucens were subjected to a dehydration process in a circulating air
oven maintained at 40 ◦C and subsequently comminuted using a knife mill. One hundred
grams of the resulting powder was subjected to a maceration process using a solvent
consisting of ethanol and water in a 7:3 ratio (1 L). The solvent was systematically percolated,
filtered, and then replaced, with this sequence being repeated every 48 h for a total of three
cycles. The residual aqueous-enriched extract was preserved at a temperature of −80 ◦C
and subsequently subjected to lyophilization in a Liobras Inc. apparatus until complete
desiccation, yielding a total of 28 grams of the crude extract.

4.1.2. Obtainment of CLO and Isolation of PA

The oleoresin was acquired through the process of perforating the trunk using an auger.
The harvested oleoresin underwent filtration and was subsequently subjected to various
chromatographic procedures. The methods employed for the isolation of PA were based on
previously established procedures as described by our research group [35]. In summary,
a quantity of 10 grams of oleoresin was subjected to vacuum liquid chromatography
using organic solvents, leading to the generation of seven distinct fractions. PA was
selectively eluted in fractions 2 and 3 which were subsequently combined and subjected
to crystallization in a hexane-acetone mixture, resulting in the isolation of 1.2 g of pure
compound. The chemical structure of PA was elucidated through the utilization of 1H
and 13C Nuclear Magnetic Resonance in CDCl3, and its structural characteristics were
compared to existing literature data [48].



Pharmaceuticals 2023, 16, 1357 12 of 19

4.2. Anticariogenic Activity

4.2.1. Bacteria Used

The strains used in the study came from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The cariogenic strains used were Streptococcus mutans (ATCC 25175),
S. mitis (ATCC 49456), S. sanguinis (ATCC 10556), S. sobrinus (ATCC 33478), Lactobacillus
paracasei (ATCC 11578), Enterococcus faecalis (ATCC 4082), and S. salivarius (ATCC 25975).
For all assays performed the bacteria were incubated in Brain Heart Infusion agar (BHI),
added with defibrinated sheep blood (5%) in a microaerophilia incubator for 24 h at 37 ◦C
with 10% CO2, except for E. faecalis and S. salivarius which were incubated aerobically at
37 ◦C for 24 h.

4.2.2. Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal
Concentration (MBC)

MIC was determined by the microdilution technique in 96-well microplates following
the recommendations of the Clinical and Laboratory Standards Institute [49], with adapta-
tions using resazurin to reveal bacterial growth [50]. Briefly, solutions of the CLO, CECL,
and PA in a concentration of 1.0 mg/mL were prepared in dimethylsulfoxide (DMSO,
Sigma Chemical Co., St. Louis, MO, USA) followed by dilution in broth until concen-
trations ranging from 0.195 to 400 µg/mL were obtained, with a final DMSO content of
5% (v/v).

The inoculum concentration was adjusted to each microorganism. For cariogenic
bacteria, the final concentration was 5 × 105 CFU/mL. The positive control used was
chlorhexidine (Sigma) at concentrations ranging from 0.115 to 59 µg/mL. The bacteria
were incubated under the conditions described above. After the period of incubation, a
10-µL aliquot was removed from each well of the microplate and seeded on agar for the
evaluation of MBC. The agar was incubated under appropriate conditions and, afterwards,
the presence and/or absence of bacterial growth was verified to determine the MBC.
Then, 30 µL of an aqueous solution of resazurin (0.02%) was added to each microplate
to verify the microbial viability. Resazurin serves as an oxidation-reduction indicator,
facilitating the real-time assessment of microbial viability. In this context, the blue hue
indicates the absence of microbial viability, while the red color signifies the presence of
microbial viability, therefore determining the value of MIC [50]. The sample evaluated
was considered as bactericidal when it exhibited the same value in both the MIC and MBC
assays. In cases where the MIC value was lower than the MBC value, the samples were
considered bacteriostatic [51]. The experiments were carried out in triplicate.

4.2.3. Antibiofilm Activity

The antibiofilm activity was evaluated by determination of the MICB50 which was
the lowest concentration of the sample that inhibited the formation of 50% or more of
the biofilm [52]. The method used was microplate dilution, a methodology similar to
that used for determining MIC [49], with modifications. The experiments were carried
out for the strains that showed better MIC results, performed in triplicate, with results
demonstrated graphically.

The method used to inhibit the formation of biofilm was similar to the MIC assay
conducted for planktonic cells. Serial dilutions of the samples were prepared in the wells
of a 96-well microplate, the final concentration ranging from 0.98 to 2000 µg/mL. Chlorhex-
idine at concentrations between 0.115 to 59 µg/mL was assessed as negative control. The
inoculum was added with 100 µL of each strain at a concentration of 107 CFU/mL; the
bacterial strains in the absence of chlorhexidine or PA were used as positive control. The
bacteria were incubated under the conditions described above. Subsequently, following
the incubation period, the contents within each well were carefully aspirated and each
well underwent a series of three washes using 200 µL of sterile Milli-Q water to eliminate
any planktonic cells. The biofilm adhered to the wells was fixed by exposing it to 150 µL
of methanol for a period of 20 min. Antibiofilm activity was measured by MICB50 de-
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termined by optical density (OD) and by counting the number of colony-forming units
(Log10 CFU/mL).

Based on the procedures described by Sandberg et al. [53], OD was quantified in the
biofilm by adding 200 µL of crystal violet (0.2%) to the microplate wells. After 15 min
at room temperature, excess dye was removed with tap water and dried in air at room
temperature. Next, 200 µL of acetic acid at 33% (v/v) was added to each well to re-solubilize
the dye bound to the cells. After 30 min, the OD of the microplates was measured at 595 nm
using a microtiter plate reader (GloMax®, Promega, Madison, WI, USA). The percentage of
inhibition was calculated using the equation:

1 −

(

At595nm

Ac595nm

)

× 100

where At595nm and Ac595nm are the absorbance values of the wells treated with the
samples and the control, respectively [52].

The antibiofilm activity measured by counting the numbers of CFU was performed
to assess cell viability. Briefly, after the incubation period, the entire volume was carefully
aspirated from the wells of the microplate and washed with water to completely remove
the non-adherent cells. Then, 200 µL of broth was added to each well and the microplate
went through the sonication process so that the adhered cells are released by the vibrations.
Dilutions of 10−1 to 10−7 were performed for all wells and 50 µL of each dilution was plated
in BHI agar added with defibrinated sheep blood (5%), which were incubated as already
described. After incubation, the colonies were counted and the results were expressed
in Log10 CFU/mL and shown graphically. Selection of the best inoculum concentration
and incubation time for the antibiofilm activity assay was accomplished by standardizing
biofilm formation.

4.3. Antiparasitic Activity

4.3.1. Cell Culture and Parasite Maintenance

Human trophoblast cells were purchased commercially from the ATCC and were
maintained following the protocols previously described by Drewlo, et al. [54]. In brief, cell
culture maintenance was carried out employing RPMI 1640 medium (Cultilab, Campinas,
SP, Brazil), supplemented with 100 U/mL penicillin (Sigma), 100 µg/mL streptomycin
(Sigma), and 10% fetal bovine serum (FBS) (Cultilab). The cultures were incubated at a
temperature of 37 ◦C in a humidified environment containing CO2 (5%).

Tachyzoites of Toxoplasma gondii (virulent RH strain, 2F1 clone), which consistently
expressed the β-galactosidase gene, were cultivated following established protocols as
described elsewhere [55]. Briefly, tachyzoites were maintained by serial passages in BeWo
cells cultured in a RPMI 1640 medium containing 2% FBS, 100 U/mL penicillin, and
100 µg/mL streptomycin under controlled conditions of 37 ◦C and 5% CO2.

4.3.2. Viability of the Host Cell

The viability of the host cell in the presence of PA was evaluated to determine the
non-toxic concentration of the compound. The viability of BeWo cells treated with different
concentrations of PA was assessed by MTT colorimetric test as described by Mosmann [56].
Briefly, in a 96-well plate, BeWo cells were placed at a concentration of 3.0 × 104 cells/well
for adhesion, after PA solutions were added at concentrations ranging from 4 to 256 µg/mL.
Tests using the solvent DMSO at 1.2% (percentage present in the highest concentration
used) was also performed. Also, cells incubated with only culture medium were used as a
positive control of cell viability.

Microplates were incubated for 24 h at 37 ◦C under a humidified atmosphere and 5%
CO2. After this period, the supernatant was removed and 10 µL of MTT (5 mg/mL) plus
90 µL of supplemented RPMI 1640 was added; the microplates were again incubated as de-
scribed above for 4 h, followed by the addition of 10% sodium dodecyl sulfate (SDS, Sigma)
and 50% N,N-dimethyl formamide (Sigma) with further incubation for 30 min. MTT reduc-
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tion was measured at 570 nm absorbance using a multi-well scanning spectrophotometer
(Titertek Multiskan Plus, Flow Laboratories, McLean, VA, USA). The values obtained were
expressed in percentage of cell viability (cell viability %), where the absorbance of cells
incubated only with culture medium were considered 100% viable. Assays were performed
with eight replicates and demonstrated graphically.

4.3.3. Evaluation of Intracellular Proliferation of Toxoplasma gondii: β-Galactosidase Activity

Concentrations of PA were used to evaluate its effect modulating the growth of a
highly virulent strain of T. gondii (RH strain, 2F1 clone), using BeWo cells as a host, and the
β-galactosidase colorimetric assay as previously described [57]. For this purpose, BeWo
cells at a concentration of 3.0 × 104 cells per well were placed in a 96-well microplate
and infected with T. gondii tachyzoites at a multiplicity of infection (MOI) of 3:1 (ratio
of parasites per cell). After three hours of infection, the medium was removed and the
washing process was performed to remove excess parasites that did not infect the cells; af-
terwards, PA was added in concentrations ranging from 4 to 256 µg/mL. The association of
sulfadiazine (SDZ—Sigma) plus pyrimethamine (PYR—Sigma) was used, as gold-standard
drugs, at concentrations of 200 µg/mL and 8 µg/mL, respectively. The concentrations
of SDZ + PYR used have been reported as non-toxic to BeWo cells, but efficiently control
the parasitism [58]. Infected BeWo cells were incubated with RPMI 1640 medium in the
absence of any drug and used as negative control. The plates were then incubated for
24 h at 37 ◦C and 5% CO2. To quantify the intracellular proliferation of T. gondii, the col-
orimetric β-galactosidase assay was used. The number of intracellular tachyzoites was
calculated in comparison with the standard production of free tachyzoites (ranging from
15.625 × 103 parasites to 1 × 106). The percentage of proliferation (% T. gondii proliferation)
was performed in comparison with the negative control (which shows 100% proliferation).
Assays were performed with eight replicates and demonstrated graphically.

4.3.4. Reversibility Assay

To assess the maintenance of the antiparasitic effects of PA, the reversibility assay was
carried out as previously described [59,60], with the modifications described below. In
brief, T. gondii tachyzoites were inoculated into BeWo cells at a MOI of 3:1. After 3 h of
invasion, the cells were washed to eliminate the unattached parasites and used this basic
experimental design to test the following situations: (1) following a 3-h invasion period,
the intracellular parasites were permitted to proliferate under the influence of PA (at a
concentration of 64 µg/mL) and SDZ + PYR (at concentrations of 200 µg/mL and 8 µg/mL,
respectively), or in the absence of treatment, with only the culture medium (referred to as
the untreated group) for a duration of 24 h. (2) the intracellular parasites were cultivated
under identical conditions as described in (1), and after a 24-h treatment period, the cells
were subjected to a thorough washing process, the culture medium was replaced, and the
parasites were allowed to continue proliferating for an additional 24 h, this time in the
absence of any treatment.

Subsequently, the reversibility rate was quantified as a percentage (reversibility of
treatment %) at the 24-h mark after discontinuation of the treatment, with reference to both
the untreated group (considered as 100% reversibility) and the corresponding treatment
condition at the initial 24-h treatment period (utilized as the baseline for comparison).
The assessment of T. gondii intracellular proliferation was conducted through the em-
ployment of the β-galactosidase assay. Assays were performed with eight replicates and
demonstrated graphically.

4.4. Toxicity Assessment

4.4.1. In Vitro System-Test

To carry out the cytotoxicity and genotoxicity experiments, Chinese hamster lung
fibroblasts (V79 cells) were used. The cells were maintained in monolayer in plastic culture
flasks (25 cm2) with Eagle’s minimal essential medium (DMEM) plus Nutrient Mixture F-10
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(HAM-F10) 1:1 (Sigma) supplemented with 10% FBS, antibiotics (0.01 mg/mL streptomycin
and 0.005 mg/mL penicillin; Sigma), and 2.38 mg/mL HEPES (Sigma), at 37 ◦C with 5%
CO2 atmosphere. Under these conditions, the average cell cycle time was 12 h and the cell
line was used after the 4th passage. All the experiments were performed in triplicate.

The cytotoxicity was evaluated by the in vitro cell survival assay based on the ability
of a single cell to grow into a colony. The clonogenic efficiency assay was used according to
the protocol described by Franken, et al. [61]. The cells (5 × 105) were treated with CLO
concentrations ranging from 4.88 to 1250 µg/mL for 3 h. In addition, a positive (methyl
methanesulfonate, MMS, 110 µg/mL; Sigma), a negative (without treatment) and a solvent
control (Tween 80 1%; Synth) were included.

The cytotoxicity results obtained by clonogenic efficiency assay led to the selection of
three CLO concentrations (10, 20 and 40 µg/mL), which were used in the evaluation of the
genotoxic potential by the micronucleus assay. The positive (MMS, 44 µg/mL), negative
and solvent controls (Tween 80, 1%) were included.

Cytotoxicity was assessed using the IC50 value (50% cell growth inhibition) as a
response parameter, which was calculated with the GraphPad Prism program by plotting
cell survival against the respective concentrations of the test compound. All experiments
were repeated independently at least three times.

4.4.2. In Vivo System-Test

For the experiment, male and heterogenic Swiss mice (Mus musculus), weighing
30–40 g, obtained from the central house of animals of the University of São Paulo, Ribeirão
Preto, Brazil, were used. Animals were maintained in ventilated cages under controlled
conditions of temperature (23 ± 2 ◦C), humidity (50 ± 10%), light/dark cycle (12/12 h),
food and water ad libitum. The study protocol was approved by the Ethics Committee for
Animal Care of the University of Franca (process no. 2014/014).

In vivo studies were conducted to assess the genotoxicity of CLO and PA by mi-
cronucleus test in mouse bone marrow [44]. Animals were randomly divided in groups
containing five animals each. For the treatments, CLO samples were diluted in 5% Tween
80, and PA samples were diluted in 5% DMSO (Sigma). Single doses of CLO (125, 250 and
500 mg/kg) and PA (1, 10 and 20 mg/kg) were administered by gavage in corresponding
groups. Negative (water), Tween 80 (5%), DMSO (5%), and positive (MMS, 40 mg/kg,
intraperitoneal) controls were included. The procedures and analyses were performed
according to MacGregor, et al. [62].

4.4.3. Toxicity Assessment in Caenorhabditis elegans

The in vivo model using C. elegans was used to assess the toxicity of PA; the procedure
was performed as previously described in the literature [63]. The mutant strain C. elegans
AU37 was used, the nematodes were cultivated in plates containing Nematode Growth
Medium (NGM) and Escherichia coli OP50 kept in biochemical oxygen demand (BOD) at
16 ◦C for 72 h to obtain nematode eggs. After obtaining the eggs, the NGM plates were
washed with M9 buffer to remove the larvae and eggs from the plates and transferred to
tubes. A bleaching solution (hypochlorite + NaOH) was added to kill the adult larvae to
obtain only the eggs. The eggs were added to a new NGM plate and incubated in BOD for
24 h at 16 ◦C. After this period, the eggs developed to the L1/L2 larval stage, the NGM plate
was washed again, and the supernatant was then added to a new NGM plate containing
E. coli OP50 and incubated in BOD for 24 h at 16 ◦C, for the larvae to synchronize to the
L4 stage.

Toxicity assessment was performed in flat-bottomed 96-well microplates. Briefly,
about 10 to 20 larvae of C. elegans in larval stage L4 were added to each well containing
PA concentrations ranging from 31.25 to 1000 µg/mL. Toxicity control of the solvent used
(1% DMSO) and positive control of larvae (larvae + culture medium) were carried out. The
microplates were incubated in BOD at 25 ◦C for 72 h. Toxicity assessment was performed
by counting live and/or dead larvae every 24 h under an inverted microscope. Larvae that
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showed movement were considered as alive, and those that remained static after being
touched were considered as dead. The lethal concentration (LC) capable of killing 50% of the
larvae was calculated. Assays were performed in triplicate and demonstrated graphically.

4.5. Statistical Analysis

The antiparasitic results were demonstrated as means ± standard deviations (S.Ds.).
All data were checked first for normal distribution. Significance differences were assessed
by comparison with controls by use of either one-way analysis of variance (ANOVA),
Tukey’s or Dunnett’s multiple comparisons post-tests for the parametric data. Statistical
differences were considered significant at p < 0.05.

The results of the micronucleus assays were analyzed statistically by analysis of
variance for completely randomized experiments, with calculation of F statistics and
respective p values. In cases where p < 0.05, treatment means were compared with Tukey’s
test, the minimum significant difference was calculated for α = 0.05.

5. Conclusions

Based on the results obtained in the present study, it can be concluded that CECL
exhibits moderate anticariogenic activity, while CLO demonstrates good anticariogenic
activity, possibly due to the presence of the active compound PA which shows similar
MIC/MBC results against the evaluated bacteria. PA also exhibits antibiofilm propertis,
being able to inhibit 50% of biofilm formation at low concentrations and completely elimi-
nate cells at higher concentrations. The compound (PA) also shows antiparasitic properties,
inhibiting the T. gondii intracellular proliferation and maintaining its action even after
treatment removal. Furthermore, the absence of genotoxicity and cytotoxicity of CLO and
its major compound, PA, was revealed under experimental conditions.
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A B S T R A C T   

The current work reports the synthesis and crystal structures of two carbazate ligands, 2-hydroxyacetophenone- 
methylcarbazate (HL1) and 2-hydroxyacetophenone-benzylcarbazate (HL2), and their Cu(II) complexes [Cu(L1) 
(CH3OH)]2 (1) and [Cu(L2)]n (2). All compounds were characterized by X-ray single-crystal analysis, spectro-
scopic and physicochemical methods. Intermolecular interactions were analyzed quantitatively with the 3D 
Hirshfeld surface and the 2D fingerprint plots. The dimeric complex (1) exhibits a μ2-oxo group located between 
the two metal ions, an ONO-donor system, and a coordinated methanol molecule with a square-pyramidal ge-
ometry to the metal ions. The polymeric complex (2) shows the Cu(II) atom tetracoordinate, bonded to two 
anionic carbazate, through the ONO-donor system of one molecule, and to a deprotonated nitrogen atom from 
the second molecule of the ligand. This one-dimensional network shows the metal center with a square planar 
geometry. The antibacterial properties of the free ligands and metal complexes have been evaluated against 
periodontopathogenic bacterial strains and were observed to increase the activity after the complexation of the 
carbazates.   

1. Introduction 

Studies of Schiff bases transition metal complexes are in constant 
evolution due to the several possibilities of applications. The prepara-
tion of the metal complexes is via the addition of the precursor metal salt 
and the Schiff base in appropriate and suitable experimental conditions. 
The Schiff bases are an important class of organic compounds widely 
studied due to their biological and pharmaceutical properties, such as 
antimicrobial, antifungal, and antimalarial activity.1–5. 

The carbazates are Schiff bases that have the potential to coordinate 
and form stable transition metal complexes with different geometries. 
They are obtained through a condensation reaction between an alde-
hyde or ketone and a primary amine. Generally, the donor atoms can 
coordinate with several different metal ions. There are many reported 
studies in the literature with similar Schiff bases, such as hydrazones, 
semicarbazones, dithiocabazates and their Ni(II), Cu(II), Co(II), Zn(II) 
complexes.6–8 However, carbazate ligands and their metal complexes 
are not yet expansively explored. There are very few recent papers in the 

literature on this type of ligand.9,10 

There is great interest in carbazate and its complexes due to its 
pharmacological and biological applications. These compounds also 
show cytotoxic potential against different cancer cells and are successful 
when tested against Gram-positive and Gram-negative bacteria.1–3. 

Anaerobic bacteria such as Porphyromonas gingivalis, Actinomyces 
naeslundii, and Fusobacterium nuclatum are part of the oral microbiota, 
which can be permanent or resident in the oral environment. When 
dysbiosis occurs in this system, bacteria proliferate and can cause in-
fections, the most commonly associated with these bacteria being 
gingivitis, periodontitis, and endodontic infection. However, oral mi-
croorganisms are also associated with other chronic diseases e.g. in-
flammatory bowel disease, cancers, cardiovascular diseases, 
Alzheimer’s disease, diabetes, rheumatoid arthritis, and preterm 
birth.11. 

In this sense, this work reports the study of new carbazate ligands 
and their dimeric and polymeric Cu(II) complexes. The compounds were 
analyzed by single crystal X-ray diffraction, FT-IR, UV–vis, NMR, Mass 
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spectrometry, and Hirshfeld surfaces. Furthermore, the biological ac-
tivity was evaluated against periodontopathogenic bacteria strains. The 
results of the study of the antibacterial activity of bacteria related to 
periodontal infections evaluated show an interesting comparison be-
tween the complexes and the free ligands. 

2. Experimental section 

2.1. Materials, methods and instruments 

All reagents and solvents used were obtained from commercial 
sources and used as received. Elemental analyses were performed with 
Perkin Elmer/Series II 2400 analyzer. The infrared spectra were recor-
ded from KBr pellets (4000–400 cm−1) using FT-IR Varian 640. UV–vis- 
NIR Varian Cary 5000 spectrophotometer and the concentration used for 
all analyses was 2 μM and 20 μM in methanol (MeOH), N, N-dime-
thylformamide (DMF) and dimethylsulfoxide (DMSO). The ESI-MS and 
ESI-MS/MS spectra were obtained from the AB Sciex TripleTOF 5600+
spectrometer equipment, in positive mode, 5500 V and 200 ◦C. 1H nu-
clear magnetic resonance spectra were collected on a Varian Mercury 
plus (300 MHz), with TMS as an internal reference and DMSO‑d6 as 
solvent. Electrospray ionization mass spectrometry analysis (ESI-MS) 
was performed on an AB Sciex Triple TOF 5600+ mass spectrometer in 
positive mode, with a voltage of 5500 V and source temperature of 
200 ◦C. 

2.2. Synthesis of 2-hydroxyacetophenone N(4)-methylcarbazate (HL1) 

The synthesis of HL1 was prepared similarly to the literature 
procedure.12–13 1 mmol (90.7 mg) of methylcarbazate was solubilized in 
20 mL of ethanol and 1 mmol (136.15 mg, 0.12 mL) of 2-hydroxyaceto-
phenone was added. The reaction was carried out under reflux condi-
tions for 3 h. Colorless crystals were obtained directly from the mother 
solution by slow evaporation of solvent after a few days. Yield: 81.16 % 
(168.87 mg) Melting point: 166–168 ◦C. Elemental analysis calculated 
for C10H12N2O3: C, 57.69; H, 5.81; N, 13.45 and found: C, 57.48; H, 6.22; 
N, 13.43. Selected IR bands (KBr, ν/cm−1): ν(N–H) 3292, ν(O–H) 
3224, ν(C––O) 1712, ν(C––N) 1611, ν(C–O) 1380, ν(N–N) 1174, 
δ(phenol) 762. 1H RMN (DMSO‑d6 δ, ppm): 2.31 (s, 3H, CH3), 3.76 (s, 
3H, CH3), 6.87 (t, 1H, Ar), 7.26 (t, 1H, Ar), 7.53 (d, 1H, Ar), 7.95 (d, 1H, 
Ar) e 10.78 (s, 1H, N–H). ESI(+)-MS/MS (m/z): 219.0464; 209.0917; 
141.0876; 100.0758; 74.0614. 

2.3. Synthesis of 2-hydroxyacetophenone N(4)-benzylcarbazate (HL2) 

In a round bottom flask containing 20 mL of ethanol, 1 mmol (167.8 
mg) of benzylcarbazate was added, followed by 1 mmol (136.15 mg, 
0.12 mL) of 2-hydroxyacetophenone. The reaction was carried out under 
heating, stirring and refluxing for 3 h. Colorless crystals were obtained 
after a few days directly from the mother solution. Yield: 92.75 % 
(263.70 mg) Melting range: 132–133 ◦C. Elemental analysis calculated 
for C16H16N2O3: C, 67.59; H, 5.67; N, 9.85 and found: C, 67.93; H, 5.95; 
N, 9.96. Selected IR bands (KBr, ν/cm−1): ν(N–H) 3236, ν(O–H) 3164, 
ν(C––O) 1707, ν(C––N) 1620, ν(C–O) 1353, ν(N–N) 1150, δ(phenol) 
756. RMN 1H (DMSO‑d6 δ, ppm): 2.31 (s, 3H, CH3), 5.25 (s, 2H, CH2), 
6.88 – 7.56 (m, 9H, Ar), 10.90 (s, 1H, N–H) e 12.89 (s, 1H, O–H). ESI 
(+)-MS/MS (m/z): 285.1227; 219.0464; 100.0762; 79.0240; 74.0615. 

2.4. Synthesis of the (µ2-phenoxo)bis(2-hidroxyacetophenone- 
methylcarbazate) bis(methanol)dicopper(II), [Cu(L1)(CH3OH)]2 (1) 

The complex (1) was obtained by reaction of 0.1 mmol (20.81 mg) of 
the HL1 and 0.05 mmol (9.08 mg) of Cu(CH3COO)2⋅xH2O. The salt was 
solubilized in 5 mL of methanol and the ligand was solubilized in 5 mL of 
acetonitrile. The mixture was kept under heat and reflux for 2 h. The 
final green solution was left at room temperature for the slow 

evaporation of the solvent. After two weeks green suitable to single 
crystal X-ray analisys were obtained directly from the mother solution. 
Yield: 47.38 % (14.30 mg). Melting range: 238–240 ◦C. Elemental 
analysis calculated for C11H14CuN2O4: C, 43.78; H, 4.68; N, 9.28 and 
found: C, 43.38; H, 4.71; N, 9.23. Selected IR bands (KBr, ν/cm−1): 
ν(O–H) 3292 (CH3OH) e 3414 (H2O), ν(C––N) 1598, ν(C–O) 1365, 
ν(N–N) 1172, δ(phenol) 756. ESI(+)-MS/MS (m/z): 457.2725; 
343.0576; 270.0056; 231.0730; 217.1041; 209.0909; 173.9835; 
137.5457; 74.0611. 

2.5. Synthesis of the catena-(2-hidroxyacetophenone-benzylcarbazate) 
copper(II), [Cu(L2)]n (2) 

The complex (2) was synthesized by a reaction between 0.1 mmol 
(28.43 mg) of the HL2 dissolved in 5 mL of acetonitrile and 0.1 mmol 
(18.16 mg) of Cu(CH3COO)2⋅xH2O dissolved in 5 mL of methanol. The 
reaction was under stirring, heating and reflux for 2 h. Green solution 
and a dark green precipitate were obtained which was filtered and 
recrystallized from DMF. After three weeks, green crystals suitable for X- 
ray diffraction were obtained.Yield: 78.53 % (27.16 mg). Melting range: 
208–210 ◦C. C16H14CuN2O3: C, 55.57; H, 4.08; N, 8.10 and found: C, 
55.18; H, 4.05; N, 8.56. Selected IR bands (KBr, ν/cm-1): ν(O–H) 3421 
(H2O), ν(C––N) 1599, ν(C–O) 1339, ν(N–N) 1121, δ (phenol) 757. ESI 
(+)-MS/MS (m/z): 419.0899; 346.0366; 307.1047; 285.1225; 
137.5453; 74.0610. 

2.6. Crystal structure determination 

The X-ray diffraction data were collected at room temperature (296 
K) on a Bruker CCD SMART APEX II single crystal diffractometer with 
Mo Kα radiation (0.71073 Å). SADABS14 was used to scale the data and 
perform the multi-scan absorption correction. The structures were 
solved by direct methods using SHELXS-9715 and subsequent Fourier- 
difference map analyses yielded the positions of the non-hydrogens 
atoms, the refinement was performed using SHELXL-201816. The 
hydrogen atoms of the amino and hydroxyl group of HL1 and HL2 and 
the methyl group of HL2 were localized in the Fourier-difference map. 
The other hydrogen atoms were placed in idealized positions and refined 
with riding models. Molecular graphics were generated via OLEX2 
software.17 Crystal data, experimental details and refinement results are 
summarized in Table 1. 

2.7. Computational details 

The software CrystalExplorer 17.518 was used to calculate the 
Hirshfeld surfaces (HS) and related 2D-fingerprint plots18–20, using the 
Crystallographic Information Files (CIFs) obtained by single-crystal X- 
ray. A fixed color scale of −0.4277 (red) to 1.1543 (blue) was used to 
map the 3D dnorm surfaces (normalized contact distances) for the ligands 
and complexes. A 2D-fingerprint plot of di versus de was used to identify 
and quantify in percentages the intermolecular interactions of the 
compounds. The full interaction maps were produced using the software 
Mercury21. The interaction maps are indicative of hydrogen bond ac-
ceptors (red), donors (blue), and hydrophobic interactions (brown), 
respectively. 

2.8. Antibacterial activity 

2.8.1. Tested bacteria 
The bacteria assessed in the present work were obtained from the 

American Type Culture Collection (ATCC) and were maintained in the 
culture collection of the Laboratory of Antimicrobial Testing (LEA) of 
the Federal University of Uberlândia, State of Minas Gerais, Brazil: 
Actinomyces naeslundii (ATCC 19039), Peptostreptococcus anaerobius 
(ATCC 27337), Veillonella parvula (ATCC 17745), Porphyromonas gingi-
valis (ATCC 49417), and Fusobacterium nucleatum (ATCC 10953). 
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2.8.2. Minimal Inhibitory concentration (MIC) and minimal bactericidal 
concentration (CBM) 

The microdilution method was used to determine the minimal 
inhibitory concentration (MIC) values in triplicate by using the 96-well 
microplates, adopted from the Clinical and Laboratory Standards Insti-
tute.22 The compounds were dissolved in dimethyl sulfoxide (DMSO) at 
1.0 mg mL−1, followed by dilution in Brucella broth (DIFCO, Kansas 
City, MO, USA) supplemented with hemin (5.0 mg mL−1, Sigma, St. 
Louis, MO, USA) and menadione (1 mg mL−1, Sigma); concentrations 
ranging from 0.195 to 400.0 µg mL−1 were achieved. The inoculum was 
adjusted to give a cell concentration of 1×106 CFU mL−1. DMSO 5 % (v/ 
v) was used as the negative control, and a chlorhexidine (Sigma) was 
used as the positive control. The microplates containing anaerobic 
bacteria were incubated at 36 ◦C for 72 h in an anaerobic chamber 
containing 5–10 % H2, 10 % CO2, and 80–85 % N2 (Don Whitley Sci-
entific, Bradford, UK). After incubation, 30 μL of a 0.02 % aqueous 
resazurin (Sigma) solution was added to each well.23 Resazurin is an oxi- 
reduction probe that allows immediate microbial growth observation. 
The blue and red colors represent microbial growth absence and 

presence, respectively. 
To determine the minimum bactericidal concentration (MBC), a 10 

μL aliquot of the inoculum was removed from each well before resazurin 
(Sigma) was added, and the aliquot was seeded in Schaedler agar 
(DIFCO) supplemented with hemin (5 mg mL−1, Sigma), menadione (1 
mg mL−1, Sigma) and 5 % defibrinated horse blood was used. The agar 
plates were incubated at 36 ◦C for 72 h under gaseous conditions 
appropriate. The MBC assays were performed in triplicate. After incu-
bation, MBC was defined as the lowest sample concentration that killed 
>99.9 % of the initial bacterial population, where no visible bacterial 
growth was observed.22 

3. Results and discussion 

The condensation reactions between 2-hydroxyacetophenone with 
methylcarbazate and benzylcarbazate produced respectively, two tri-
dentate ONO ligands HL1 and HL2. The complexation reactions of Cu(II) 
with HL1 and HL2 yielded two metal complexes, a dimeric complex [Cu 
(L1)(CH3OH)]2 (1), and a polymeric complex [Cu(L2)]n (2), represented 

Table 1 
X-ray structure data collection and refinement parameters for compounds HL1, HL2, (1) and (2).   

HL1 HL2 (1) (2) 
Empirical formula C10H12N2O3 C16H16N2O3 C11H14CuN2O4 C16H14CuN2O3 
Formula weight (g/mol) 208.08 284.31 301.78 345.83 
Crystal System Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P21/c P21/n P21/c P21/c 
a (Å) 5.589(18) 6.288(6) 9.116(5) 14.071(2) 
b (Å) 16.820(5) 15.873(16) 19.962(11) 11.444(17) 
c (Å) 11.132(4) 14.540(13) 6.837(4) 9.218(14) 
β (◦) 94.778(6) 95.087(7) 107.748(10) 104.848(3) 
V (Å3) 1042.8(6) 1445.5(2) 1185.1(11) 1434.8(4) 
Z 4 4 4 4 
Reflections collected 21,815 12,105 22,373 31,697 
Independent reflections /R(int) 1841/0.0719 2753/0.1320 2087/0.0869 2525/0.0592 
Absorption correction multi-scan multi-scan multi-scan multi-scan 
Max/min transmission 0.979/0.952 0.990/0.830 0.539/0.745 0.649/0.745 
Final R indices [I >2σ(I)] 0.049/0.113 0.061/0.122 0.053/0.104 0.029/0.067 
GooF 1.039 0.919 1.123 1.050 
Largest diff.peak and hole (eÅ−3) 0.171/-0.183 0.164/-0.170 0.380/-0.477 0.270/-0.301  

Scheme 1. Synthesis of the carbazate ligands HL1, HL2 and their copper(II) complexes (1) and (2).  
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in Scheme 1. The compounds were characterized by X-ray diffraction, 
physicochemical and spectroscopic analysis. 

3.1. Crystal structures 

The crystal structures of the carbazates HL1 and HL2 were elucidated 
by single crystal X-ray diffraction analysis, the ORTEP illustrations are 
shown in Fig. 1. The X-ray analysis showed HL1 and HL2 with an E 
configuration concerning the priority of the substituent bonded to 
C6–N2. Carbazates can exhibit keto-enol tautomerism in the –HN–C––O 
group, however, the IR spectrum shows a strong band of ν(C––O) at 1712 
and 1707 cm−1 for HL1 and HL2. The compounds crystallized in keto 
form, comparing the bond lengths of C9–O2 and C9–N2 is found 
respectively 1.213(3) Å and 1.350(3) Å for HL1 and 1.219(4) Å and 
1.353(5) Å for HL2. The bond length of the C9–O2 is characteristic of a 
C––O double bond, while in C9–N2 case, it is verified that is a single 
bond. The 1H NMR spectrum also presents only one signal to OH due to 
the phenol group. The evidence is also suggesting the presence of the 
keto form in the solid state and solution. The bond distances N1–N2, 
C9–N2 and C9–O3 show some electron delocalization throughout the 
carbazate function. This result is in agreement with other carbazates 
already described in the literature.13,24–27 Table 2 shows the most 
relevant bond lengths and angles for HL1 and HL2. 

The two carbazates exhibit intramolecular hydrogen bond between 
the phenolic oxygen atom and the azomethine nitrogen atom with a 
distance of 2.565(3) Å and 2.559(5) Å for HL1 and HL2, respectively. 
Intermolecular hydrogen bonds between N2–H2⋅⋅⋅O2′ are observed 
bonding two molecules like a dimer (Fig. S1 in SI), with distances of 
3.012(3) Å and 2.896(5) Å for HL1 and HL2 (with symmetry operations: 
−x + 1, −y + 1, −z and –x − 1, −y, −z + 2), respectively. The in-
teractions also can be observed at the full interactions maps around the 
molecules of the molecular crystal structures of the carbazate ligands. 
The intense red regions near the NH are indicative of hydrogen bond 
acceptors and hydrogen bond donors are marked in the intense blue 
regions near the OH of the phenol group. The hydrophobic regions in 
brown can be found above and below the phenyl rings of the ligands 
Fig. 2.Fig. 3. 

The crystal structure determination of (1) revealed a dinuclear 
centrosymmetric copper(II) complex with a doubly deprotonated 
molecule of the HL1 with an ONO chelating system. The metal centers 

are pentacoordinate with μ2-oxo group located between the two copper 
atoms. Each copper atom is bonded to a methanol molecule, a ligand 
molecule by the oxygen atom of the phenol ring (O1), imine nitrogen 
(N1), carbonyl oxygen (O2), and the bridge by the oxygen of the phenol 
ring (O1) of a second ligand molecule. The metal centers exhibit a dis-
torted geometry with bond distance Cu–O of 1.898(3) Å and 1.923(4) Å. 
The distance Cu–Cu’ of 2.9901(17) Å is too long to present any inter-
action between the metal ions. 

The best geometry of (1) can be indicated by Addison’s parameter 
(τ5), where τ5 = (β-α)/60 (α and β are the largest coordination angles).28 

The value of τ = 0 is for a perfect square pyramid geometry and τ = 1 is 
for a perfect trigonal bipyramidal geometry. In complex (1) the found τ 

Fig. 1. Molecular structures of HL1 and HL2 with crystallographic labeling (30% probability displacement ellipsoids). Intramolecular hydrogen bonds are shown as 
dashed lines. 

Table 2 
Selected bond lengths (Å) and bond angles (◦) for the carbazate ligands HL1, 
HL2, and their copper(II) complexes (1) and (2).  

Bond lengths (Å) Bond angles (◦)  
HL1 (1)  HL1 (1) 

C1–O1 1.355(3) 1.355(3) C9–O3–C10 115.6(2) 117.5(4) 
C9–O2 1.213(3) 1.275(6) C7–N1–N2 119.3(2) 117.6(4) 
C9–O3 1.331(3) 1.339(6) C9–N2–N1 120.9(2) 108.2(4) 
N1–N2 1.382(3) 1.404(5) O2–C9–O3 124.7(2) 119.0(5) 
N1–C7 1.284(3) 1.289(6) C6–C7–N1 116.5(2) 120.5(4) 
O3–C10 1.449(3) 1.423(6) O1–C1–C6 122.8(2) 123.2(5) 
Cu1–O1 – 1.898(3) N2–C9–O2 – 127.2(5) 
Cu1–O1′ – 2.013(3) O1–Cu1–O2 – 171.55(15) 
Cu1–N1 – 1.933(4) O1–Cu1–O4 – 91.32(14) 
Cu1–O2 – 1.923(4) O1–Cu1–N1 – 93.56(16) 
Cu1–O4 – 2.354(4) N1–Cu1–O1′ – 165.70(16) 
Cu1′–O4′ – 2.354(4) O1–Cu1–O1′ – 80.34(14)   

HL2 (2)  HL2 (2) 
C9–O3 1.331(5) 1.342(2) C9–O3–C10 115.1(3) 115.67(18) 
C9–O2 1.219(4) 1.260(3) C9–N2–N1 120.2(4) 109.31(18) 
N1–N2 1.376(4) 1.407(3) O2–C9–O3 124.8(4) 120.8(2) 
N1–C7 1.290(4) 1.301(3) O3–C9–N2 112.8(4) 112.93(19) 
C1–O1 1.362(5) 1.314(3) C7–N1–N2 119.1(4) 119.20(19) 
C9–N2 1.353(5) 1.322(3) O2–C9–N2 122.4(4) 126.3(2) 
Cu1–O1 – 1.846(2) O1–Cu1–O2 – 175.05(7) 
Cu1–N1 – 1.951(2) O1–Cu1–N2′ – 90.89(8) 
Cu1–O2 – 1.950(2)    
Cu1–N2′ – 2.005(2)    
Cu1–N1 – 1.951(2)     
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= 0.0973, calculated with the angles O1–Cu1–O2 of 171.55(15)◦ and 
N1–Cu1–O1′ of 165.71(16)◦, suggesting a distorted square-based pyra-
mid for the metal ions, with the ligand forming the base of this pyramid 
and the methanol in the apical position of the pyramid. 

The distortion observed in the coordination geometry was probably 
caused by the bridge μ2-oxo and the rigidity of the carbazate ligand in 
the environment around the copper(II) atoms. The angles found in the 
coordination polyhedron are between 80.34(14)◦ and 171.55(15)◦. The 
results obtained for bond lengths and angles are consistent with simi-
larly reported carbazate complexes29, and also with dinuclear copper(II) 
complexes with 2-hydroxyacetophenone-dithiocarbazate23. 

A one-dimensional chain is observed in the complex (1) formed by 
intermolecular hydrogen bonds between the hydrogen of the coordi-
nated methanol molecules and the deprotonated nitrogen of the carba-
zate ligand, O4–H4A⋅⋅⋅N2′ [d(O•••N) = 2.916(5) Å, \(O4-H4•••N2′) =
151(5)◦ with symmetry operator (’): x, y, z + 1], Fig. S2 in SI. 

The compound (2) crystallized as a coordination polymer, 

represented in Fig. 4. Each copper atom is coordinated to a deprotonated 
HL2 molecule through the oxygen atom (O1) of the phenol ring, imine 
nitrogen (N1), and carbonyl oxygen (O2). The nitrogen atom (N2) of a 
second molecule of the ligand occupies the fourth position of the coor-
dination polyhedron. The copper ions are tetracoordinate with a dis-
torted square planar geometry. 

The copper(II) atom with a 4-fold coordinative environment could be 
classified through Okuniewski’s parameter (τ4) which is used to predict 
the coordination polyhedron of tetracoordinate complexes.30 The τ4 
value closer to zero indicates a square geometry, while a τ4 value of one 
suggests a tetrahedral geometry. The τ4 value for (2) was calculated 
using the N1–Cu1–N2′ of 175.48(8)◦ and O1–Cu1–O2 of 175.08(7)◦
with a value of 0.0657, close to zero and an indication of a distorted 
square planar geometry for (2). 

Comparing the complex (2) with the free ligand HL2 it was observed 
a major contribution of the enol tautomer with C9–O2 bond distance of 
1.261(3) Å in the complex (2) and a major character of a C9–N2 single 
bond of 1.322(3) Å. This behavior is according to similar bond lengths in 
previously reported complexes.26,31 The polyhedron positions are 
occupied by atoms from the carbazate ligand, with distances Cu1–N1′ of 
1.950(2) Å, Cu1–O1 of 1.846(2) Å, and Cu1–O2 of 1.949(2) Å. The bond 
distance Cu1–N2′ of 2.005(2) Å (symmetry operator: x, −y + 3/2, z − 1/ 
2) enables the formation of a one-dimensional polymeric chain. Selected 
bond lengths and angles are summarized in Table 2 and agree with re-
sults obtained in similar complexes previously published.26–27. 

3.2. Infrared spectroscopy 

In an attempt to certify the coordination modes of the free carbazates 
and their copper(II) complexes, the vibrational infrared spectra were 
collected (Figs. S3–S6 in Supporting Information). The bands attributed 
to ν(O–H) appear around 3224 cm−1 for HL1 and 3418 cm−1 for HL2, 
while ν(N–H) is attributed in 3292 cm−1 for HL1 and 3236 cm−1 for 
HL2. The infrared spectra of HL1 and HL2 show respectively, the 
ν(N–H) bands at 3292 cm−1 and 3236 cm−1 and ν(C––O) at 1712 and 
1707 cm−1, indicating the predominance of keto tautomer for the car-
bazate ligands. 

The ν(N–H) and ν(C––O) vibrational mode does not appear in the 
spectra of the complexes, indicating the coordination of the deproto-
nated carbazate and through the enol tautomer in (1) and (2). The bands 
assigned to ν(C––N) at 1611 cm−1 for HL1 and 1620 cm−1 for HL2 

Fig. 2. Full interactions maps for HL1 and HL2 showing the acceptor and donor likelihood regions, and hydrophobic groups.  

Fig. 3. Molecular structure of (1) with crystallographic labeling (30% proba-
bility displacement ellipsoids). 
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undergo a shift to lower values of the wavelength, 1598 and 1599 cm−1 

in the spectra of the complexes (1) and (2) respectively, suggesting the 
coordination of the carbazate to the copper(II) atoms through the N- 
iminic atom. 

The same behavior happened to ν(N–N) bands, a shift to smaller 
values, 1172 and 1121 cm−1 to (1) and (2), respectively. This phe-
nomenon is due to the weakening of the bonds with the coordination of 
the carbazate used in the formation of complexes. The ν(O–H) for (1) 
appears at 3292 cm−1 due to the methanol molecule coordinated with 
the metal ions. The infrared analysis that was carried out supports the 
crystal data analysis and is according to similar complexes described 
previously.31–34. 

3.3. Electronic spectroscopy 

The Schiff bases studied have chromophore groups that allow the 
investigation of some electronic transitions. In this way, it is possible a 
better understanding of their structures and resonance forms. The 
electronic spectra of HL1, HL2, and their copper(II) complexes in the 
region of UV–vis are shown in Figs. S7 and S8. The UV–vis experiment 
was made at room temperature, using three different solvents (MeOH, 
DMF and DMSO), for organic ligands and copper complexes. The solu-
tions were prepared at 2×10−5 mol L−1 concentration, to see the elec-
tronic transitions π → π*, n → π*, LMCT and CTLM. Complexes solutions 
were also prepared at 1×10−3 mol L−1 concentration, which made it 
possible to see d–d transition bands in their spectra. The results are 
summarized in Table S1. 

In the HL1 and HL2 spectra, a strong absorption can be verified in the 
region between 269 and 272 nm, depending on the solvent. This band is 
characterized by π → π* orbitals transitions that occur between the 
azomethine group and a small contribution from the aromatic rings. In 
the region between 301 and 316 nm, the n → π* transitions are found, to 
a lesser extent, from the transition of non-bonding electrons to the π* 
orbitals of the heteroatoms that constitute the carbazate.25. 

It is observed that there is a bathochromic displacement in the first 
absorption band. The absorption band shifts to longer wavelengths, 269 
– 272 nm in the ligands to 280–295 nm in the complexes.35,36 There is a 
decrease in the energy gap between the HOMO and LUMO, in such a way 
that when the complexation occurs, there is a decrease in the energy that 

promotes an electron from the HOMO orbital to the LUMO.35 In addi-
tion, another evidence of the complexation is the appearance of a strong 
band in the region of 345–364 nm, this absorption is due to a charge 
transfer that exists from the NO sites of the ligand to the metal. 

The d–d transition bands were also observed at the complexes’ 

spectra. It is possible to observe that the absorption wavelength of the 
d–d transition occurs in the red region and the color that is emitted by 
the product is its complementary, green, which is the color of both 
complexes.35 The results discussed here are in agreement with previ-
ously published works of other copper(II) complexes.32,33,37. 

3.4. 1H NMR spectra 

The characterization by NMR spectroscopy was of great importance 
to carry out the study of the free carbazate ligands. The 1H NMR spectra 
in DMSO‑d6 and the data referring to chemical shifts of these spectra are 
found in Supporting Information (Figs. S9 and S10, Tables S2 and S3). 

At the 1H NMR spectrum for the HL1 ligand were verified seven 
resonance signals. After the integration of the signals, 11 hydrogen 
atoms of the molecule were obtained in their characteristic chemical 
shifts. Only the hydrogen atom from the phenol could not be observed 
due to its high lability that failed to produce a measurable and quanti-
fiable resonance signal. The signal in the spectrum at 2.31 ppm, with 
integration equal to 3, appears as a singlet and it corresponds to the 
methyl hydrogen atoms marked 2 in the ligand structure. This signal 
appears at this chemical shift value because the H atoms are close to the 
C––N bond of the iminic group. The signal at 3.76 ppm integrated to 3, is 
referring to the other methyl of the structure, marked as 1 and this signal 
appears in a greater displacement because this methyl is directly linked 
to nearby oxygen. In these two cases, the nearby groups, the C––N bond, 
and the oxygen atom of the ester act as electron drawing groups causing 
a deshielding of the analyzed hydrogen atoms. 

The range from 6.87 ppm to 7.95 ppm is characterized by the signals 
of the four hydrogen atoms of the phenol aromatic ring, each one with 
an integration equal to 1. The ortho hydrogen atoms couple in the range 
of 3J – 7 – 10 Hz, the meta ones couple in the range of 4J – 2 – 3 Hz, and 
the couple in the range 5J – 0 – 1 Hz.35 The triplet signal observed at 
6.87 ppm is attributed to H(4), it has 3J = 6.8 Hz, ortho coupling with H 
(3) and H(5). At 7.26 ppm, there is H(5), also in the form of a triplet 

Fig. 4. Molecular structure of (2) with crystallographic labeling (30% probability displacement ellipsoids).  
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signal, with 3J = 7.7 Hz. At 7.53 ppm there is a signal with a lot of 
interference, so it is not possible to identify each one of its couplings 
individually. The last signal at 7.95 ppm with 3J = 7.8 Hz coupling is a 
doublet referring to H(3), the fact that it is a doublet shows that this 
hydrogen has only one other vicinal hydrogen, and it is more deshielded 
than the others due to their proximity to the OH of the phenolic 
ring.38,39. 

Finally, at 10.78 ppm, there is a signal with integration equal to 1. 
This is a very deshielded signal that is due to the hydrogen atom of the 
N–H bond, given that this hydrogen is bonded to a nitrogen atom and is 
a neighbor of a carbonyl group. It is one of the most labile hydrogen 
atoms in the molecule and is eventually lost in complexations, so it 
makes sense if its signal is far from the others. 

At the 1H NMR spectrum of the HL2 ligand is possible to observe the 
signal at 2.31 ppm integrated to 3, attributed to the methyl group close 
to the C––N bond. The signal at 5.25 ppm can be attributed to the 
methylene group, and due to the methylene being directly linked to an 
oxygen atom, is undergoing deshielding. The multiplets in the region 
between 6.88 and 7.56 ppm correspond to the hydrogen atoms of the 
two aromatic rings, integrated to 9. There are two aromatic rings and an 
overlap between the signals. For this reason, it was not possible to obtain 
the coupling constants of each hydrogen atom.40. 

The integral signal equal to 1 verified at 10.90 ppm is characteristic 
of the N–H bond, this signal is very deshielded because it is directly 
linked to a nitrogen atom and also because it is a neighbor of a carbonyl 
group. Finally, the signal at 12.89 ppm, integrated to 1, is characterized 
by the hydrogen atom attached to the oxygen atom of the phenol ring. 
Based on its higher acidity and therefore its high lability, it produced a 
signal of very low intensity. The results corroborate the other analytical 
methods used and were consistent with other previously published 
ligands.3,38,40–42. 

3.5. Mass spectrometry 

The mass spectrometry was used in positive mode electrospray 
ionization form (ESI(+)-MS/MS) with a concentration of 50 μM 
(methanol/dimethylformamide, 99/1% ratio) in an acid medium (0.1 % 
acetic acid) to evaluate the real species present in the compounds so-
lutions. The spectra containing the fragmentations are shown in Figs. 5 
and 6, Figs. S11 and S12. 

Signals with m/z 209.0917 (calcd = 209.0841) and 285.1227 (calcd 
= 285.1135) were observed in the mass spectra of the HL1 and HL2 li-
gands, respectively and they are in agreement with the monoisotopic 
mass plus one hydrogen for each molecular. It is also possible to observe 
that several fragmentations are common to the two ligands due to the 
similarity in their structures and are in agreement with the data obtained 
in the structural characterization by X-ray of single crystals and other 
techniques employed. 

In the case of the complexes, due to their more complex chemical 
structures, fragments of their molecular ions were not obtained, as in the 
case of ligands. However, several other fragments that derive were 
verified, corroborating the data obtained in the other analyses. In 
addition, fragments of the ligands were observed in the spectra of their 
derivative complexes. Since the complexes were dissolved in DMF, the 
ESI(+)-MS/MS spectrum showed the presence of the specie [Cu(L1) 
(DMF)]H+ in m/z = 343.0576 for the complex (1). And the specie [Cu 
(L2)(DMF)]H+ in m/z = 419.0899 for the complex (2), and also peaks 
which can be attributed to the formation of the [Cu(L)]H+ species after 
the loss of DMF molecule. 

3.6. Hirshfeld surface 

The Hirshfeld surface (HS) was used to analyze and quantify non- 
covalent interactions existing in a crystal lattice using the crystallo-
graphic information files (CIF) of the synthesized compounds. Based on 

Fig. 5. Mass Spectra for ligand HL2.  
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the HS, distance functions can be drawn, the main ones being di and de. 
From the normalization of these two functions, taking into account the 
van der Waals radii of the atoms, the dnorm function is obtained, that is 
the normalized contact distance.18–20 The red regions represent contacts 
at a distance smaller than the sum of the van der Waals radii of the 
atoms, the white regions show close contacts and the blue represents 
contacts at a distance greater than the sum of the van der Waals radii of 
the atoms.18–20 The dnorm surfaces of HL1, HL2, (1), and (2) can be seen 
in Fig. 7. The interactions represented in red are the most representative 
and of greater interest. The more intense the color, the stronger the 
interaction. Red regions are related to the N–H⋅⋅⋅O and C–H⋅⋅⋅O 
hydrogen bonds and agree with the observed single-crystal X-ray 
diffraction. 

The two-dimensional graph was obtained with the combination of 
the functions di and de. This graph is the Fingerprint of the molecule and 
takes into account all the contacts present in its crystal structure, from 
the closest contacts to those at greater distances. Decomposing the 
functions in this two-dimensional graph, each type of contact existing in 
the crystal lattice can be quantified in percentage.18–20 The fingerprint 
plots for the four compounds are shown in the Supplementary Material, 
Figs. S17 – S20. Fig. 8 represents the contribution of close contacts for 
the synthesized compounds. Fingerprint plots of the compounds indicate 
that the H⋅⋅⋅H, C⋅⋅⋅H and O⋅⋅⋅H interactions are the most significant for 
the ligands and complexes, their contribution varies between 10,7% and 
56,3%. 

3.7. Antibacterial activity 

To investigate the antibacterial activity of the synthesized com-
pounds, the free ligands and the copper(II) complexes were tested 
against A. naeslundii, P. anaerobius, V. parvula, P. gingivalis and 
F. nucleatum strains. The anaerobic bacterial strains causing periodontal 
infection were used. The results are expressed as the minimum inhibi-
tory concentration (MIC) and minimum bactericidal concentration 
(MBC), defined as the lowest concentration of the interest compound 
that does not occur during the growth of the microorganism, and are 
listed in Table 3. 

Complexes (1) and (2) exhibited good antimicrobial activity and 
were more pronounced when compared to free ligands HL1 and HL2. 
The obtained results were according to other similar published 
works.29,42,43 The two complexes showed antibacterial activity against 
the tested microorganisms, but, in general, complex (2) showed better 
MIC and MBC values than complex (1), including a MIC/MBC of 1.56/ 
1.56 µg mL−1 in the inhibition in the growth of P. anaerobius and 
P. anaerobius with 3.12/3.12 µg mL−1, with the bactericidal effect. 
Another interesting finding is the MIC/MBC of 12.5/25 µg mL−1 of the 
inhibition in the growth of P. gingivalis and bacteriostatic effect, this 
pathogen is responsible for the chronic periodontitis, but recent studies 
present the relation between this bacteria strain and Alzheimer Disease 
since P. gingivalis colonies were found in the brain of Alzheimer’s 
patients.44,45 

It is clear that there is a relationship between oral microbes and 
human health, in addition to affecting their site, these microbes are 
related to several systemic diseases.11 There is a link between oral 

Fig. 6. Mass Spectra for complex (2).  
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bacteria and the development of carcinomas, more specifically 
P. gingivalis and F. nuncleatum are oral pathogens that use pathways that 
can trigger the development of tumors.46 The understanding of oral 
microbes is no longer limited to the investigation of oral diseases, due to 
the human microbione project, since the oral microbiota is one of the 
project’s five priority research sites (oral cavity, nasal cavity, vagina, 

intestine and skin).47 

Taking into account the results presented, it can be seen that the 
metal complexes were more efficient than their free carbazate ligands. 
Among the possible explanations for this phenomenon, it is worth 
mentioning the lipophilicity necessary to permeate the cell membrane, 
as suggested by Tweed’s Chelation Theory. The presence of the metallic 

Fig. 7. Hirshfeld surface of HL1, HL2, (1) and (2).  

Fig. 8. Percentage contribution of close contacts for HL1, HL2, (1) and (2).  

E.A. Duarte et al.                                                                                                                                                                                                                               



Inorganica Chimica Acta 549 (2023) 121421

10

center increases the lipophilicity of the molecule, since there is an 
overlap in the orbitals of the ligand and metal, promoting electron 
delocalization throughout the structure, and facilitating the passage 
through the lipid membrane of the bacteria.48 

The complexation of the carbazate ligands to the copper(II) ion in-
creases lipophilicity, resulting in an improvement in the penetration 
power of the complexes inside the lipid membrane and blocking cellular 
enzymatic activity. Coordination compounds also can impede the 
growth of microorganisms by disrupting the process of cellular respi-
ration and blocking protein synthesis. Differences in the structure of the 
ligands and complexes can improve the permeability capacity of the 
cells of the microorganisms tested and influence the results, as observed 
for compounds (1) and (2).49 

Analyzing related publications is possible to see that the presented 
result is in line with what was found for similar compounds published 
before. In general, the trend of similar compounds previously published 
showed greater activity of the metal complexes compared with the free 
Schiff bases and the amoxicillin as a control.50 Additionally, antimi-
crobial tests performed on metal complexes derived from carbazate li-
gands showed greater activity against Gram-positive bacteria when 
compared to their free ligands.51 In a comparison with one of our pre-
vious works involving carbazates, in the present one, we achieved better 
results comparing the MIC values for the Cu(II) complexes.34 

4. Conclusions 

In the present study, we have described the crystal structures of two 
carbazate ligands derived from 2-hydroxyacetophenone and their Cu(II) 
complexes. The ligands HL1 and HL2 are capable of forming dimeric 
structures by noncovalent interactions. The binuclear complex (1) also 
formed a one-dimensional arrangement through their intermolecular 
interactions. Nitrogen atoms of the deprotonated HL2 link the polymeric 
complex (2). Moreover, the spectroscopic and structural analysis 
revealed that the Cu(II) ions coordinated with the ligands in different 
geometries, forming a square-based pyramid dimer and a square ge-
ometry polymer. The single crystal X-ray diffraction followed by the 
study of the Hirshfeld surfaces evidenced the most important non-
covalent interactions in the compounds. Evaluating antibacterial activ-
ity verified great activity for the complexes against the tested 
periodontopathogenic bacteria when compared with the free ligands. 
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A B S T R A C T

Fungal infections in neonatal intensive care units (NICU) are mainly related to Candida species, with high

mortality rates. They are predominantly of endogenous origin, however, cross-infection transmitted by

healthcare professionals’ hands has occurred. The aim of this study was to identify Candida species isolated

from the hands of healthcare professionals in a NICU before and after hygiene with 70% ethanol-based gel

and evaluate virulence factors DNase, phospholipase, proteinase, hemolysin, biofilm biomass production,

and metabolic activity. In vitro antifungal susceptibility testing and similarity by random amplified polymor-

phic DNA (RAPD) were also performed. C. parapsilosis complex was the most frequent species (57.1%); all iso-

lates presented at least one virulence factor; three isolates (Candida parapsilosis complex) were resistant to

amphotericin B, two (Candida famata [currently Debaryomyces hansenii] and Candida guilliermondii [currently

Meyerozyma guilliermondii]) was resistant to micafungin, and six (Candida parapsilosis complex, Candida guil-

liermondii [=Meyerozyma guilliermondii], Candida viswanathi, Candida catenulata [currently Diutina catenu-

lata] and Candida lusitaniae [currently Clavispora lusitaniae]) were resistant to fluconazole. Molecular

analysis by RAPD revealed two clusters of identical strains that were in the hands of distinct professionals.

Candida spp. were isolated even after hygiene with 70% ethanol-based gel, highlighting the importance of

stricter basic measures for hospital infection control to prevent nosocomial transmission.

© 2024 Published by Elsevier Masson SAS on behalf of SFMM.
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Introduction

Fungal infections that occur in Neonatal Intensive Care Units

(NICU) are mainly related to Candida species, which is the seventh

most prevalent cause (5.6%) of bloodstream nosocomial infections

(BSI) among all pathogens included in the Brazilian Surveillance and

Control of Pathogens of Epidemiologic Importance (BrSCOPE) [1,2].

Invasive Candida infections can be fatal, especially in hospitalized

newborns in NICU, due to an immature immune system influenced

by healthcare, such as central venous catheters, broad-spectrum anti-

biotics, and parenteral nutrition [3].

The hospital environment is a large reservoir of opportunistic

pathogens, which can be transmitted to individuals in many ways

[4]. The modes of transmission and portals of entry for hospital fungal

infections vary according to the pathogen involved [4]. Candida spp.

infections are predominantly of endogenous origin [4], but cross-

infection transmitted by healthcare professionals’ hands (HCWs) has

Abbreviations: NICU, neonatal intensive care units; RAPD, random amplified poly-

morphic DNA; BrSCOPE, brazilian surveillance and control of pathogens of epidemio-

logic importance; HCW, healthcare professionals; ABHSs, alcohol-based hand

antiseptics; LBP, low biomass production; MBP, moderate biomass production; HBP,

high biomass production; LMA, low metabolic activity; MMA, moderate metabolic

activity; HMA, high metabolic activity
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been reported in 20−40% of healthcare-associated infections (HAIs)

[4,5] and is considered one of the main sources of candidemia out-

breaks in NICU [6,7]. The ability of Candida isolates to adhere and

grow as biofilms in internal medical devices and intravascular cathe-

ters, for example, has been associated with higher mortality [5,8

−10], since from these reservoirs, persistent Candida cells (tolerant to

antifungals) tend to migrate to the bloodstream [11−14].

Hand hygiene and antiseptic practices for Candida infection con-

trol, according to the main world health organizations, are hand-

washing with soap and water, especially with dirt, followed by using

alcohol-based hand antiseptics (ABHSs) [10−13,15−17]. In this con-

text, the aim of this study was to evaluate the presence of Candida

spp. before and after hand hygiene of healthcare professionals in a

NICU with 70% ethanol-based gel, as well as to phenotypically charac-

terize the isolates and determine their genetic similarity.

Materials and methods

Study site, participant selection, and sample collection

This prospective cohort study was carried out in the NICU of a ter-

tiary teaching hospital in Brazil with 514 beds and a multidisciplinary

team of 120 healthcare professionals, including nurses, nursing tech-

nicians, doctors, and physiotherapists. Of these, 107 (89.1%) profes-

sionals participated in the study. Hand samples were collected from

HCWs before and after disinfection with 70% ethyl alcohol-based gel

(Hydrated 70% v/v Ethanol Gel, Rioquímica�, Brazil), which is used in

the unit. HCWs were instructed to immerse both hands in a sterile

polypropylene bag containing 30 mL of Brain Heart Infusion (BHI)

broth (HIMEDIA�, India) and rub their hands in the broth. The bag

was sealed and labeled as the "before" group. Afterward, the profes-

sionals dried their hands with a sterile surgical compress and disin-

fected their hands with alcohol gel according to the institution’s

protocol. They then introduced both hands into another sterile poly-

propylene bag containing 30 mL of BHI broth and rubbed their hands

in the broth. The bag was sealed and labeled as the "after" group [17].

Isolation and identification of species

The entire sample obtained was transferred to sterile Falcon tubes

and centrifuged at, 4000 g for 10 min. Subsequently, the supernatant

was discarded, and the sediment was resuspended in 0.9% saline at a

1:1 ratio. 0.1 mL was inoculated in plates containing Sabouraud Dex-

trose Agar (SDA; Isofar, Duque de Caxias, RJ, Brazil) supplemented

with chloramphenicol and chromogenic agar (Himedia, Mumbai,

India) and incubated at 30 °C for up to 72 h [18]. The SDA plates were

used for enumerating colony-forming units per milliliter (CFU/mL).

The count was performed on plates that showed growth from a single

colony to evaluate the efficacy of 70% ethanol-based gel.

The yeast species were identified by matrix-assisted laser desorp-

tion/ionization time-of-flight (MALDI-TOF) mass spectrometry

(Bruker MALDI Biotyper 4.0).

Evaluation of in vitro virulence factors

Extracellular enzymatic activity

The production of phospholipase, proteinase, hemolysin, and

DNase was determined according to the methods described by Rorig

et al. [19], with adaptations. Briefly, yeast colonies were suspended in

0.9% saline solution with turbidity equivalent to tube two of the

McFarland scale (3 £ 108 to 6 £ 108 CFU/mL). Subsequently, five mL

aliquots of each suspension were deposited at equidistant points on

Petri dishes (90 £ 15 mm) containing egg yolk agar for phospholi-

pase, bovine albumin agar for proteinase, 7% sheep blood agar for

hemolysin, and DNase agar (Hexis, S~ao Paulo, Brazil). Incubation was

performed at 30 °C for four days for phospholipase, seven days for

proteinase and DNase, and 48 h for hemolysin. Tests were performed

in duplicate and on two different occasions. The interpretation was

carried out according to Menezes et al. [20].

Biofilm formation

Biofilm production was detected according to Pierce et al. [21] and

Costa-Orlandi et al. [22], with modifications. Briefly, 10 mL of a 24-

hour culture in SDA from each isolate was inoculated into 20 mL of

Yeast Extract Peptone-Dextrose (YPD) broth and incubated overnight

at 35 § 2 °C. After incubation, the tubes were centrifuged at

5000 rpm for five minutes, the supernatant was removed, and the

pellet was resuspended in 20 mL of phosphate-buffered saline (PBS),

a process that was repeated three times. Then, 1 mL of 0.9% saline

was added to the remaining pellet, 20 mL of this suspension was

pipetted into a Neubauer chamber, and the cell density was adjusted

to 1.0 £ 106 cells/mL. After counting, 10−100mL of the inoculum was

added to 900−1000 mL of Roswell Park Memorial Institute (RPMI)

1640 broth (Himedia, Mumbai, India) supplemented with glucose

and MOPS buffer (Hexis, S~ao Paulo, Brazil) and deposited 100 mL into

flat-bottom 96-well plates and incubated for 24 h at 35 § 2 °C.

For biofilm quantification, two plates were incubated, one for bio-

mass production quantification and the other for metabolic activity

evaluation, following Pierce et al. [21] and Costa-Orlandi et al. [22].

After 24 h incubation, the supernatant was gently removed, and the

wells of both plates were washed three times with PBS to remove

planktonic cells. Biofilm biomass production quantification was per-

formed by adding 100 mL of 0.5% Crystal Violet and incubating at

room temperature for five minutes. Then, the wells were washed

with sterile distilled water to remove the excess dye, and 100 mL of

33% acetic acid was added after washing. The reading was done in a

plate reader (Epoch-Biotek) at a wavelength of 570 nm.

For metabolic activity evaluation, 50 mL of the 2.3-bis

(2‑methoxy-4-nitro-5- sulfophenyl)�5- [carbonyl (phenylamino)]�

2H- 151 tetrazolium hydroxide)-XTT (1 mg ml�1 of PBS) and mena-

dione (1 mM in ethanol) solution were added to the wells and incu-

bated for 3 h. After incubation, the reading was done in a plate reader

(Epoch-Biotek) at a wavelength of 490 nm. Results were classified

according to the Optical Density (OD) of each sample [23]: Crystal

Violet (staining low biomass production (LBP) < 0.44; moderate bio-

mass production (MBP) = 0.44−1.17; high biomass production (HBP)

>1.17). XTT reduction (low metabolic activity (LMA) < 0.097; moder-

ate metabolic activity (MMA) = 0.097−0.2; high metabolic activity

(HMA) > 0.2) [23]. Wells containing only RPMI were the negative

control. Candida albicans ATCC 90,028 was used as the test control.

Tests were done in quadruplicate and repeated three times indepen-

dently.

Antifungal susceptibility testing

The susceptibility test to fluconazole (Fluoxol, La Paz, Bolivia),

amphotericin B (Cristalia, S~ao Paulo, Brazil), and micafungin (Raffo,

Buenos Aires, Argentina) was performed by the broth microdilution

method as described in document M27-S4 [24]. Candida parapsilosis

ATCC 22019 and Candida albicans ATCC 90028 were used as the test

control. The assay was performed in duplicate, and the reading was

done at 490 nm.

The minimum inhibitory concentration (MIC) was defined as the

lowest concentration of the antifungal capable of promoting 50%

reduction in yeast growth for fluconazole and micafungin and 90%

for amphotericin B [24]. The MIC50 represents the value of the MIC at

which at least 50% of the strains were inhibited. The MIC50 was con-

sidered the value at position n x 0.5 when n was an even number of

strains. For an odd n, the value at position (n + 1) x 0.5 represented

the MIC50 value. The MIC90 represents the value of the MIC at which

at least 90% of the strains were inhibited. The MIC90 was calculated

using n x 0.9. When the result was an integer, that number
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represented the MIC90; for a result where the number was not an

integer, the next integer after the respective value represented the

MIC90 [25]. MIC50 and MIC90 were calculated only for C. parapsilosis

isolates, as they had an n > 10. The interpretation of MIC and the cut-

offs for each antifungal were considered according to the CLSI M27-

S4, M60, and M59 documents [24,26,27]. Due to the lack of clinical

breakpoint (CBPs) or epidemiological cutoff values (ECVs) by CLSI for

amphotericin B, micafungin, and fluconazole regarding C. catenulata

(= Diutina catenulata), C. intermedia, C. pararugosa (currently Wicker-

hamiella pararugosa), C. lusitaniae (=Clavispora lusitaniae), C. norve-

gensis (currently Pichia norvegensis), C. famata (= Debaryomyces

hansenii), C. pelliculosa (currently Wickerhamomyces anomalus), C.

haemulonii (currently Candida haemuli), C. viswanathii, and C. zeyla-

noides species, isolates with MIC for amphotericin B ≤ 2 mg/mL were

considered low MIC and MIC > 2 mg/mL high MIC; isolates with MIC

for fluconazole ≤ 8 mg/mL were considered low MIC and MIC > 8 mg/

mL was considered high MIC, and MIC for micafungin ≤1.0 mg/mL

were considered low MIC and those with MIC of ≥2mg/mL were con-

sidered high MIC [28].

RAPD (random amplified polymorphic DNA)

Genomic DNA extraction was performed for all isolates obtained

from SDA media (24 h) at 35 °C according to Bolano et al. [29]. For

RAPD-PCR analysis, the primers OPA9 (50-GGGTAACGCC-30), OPA18

(50-AGCTGACCGT-30), OPB11 (50-GTAGACCCGT-30), and OPG17 (50-

ACGACCGACA-30) (Operon Technologies Inc.) were used. Reactions

and amplification products were carried out according to the protocol

of Riceto et al. [30]. The gels were observed under ultraviolet light (L-

Pix HE, Loccus Brasil, Cotia, SP, Brazil) and images were captured

using the photodocumentation system (Image Lab-1D Loccus Brasil,

Cotia, SP, Brazil). Bands were represented as present (1) or absent (0)

and analyzed using the Multivariate Statistical Package (MVSP) ver-

sion 3.21 statistical program (Kovach Computing Services, UK.).

Genetic relationships were calculated using the Jaccard coefficient

(Sj). Sj values of 1.00 and 0.99 represent the same genotype, values

between 0.80 and 0.99 represent highly similar but not identical sam-

ples and values below 0.80 represent distinct samples [30]. Dendro-

grams based on Sj values were generated by the UPGMA method

(Unweighted Pair-Group Method with Arithmetical Averages).

Statistical analysis

Quantitative variables were described within the group before

and after hand hygiene with 70% ethyl alcohol-based gel, using

mean, median, maximum, and minimum standard deviation.

Additionally, the Shapiro-Wilk normality test was applied. For varia-

bles that showed normal distribution in both groups, the t-Student

test was used to compare them; for those that did not show normal

distribution, the Mann-Whitney test was applied [31].

Qualitative variables were described (frequency and percentage)

through two-way tables. The associations of qualitative variables

were evaluated using the likelihood ratio test/G-test [32]. P values <

0.05 were considered significant. All analyses were performed using

SPSS software for Windows (version 20.0; IBM Corp., Armonk, NY,

USA).

Results

Of the 107 HCWs who participated in the study, Candida species

were isolated from the hands of 46 (43.0%) in the before a group and

24 (22.4%) in the after group. Regarding CFU, the before group ranged

from 0.6 − 60.8 £ 104 CFU/mL, and the after group ranged from 0.0 −

30.0 £ 104 CFU/mL, with a 94.1% reduction after the use of 70% ethyl

alcohol-based gel and a p < 0.001.

Seventy-seven Candida isolates from 14 distinct species were ana-

lyzed, with 50 (64.9%) from the before a group and 27 (35.1%) from

the after group (Fig 1). In the before a group, seven rare/atypical spe-

cies were isolated (14.0% - C. haemulonii [=C. haemuli], C. intermedia,

C. lusitaniae [=Clavispora lusitaniae], C. norvegensis [=Pichia norvegen-

sis], C. viswanathii, C. pararugosa [=Wickerhamiella pararugosa] and C.

pelliculosa [=Wickerhamomyces anomalus], and three (11.1% - C. cate-

nulata [= Diutina catenulata], C. lusitaniae [=Clavispora lusitaniae], and

C. zeylanoides) were isolated in the after group.

Fig. 1 Candida species isolated from the hands of healthcare pro-

fessionals before and after cleaning with 70% ethyl alcohol-based gel.

All isolates from both groups were able to form biofilms, in addi-

tion to producing at least one exoenzyme (Table 1). Of the 50 isolates

from the before a group, 49 (98.0%) had HMA and 41 (82.0%) had

HBP, nine (18.0%) had MBP, and one (2.0%) had MMA. Fifteen (30.0%)

were positive for DNase, eight (16.0%) had phospholipase activity

(five moderate and three high), six (12.0%) had proteinase activity

(three high and three moderate), and two (4.0%) had hemolytic activ-

ity (moderate).

All 27 isolates from the after the group had HBP, 20 (74.1%) had

HMA, five (18.5%) had MMA, and two (7.4%) had LMA. Twelve (44.4%)

were positive for DNase, four (14.8%) had proteinase activity (high),

two (7.4%) had hemolytic activity (moderate), and two (7.40%) had

phospholipase activity (moderate).

When the two groups were compared, there was no statistically

significant difference in virulence factors (Table 2).

Fig. 1. Candida species isolated from the hands of healthcare professionals 1 - before and 2 - after cleaning with 70% ethyl alcohol-based gel.
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Table 1

Phenotypic and genotypic characteristics of Candida spp. isolated from the hands of healthcare professionals in a neonatal intensive care unit, before and

after hand hygiene with 70% ethyl alcohol-based gel.

Sample Hemolytic activity DNAse Proteinase Phospholipase Biofilm Antifungal susceptibility profile Genotypic profile

CV XTT Ampho B Fluco Mica

Before (50)

C. pa 2 Neg Neg Neg Neg HBP HMA S S S M*

C. pa 4 Neg Neg Neg Neg HBP HMA S S S M

C. pa 10 Neg Neg Neg Neg HBP HMA S S S M

C. pa 13 Neg Neg Neg Neg HBP HMA S S S M*

C. pa 15 Neg Neg Neg High HBP HMA S S S M

C. pa 16 Neg Neg Neg Neg HBP MMA R S S M

C. pa 30 Neg Pos Neg Neg HBP HMA R S S −

C. pa 38 Neg Neg Neg Neg HBP HMA S SDD S −

C. pa 39 Neg Neg Neg Neg HBP HMA S S S F

C. pa 40 Neg Neg Neg Neg HBP HMA S S S F

C. pa 52 Neg Pos Neg Neg HBP HMA S S S L

C. pa 62 Neg Neg Neg Neg HBP HMA S S S −

C. pa 64 Neg Neg Neg Neg HBP HMA S S S L

C. pa 69 Neg Neg Neg Neg HBP HMA S S S L

C. pa 74 Neg Neg Neg Neg MBP HMA S S S −

C. pa 75 Neg Neg Neg Neg HBP HMA S SDD S −

C. pa 88 Neg Pos Neg Neg HBP HMA S SDD S −

C. pa 92 Neg Neg Neg Neg HBP HMA S S S M

C. pa 98 Neg Pos Neg Neg HBP HMA S S S K

C. pa 100 Neg Neg Neg Neg HBP HMA S S S M

C. pa 101 Neg Pos Neg Neg MBP HMA S S S −

C. pa 102 Neg Pos Neg Neg HBP HMA S S S −

C. pa 111 Neg Pos Neg Neg MBP HMA S R S −

C. pa 119 Neg Pos High Neg MBP HMA S S S L

C. pa 139 Mod Neg Neg Neg HBP HMA S S S J

C. pa 149 Neg Neg Neg Neg HBP HMA S S S J

C. al 31 Neg Neg Neg Neg HBP HMA S S S B

C. al 91 Mod Neg High Neg HBP HMA S SDD S B

C. al 95 Neg Neg Neg Neg HBP HMA S S S B

C. al 96 Neg Neg Neg High HBP HMA S S S −

C. al 115 Neg Neg Neg High HBP HMA S S S B*

C. al 143 Neg Neg Neg High HBP HMA S S S B*

C. in 8 Neg Neg Neg Neg HBP HMA L L L A

C. in 43 Neg Pos Mod Mod HBP HMA L L L −

C. in 48 Neg Neg Mod Neg MBP HMA L L L A

C. in 97 Neg Pos Neg Neg HBP HMA L L L A

C. lu 37 Neg Neg Neg Neg HBP HMA L L L E

C. lu 83 Neg Pos Neg Neg HBP HMA L L L −

C. lu 140 Neg Neg Neg Neg HBP HMA L L L E

C. gui 133 Neg Neg Neg Neg HBP HMA S R S C

C. para 12 Neg Neg Neg Neg HBP HMA L L L D

C. para 49 Neg Neg Neg Neg HBP HMA L L L D

C. tro 44 Neg Neg Neg Neg HBP HMA S S S −

C. tro 53 Neg Neg Neg Neg HBP HMA S S S −

C. vis 82 Neg Neg Neg Neg MBP HMA L H L −

C. vis 109 Neg Pos Neg Neg MBP HMA L L L −

C. nor 26 Neg Neg Neg Neg HBP HMA L L L −

C. fa 27 Neg Neg Neg Neg MBP HMA S S S −

C. pe 50 Neg Neg Neg Neg HBP HMA L L L −

C. hae 77 Neg Neg Mod Mod MBP HMA L L L −

After (27)

C. pa 3 Neg Neg Neg Neg HBP LMA S S S −

C. pa 11 Neg Neg High Neg HBP MMA S S S I

C. pa 21 Neg Pos High Neg HBP HMA R SDD I H

C. pa 23 Neg Pos Neg Neg HBP HMA S S S G

C. pa 33 Neg Pos Neg Neg HBP HMA S S S G

C. pa 51 Neg Pos Neg Neg HBP HMA S S S G

C. pa 55 Neg Pos Neg Neg HBP HMA S S S −

C. pa 60 Neg Pos Neg Neg HBP HMA S S S −

C. pa 61 Neg Neg Neg Neg HBP LMA S S S I

C. pa 66 Neg Pos Neg Neg HBP HMA S S S I

C. pa 73 Neg Pos Neg Neg HBP HMA S S S I

C. pa 89 Neg Neg Neg Neg HBP HMA S R S −

C. pa 94 Neg Pos Neg Neg HBP HMA S S S K

C. pa 106 Neg Neg Neg Neg HBP MMA S S S H

C. pa 108 Neg Pos Neg Neg HBP HMA S SDD S −

C. pa 110 Neg Neg Neg Neg HBP HMA S S S H

C. pa 118 Neg Pos High Neg HBP HMA S S S G

C. pa 120 Neg Neg High Neg HBP AAM S S S H

C. fa 20 Neg Neg Neg Neg HBP AAM S S S −

(continued)
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Table 1 Phenotypic and genotypic characteristics of Candida spp.

isolated from the hands of HCWs in a NICU, before and after hand

hygiene with 70% ethyl alcohol-based gel

Table 2 Comparison of samples from groups before and after hand

hygiene of HCWs from a NICU with 70% ethyl alcohol-based gel in

relation to virulence factors and antifungal susceptibility profile

Table 3 shows the MIC range values for the three antifungal agents

tested. In the before a group, three (6.0%) isolates were resistant to

amphotericin B, two (4.0%) were resistant, and one (2.0%) presented

high MIC to fluconazole, and one (2.0%) isolate presented high MIC to

micafungin (Tables 1 and 3). Isolates of C. parapsilosis complex pre-

sented an MIC50 of 0.50mg/mL and MIC90 of 2.00mg/mL for ampho-

tericin B, for fluconazole they presented an MIC50 of 2.00 mg/mL and

MIC90 of 4.00mg/mL, and for micafungin they presented an MIC50 of

1.00mg/mL and MIC90 of 2.00mg/mL.

In the after group, one (3.7%) isolate was resistant to fluconazole

and two (7.4%) presented high MIC. One (3.7%) isolate was resistant

to amphotericin B (Table 1 and 3). Isolates of C. parapsilosis complex

presented an MIC50 of 0.50 mg/mL and MIC90 of 2.00 mg/mL for

amphotericin B, for fluconazole they presented an MIC50 of 1.00 mg/

mL and MIC90 of 4.00 mg/mL, and for micafungin they presented an

MIC50 of 1.0 mg/mL and MIC90 of 2.0mg/mL.

There was no statistically significant difference in antifungal resis-

tance between the two groups (Table 2).

Table 3 MIC values presented by Candida species on the hands of

HCWs in a NICU, before and after cleaning with a 70% ethyl alcohol-

based gel

Molecular analysis of the 77 isolates revealed the presence of two

clusters of identical strains, represented by genotypes B* and M*,

totaling four isolates, two of C. albicans (B* - 115 and 143) and two of

Table 1 (Continued)

Sample Hemolytic activity DNAse Proteinase Phospholipase Biofilm Antifungal susceptibility profile Genotypic profile

CV XTT Ampho B Fluco Mica

C. fa 135 Neg Neg Neg Neg HBP MMA S S S −

C. gui 93 Mod Neg Neg Neg HBP MMA S S S C

C. gui 146 Mod Neg Neg Neg HBP AAM S S S −

C. al 107 Neg Neg Neg Mod HBP AAM S SDD S B

C. ca 46 Neg Pos Neg Neg HBP AAM L H L −

C. lu 134 Neg Neg Neg Neg HBP AAM L H L E

C. tro 117 Neg Neg Neg Mod HBP AAM L L L −

C. zey 150 Neg Neg Neg Neg HBP MMA L L L −

Note: ampho, amphotericin B; fluco, fluconazole; mica, micafungin; C.al, Candida albicans; C. ca, C. catenulata (=Diutina cetnulata); C. pa, C. parapsilosis; C.

para, C. pararugosa (=Wickerhamiella pararugosa); C. lu, C. lusitaniae (=Clavispora lusitaniae); C. in, C. intermedia; C. nor, C. norvegensis (=Pichia norvegensis); C.

fa, C. famata (=Debaryomyces hansenii); C. tro, C. tropicalis; C. pe, C. pelliculosa (=Wickerhamomyces anomalus); C. hae, C. haemulonii (C. haemuli); C. vis, C. vis-

wanathi; C. gui, C. guilliermondii (=Meyerozyma guilliermondii); C. zey, C. zeylanoides; pos, positive; neg, negative; mod, moderate; XTT, tetrazolium salt; CV,

crystal violet; MBP, moderate biomass production; HBP, high biomass production; LMA, low metabolic activity; MMA, moderate metabolic activity; HMA,

high metabolic activity; S, susceptible; SDD susceptibility dose dependent; I, intermediate susceptibility; R, resistant; L, low MIC; H, high MIC * same geno-

type; - did not form genotypic profiles.

Table 2

Comparison of samples from groups before and after hand hygiene by healthcare professionals in a neona-

tal intensive care unit with 70% ethyl alcohol-based gel in relation to virulence factors and susceptibility

profile to antifungal agents.

Classification Before 50 (%) After 27 (%) Total 77 (%) Valor p

Virulence factors

Biomass production (CV) MBP 1 (2.0) 0 (0.0) 1 (1.3) 2.165

HBP 49 (98.0) 27 (100.0) 76 (98.7)

Metabolic activity (XTT) LMA 0 (0.0) 2 (7.4) 2 (2.3) 0.115

MMA 9 (18.0) 5 (18.5) 14 (18.2)

HMA 41 (82.0) 20 (74.1) 61 (79.2)

DNAse positive 15 (30.0) 12 (44.4) 27 (30.7) 0.208

negative 35 (70.0) 15 (55.6) 50 (64.9)

Hemolytic activity moderate 2 (4.0) 2 (7.4) 4 (5.2) 0.529

negative 48 (96.0) 25 (92.6) 73 (94.8)

Proteinase high 3 (6.0) 4 (14.8) 7 (9.1) 0.134

moderate 3 (6.0) 0 (0.0) 3 (3.9)

negative 44 (88.0) 23 (85.2) 67 (87.0)

Phospholipase high 3 (6.0) 1 (3.7) 4 (5.2) 0.511

moderate 5 (10.0) 1 (3.7) 6 (7.8)

negative 42 (84.0) 25 (92.6) 67 (87.0)

Antifungal susceptibility profile

MIC Anfotericina B susceptible 47 (94.0) 26 (96.3) 73 (94.8) 0.656

resistant** 3 (6.0) 1 (3.7) 4 (5.2)

MIC Fluconazol susceptible 43 (86.0) 21 (77.8) 64 (83.1) 0.642

SDD 4 (8.0) 3 (11.1) 7 (9.1)

resistant** 3 (6.0) 3 (11.1) 6 (7.8)

MIC Micafungina susceptible 49 (98.0) 26 (96.3) 75 (97.4) 0.227

I 0 (0.0) 1 (3.7) 1 (1.3)

resistant** 1(2.0) 0 (0.0) 1 (1.3)

MIC, minimum inhibitory concentration; SDD, susceptibility dose dependent; I, intermediate susceptibil-

ity; MPB, moderate biomass production; HBP, high biomass production; LMA, low metabolic activity;

MMA, moderate metabolic activity; HMA, high metabolic activity. * p values < 0.05 were considered signif-

icant; **samples classified as high MIC were analyzed as resistant.
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C. parapsilosis complex (M* - 2 and 13), all from the before a group

and from different HCWs. The remaining isolates that showed high

similarity were grouped into 13 clusters, i.e., 13 identified profiles

from A to M (47/77 − 61.0%). These and other results are presented in

Fig 2 and Table 1.

Cluster B is composed of six isolates of C. albicans, two of which

(31 and 107) are highly similar and come from different groups and

HCWs (Fig. 2 and Table 1).

Cluster C, formed by two C. guilliermondii (=Meyerozyma guillier-

mondii) isolates (93 and 133), showed high similarity, and came from

different groups and professionals.

In cluster E, two C. lusitaniae (=Clavispora lusitaniae) isolates (37

and 140) found in the before a group and from different professio-

nals, showed high similarity with C. lusitaniae 134, isolated from the

hands of another professional in the after group (Fig. 2 and Table 1).

In cluster K, two C. parapsilosis complex isolates (94 and 98) were

found in the hands of two HCWs and different groups (before and

after, respectively). The other C. parapsilosis complex isolates that

showed high similarity at the before moment (17/26, 65.4%) were

grouped into clusters F, J, L, and M, while the remaining C. parapsilosis

complex isolates from the after a moment (12/18, 67.0%) were

grouped into clusters G, H, and I (Fig. 2 and Table 1).

Table 3

Minimum inhibitory concentration values presented by Candida species in the hands of healthcare professionals in a neona-

tal intensive care unit, before and after cleaning with gel based on 70% ethyl alcohol.

Species (n) [currently name] Amphotericin B Fluconazole Micafungin

MIC range (mg/mL) MIC range (mg/mL) MIC range (mg/mL)

Before (50)

C. parapsilosis complex (26) 0.125 − 4.00 0.50 − 8.00 0.015 − 2.00

C. pararugosa (2) [=Wickerhamiella pararugosa] 0.25 − 0.50 2.00 − 4.00 0.125 − 0.125

C. albicans (6) 0.125 − 0.50 0.50 − 4.00 0.015 − 0.03

C. famata (1) [=Debaryomyces hansenii] 1.00 1.00 2.00

C. guilliermondii (1) [=Meyerozyma guilliermondii] 0.50 8.00 1.00

C. haemulonii (1) [=C. haemuli] 4.00 4.00 0.125

C. intermedia (4) 0.06 − 0.25 1.00 − 4.00 0.03 − 0.25

C. lusitaniae (3) [=Clavispora lusitaniae] 0.50 − 1.00 0.50 − 1.00 0.25 − 0.50

C. tropicalis (2) 0.25 − 0.25 1.00 - 1.00 0.125 - 0.125

C. norvegensis (1) [=Pichia norvegensis] 1.00 1.00 0.015

C. pelliculosa (1) [=Wickerhamomyces anomalus] 0.25 0.125 0.50

C. viswanathii (2) 0.25 − 1.00 1.00 − 16.00 0.06 − 0.50

After (27)

C. parapsilosis complex (18) 0.125 − 4.00 0.50 − 16.00 0.125 − 4.00

C. albicans (1) 0.50 4.00 0.015

C. catenulata (1) [=Diutina catenulata] 1.00 16.00 0.03

C. famata (2) 0.25 − 1.00 1.00 − 4.00 0.03 − 0.06

C. guilliermondii (2) 0.50 − 1.00 1.00 − 8.00 0.03 − 1.00

C. lusitaniae (1) 1.00 4.00 0.06

C. tropicalis (1) 0.25 0.50 0.015

C. zeylanoides (1) 0.50 0.50 1.00

MIC, minimum inhibitory concentration.

Fig. 2. RAPD dendrogram of the 77 hand samples of health professionals before and after cleaning with a 70% ethyl alcohol-based gel.
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Discussion

Candida spp. related HAIs are a public health problem due to their

severity and high morbidity and mortality rates [33−35]. Lack of

hand hygiene or inadequate hand hygiene by HCWs has been

reported as one of the main reasons for the horizontal transmission

of virulent Candida species, responsible for invasive infections in criti-

cal patients such as neonates [35,36]. Despite the importance of Can-

dida species in the occurrence of HAIs, only two studies in Brazil

[10,11], one in the UK [36], and two in India [8,37] have evaluated

the action of alcohol-based gel in the inactivation of these species on

the hands of HCWs.

This is the first study to investigate the presence of Candida spp.

on the hands of HCWs in a NICU before and after hand hygiene with

70% ethyl alcohol-based gel. Of the 107 HCWs who participated in

the study, 70 (65.4%) had contaminated hands, with 24 (34.3%) posi-

tive after hand hygiene. The 70% ethyl alcohol-based gel used in this

study was able to reduce the number of CFUs, demonstrating the effi-

cacy of its use in hand hygiene. This technique is easy to use and han-

dle, requires less time for application, and can be used at the bedside.

However, Candida samples were isolated from the after group, and

this could have happened due to factors such as the amount of prod-

uct versus friction time, which may not have been sufficient for the

elimination of yeasts [15,16,34], and whether hands were wet at the

time of application [15,16] or greater resistance to the antiseptic [13].

In addition, biofilm production present in all isolates in this study

may have contributed to a greater permanence of yeasts in the envi-

ronment, allowing them to adhere to biomedical devices and making

it difficult to remove these microorganisms from hands [8,33].

In this study, C. parapsilosis complex and C. albicanswere the most

isolated species from the hands of HCWs, followed by rare species

such as C. guilliermondii (=Meyerozyma guilliermondii), C. famata

(=Debaryomyces hansenii), C. haemulonii (=C. haemuli), C. intermedia,

and C. lusitaniae (=Clavispora lusitaniae). In the last decade, emerging

and atypical yeasts have been reported as a cause of increased fungal

infections in immunocompromised and/or hospitalized patients, and

these pathogens in some cases have been reported with an important

profile of resistance to antifungal drugs, especially azoles, and

increased resistance to polyenes and echinocandins [38].

The evaluation of the virulence factors of microorganisms on the

hands of HCWs is crucial, as these microorganisms can be responsible

for triggering invasive infections in critical patients such as neonates.

This was observed in our study published in 2018 [20], in which a

case of candidemia caused by C. albicans in the NICU showed similari-

ties with the other C. albicans isolates collected from the hands of

HCWs. Other studies conducted in NICUs in Brazil [39], Mexico [40],

and Portugal [41] have also identified C. parapsilosis species in the

hands of HCWs, and these isolates were responsible for outbreaks of

candidemia in neonates.

In this study, all isolates had at least one virulence factor among

those analyzed. DNase, an extracellular hydrolytic enzyme that con-

tributes to microbial pathogenicity by enhancing its adhesion, tissue

damage, and evasion of the immune system, as well as its dissemina-

tion [42], was present in almost all species isolated from the hands of

HCWs. C. catenulata (=Diutina catenulata) was the only species that

did not produce any enzymes, but it was a strong producer of bio-

mass, showed high metabolic activity, and was high MIC to flucona-

zole (MIC 16 mg/mL). The study by Chen et al. [43] showed a high

MIC of this species for fluconazole (>8 mg/mL) in invasive infection

samples, mainly in ICU patients. Candidemia caused by unusual spe-

cies seems to have a poorer response to antifungal treatment due to

MIC values above the epidemiological cutoff and a longer duration of

candidemia [34].

All samples were able to form a biofilm, 87.5% with HBP and 90.9%

with HMA. These data corroborate the fact that even after hand

hygiene with 70% ethyl alcohol-based gel, Candida species were still

isolated. The persistence of pathogens in biofilm in the hospital envi-

ronment or in living tissues can be a source of cross-transmission

with a marked clinical impact, leading to hospital-acquired infections

that are more difficult to treat and have a higher chance of recurrence

[44,45].

The majority (88.3%) of isolates were susceptible to the tested

antifungals (amphotericin B, fluconazole, and micafungin). However,

C. parapsilosis complex isolates showed resistance to amphotericin B

and fluconazole and exhibited intermediate susceptibility to mica-

fungin. Although resistance to echinocandins is generally low among

C. parapsilosis complex, the increased use of this class of antifungals

has resulted in changes in species prevalence and a gradual increase

in minimum inhibitory concentrations of echinocandins among sev-

eral species [46]. In our study, C. haemulonii (=C. haemuli) presented a

high MIC (4 mg/mL) for amphotericin B. This yeast is a rare subtype,

reported as an emerging and virulent pathogen, difficult to identify

due to its phenotypic similarity with other Candida subtypes, which

may increase the risk of inadequate antimicrobial administration and

worsening of emerging resistance patterns [47].

Forty-six (59.8%) isolates were highly similar (Sj > 80%) in the four

primers tested. Two isolates of C. albicans (C. al 115 and 143) and two

isolates of C. parapsilosis complex (C. pa 2 and 13) showed genetic

similarities between different HCWs in the group before hand

hygiene, and these isolated, despite not producing any extracellular

hydrolytic enzymes and being sensitive to the tested antifungals, pre-

sented HBP and HMA. C. albicans is the main pathogenic species and

the most frequent cause of candidiasis in humans [48], and C. parapsi-

losis complex is a major concern because it is a frequent colonizer of

human skin and hospital environments [13] and is the main Candida

species responsible for a significant proportion of nosocomial funge-

mia outbreaks, particularly in NICUs [4,5,13].

C. intermedia showed similarity between two HCWs in the group

before hand hygiene and had virulence factors such as moderate pro-

duction of proteinase, DNase, and HBP formation. C. intermedia is an

unusual species found in the microbiota of the human oropharyngeal

cavity, and although there are no reports of infection by this species

in neonates, has been isolated from the bloodstream of pediatric [49]

and adults [50,51] patients with infections associated with the pres-

ence of intravenous catheters.

In this study, C. lusitaniae (=Clavispora lusitaniae) was found to

have similarities between isolates of HCWs before and after hand

hygiene, with the presence of virulence factors such as HBP and

HMA, and the isolate after hand hygiene also showed high MIC

(4 mg/mL) to fluconazole. However, C. lusitaniae is another rare spe-

cies, only occasionally related to episodes of candidemia, correspond-

ing to 0.2−9.4% of all Candida isolates in blood or other sterile sites

[37,52], and unlike our results, in other studies [37,52] this species

showed resistance to amphotericin B and sensitivity to fluconazole

and was able to produce phospholipase, hemolysin, and proteinase

enzymes.

This study has some limitations. Materials were not collected from

the hands of the same HCWs in different groups, and genetic

sequencing of the Candida isolates was not performed to confirm

cross-transmission. A suggestion for future studies would be molecu-

lar analysis of isolates that showed resistance to the antifungals

tested to characterize the mechanisms of resistance.

It is important to note that HCWs have a wide possibility of hand

contamination during routine activities, and when not properly sani-

tized, increase the possibility of cross-transmission of pathogens

between patients and/or professionals, with a negative impact on the

entire healthcare system [15,16,53] including NICU.

In conclusion, Candida species were isolated from the hands of

most HCWs in a tertiary hospital’s NICU in Brazil in both groups

(before and after), but the 70% ethyl alcohol-based gel sanitizer used

in this study was effective in reducing the isolates. The most frequent

species was the C. parapsilosis complex. All isolates produced at least
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one virulence factor, with biofilm being present in all species, show-

ing HBP and HMA. Some isolates showed high genetic similarity and

were in different HCWs and groups, highlighting the importance of

hand hygiene to minimize the risk of cross-contamination in NICUs.

Glossary

NICU, neonatal intensive care units; RAPD, random amplified

polymorphic DNA; BrSCOPE, brazilian surveillance and control of

pathogens of epidemiologic importance; HCW, healthcare professio-

nals; ABHSs, alcohol-based hand antiseptics; BHI, Brain Heart Infu-

sion; SDA, Sabouraud Dextrose Agar; CFU, colony forming units;

MALDI-TOF, matrix-assisted laser desorption/ionization time-of-

flight; YPD, Yeast Extract Peptone-Dextrose; PBS, phosphate-buffered

saline; RPMI, Roswell Park Memorial Institute; LBP, low biomass pro-

duction; MBP, moderate biomass production; HBP, high biomass pro-

duction; LMA, low metabolic activity; MMA, moderate metabolic

activity; HMA, high metabolic activity; MIC, minimum inhibitory con-

centration.
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Infections caused by yeasts of the genus Candida have increased signi�cantly over the years, being identi�ed as 
the fourth leading cause of healthcare-related bloodstream infections in the United States and the seventh cause in 
Brazil, impacting morbidity and mortality  rates1,2. In association with that, there is the fact that resistant isolates 
are increasingly linked to outbreaks, especially by C. parapsilosis and C. auris3,4. �e isolation of these species 
is worrying due to the fact that they are less susceptible to the antifungals of choice for the treatment of fungal 
Healthcare-associated Infections (HAI)5. �ese infections are in�uenced by several factors, with the production 
of bio�lm and hydrolytic enzymes being the main  ones6. �e bio�lm is a form of protection against the cells of 
the host’s immune system and antifungal agents and the hydrolytic enzymes act in the invasion of host tissues, 
evasion of the immune system and in the maintenance of the viability and multiplication of yeast in the  host7–9.

Despite the four classes of antifungals available on the market for the treatment of these invasive fungal 
infections, mortality remains high and the toxicity of these medications continues to be a relevant problem. 
Additionally, the mechanism of action of these antifungals is limited, demonstrating the urgency of discovering 
a new antifungal  agent10.

In this sense, the molecule called Rottlerin, a red polyphenol powder produced from the fruits of Mallotus 
philippinensis Muell. Arg (Euphorbiaceae), stands out as an important source of relevant bioactive molecules, 
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which has demonstrated a wide range of pharmacological  activities11. Although known mainly for its anthel-
mintic  activity12, other pharmacological potentials of Rottlerin are found in the literature, even less explored to 
date, as an anti-in�ammatory13,  antibacterial14  antioxidant11 and  antiparasitic15,16.

In light of that and the need to discover e�ective compounds against fungal specimens, this study aimed to 
evaluate in vitro the antifungal, antibio�lm and antienzymatic activities of Rottlerin against the main yeasts of 
the genus Candida. Furthermore, the Caenorhabditis elegans model was used to evaluate the toxicity of Rottlerin 
and its antifungal e�cacy during infection of Candida species.

Rottlerin showed antifungal activity against all yeasts evaluated, with MIC and MFC values varying between 
7.81 and > 1000 µg/mL (Table 1). �e best Rottlerin MIC results were observed for C. guilhermondii ATCC 6260 
(7.81 µg/mL), C. dubliniensis ATCC MYA-646 (31.25 µg/mL), C. orthopsilosis ATCC 96141 (31.25 µg/mL), C. 
albicans ATCC 90028 (62.5 µg/mL), C. metapsilosis ATCC 96143 (62.5 µg/mL) and C. auris (clinical isolate) 
(62.5 µg/mL), demonstrating fungicidal action against the majority of yeasts evaluated.

Table 2 shows the mean values of the dc/dcp ratio of the positive control of each yeast tested and the mean 
values of the dc/dcp ratio of the yeasts treated with Rottlerin as well as with Amphotericin B. In addition, the 
percentage of inhibition of hydrolytic enzymes produced by each yeast when treated with Rottlerin or Ampho-
tericin was calculated. �ere was a signi�cant reduction in the size of the halo of enzymes treated with Rottlerin, 
especially in some yeasts. Without treatment, C. guillermondii (ATCC 6260), C. metapsilosis (ATCC 96143) and 
C. krusei (ATCC 6258) showed strong hemolytic activity, showing moderate activity a�er treatment with Rot-
tlerin. Regarding the percentages of reduction in enzyme production, there was a signi�cant reduction for some 
yeasts evaluated, for at least one enzyme tested. For the phospholipase enzyme, Rottlerin showed an inhibition 
percentage of 7% and rates that ranged from 4 to 29% for the hemolysin enzyme, with emphasis on C. galabrata 
(ATCC 2001) with a 29% and C. dubliniensis (ATCC MYA-646) with an 18% of reduction. One can observe that 
for some yeasts, Rottlerin was more e�cient in reducing the production of these enzymes when compared to 
Amphotericin B. As an example, there is the production of proteinase by Candida parapsilosis (ATCC 22019) 
where Rottlerin presented 20% of reduction of these enzyme, compared to Amphotericin B, where there was no 
reduction. Regarding the production of DNAse, Rottlerin was able to completely inhibit the production of this 
enzyme against the yeasts C. guillermondii (ATCC 6260), C. orthopsilosis (ATCC 96141) and C. krusei (ATCC 
6258).

Rottlerin demonstrated signi�cant inhibition of the bio�lm formed against C. albicans (ATCC 90028), C. dublin-
iensis (ATCC MYA-646) and C. auris (clinical isolate).  MICB50 values ranged from 15.62 to 250 µg/mL for Rot-
tlerin, with the lowest value observed for the clinical isolate in C. auris, with biomass inhibition at concentrations 
above  MICB50. Regarding cell viability, Rottlerin  IC50 values ranged from 2.24 to 12.76 µg/mL, with the lowest 
value observed against C. albicans (ATCC 90028) with a signi�cant decrease in viable cells (Fig. 1A–C). At the 
concentration of 15.62 µg/mL, Rottlerin showed inhibition of biomass, even at concentrations lower than  MICB50, 
as well as inhibition of cell viability from that same concentration, compared to the three yeasts evaluated.

�e  MICB50 and  IC50 values of Amphotericin B against the yeasts are shown in Fig. 1D–F.

Table 1.  MIC and MFC results obtained from the Rottlerin molecule against the yeasts evaluated in the 
study. MIC range for Candida parapsilosis (ATCC 22019): 0.25–1.0 µg/mL and Candida krusei (ATCC 6258): 
0.25–2.0 µg/mL47.

Rottlerin (µg/mL)

Yeasts MIC MFC

Candida albicans (ATCC 900028) 62.5 62.5

Candida dubliniensis (ATCC MYA-646) 31.25 31.25

Candida tropicalis (ATCC 13803) 125  > 1000

Candida glabrata (ATCC 2001) 125 125

Candida guillermondii (ATCC 6260) 7.81 7.81

Candida metapsilosis (ATCC 96143) 62.5 62.5

Candida orthopsilosis (ATCC 96141) 31.25 125

Candida auris (clinical isolate) 62.5 125

Control technique (µg/mL)—Amphotericin B

 Candida krusei (ATCC 6258) 1 1

 Candida parapsilosis (ATCC 22019) 0.5 0.5
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Figure 2 shows the changes in the structure of the bio�lm of C. albicans (ATCC 90028), C. auris (clinical isolate) 
and C. dubliniensis (MYA-646) caused by the concentration of ½MIC of Rottlerin. �e e�ect of the sample on 
the C. albicans (ATCC 90028) bio�lm stands out, as it was able to completely inhibit the formation of hyphae 
(Fig. 2A). In relation to C. auris (clinical isolate), Rottlerin promoted a decrease in the amount of microbial 
aggregates, in addition to a change in the shape of these yeasts (Fig. 2B—black circle). It was also possible to 
observe lesions in the cell wall in addition to the change in appearance (blue arrow). In relation to the C. dub-
liniensis (ATCC MYA-646) bio�lm, Rottlerin reduced both cell aggregation and the production of extracellular 
matrix, indicated by the red arrow (Fig. 2C). Furthermore, damage to the cell wall was identi�ed, with holes in 
the central region of the cell (blue arrow). �e black circle shows a change in the surface of the yeast, which has 
become rough.

C. elegans
Rottlerin demonstrated toxicity at the highest concentration evaluated as shown in Fig. 3. �e lowest concen-
tration capable of killing 50% or more of the larvae  (LC50) was 1000 µg/mL, accounting for 68%. A�er toxicity 
assay, concentrations of 500 to 31.25 µg/mL were selected for the in vivo infection assay, as they did not present 
toxicity against C. elegans larvae.

Table 2.  Analysis of the inhibition of the production of hydrolytic enzymes by yeasts included in the study 
exposed to a concentration of ½ MIC of Rottlerin. *p value: statistically signi�cant value.

Positive control Rottlerin Amphotericin B

Mean (dc/dcp) Mean (dc/dcp) Reduction (%) Mean (dc/dcp) Reduction (%)

Hemolysin

 Candida albicans (ATCC 900028) 0.51 0.62  − 21.56 0.51 0

*p value: 0.0389 *p value: 0.7575

 Candida dubliniensis (ATCC MYA- 646) 0.65 0.53 18.46 0.55 15.39

*p value: 0.0019 *p value: 0.0007

 Candida tropicalis (ATCC 13803) 0.37 0.62  − 67 0.65  − 75

*p value: 0.0260 *p value: 0.0006

 Candida glabrata (ATCC 2001) 0.52 0.37 29 0.47 9.61

*p value: 0.0022 *p value: 0.0299

 Candida guillermondii (ATCC 6260) 0.63 0.71  − 12.69 0.71  − 12

*p value:0.0077 *p value:0.0077

 Candida metapsilosis (ATCC 96143) 0.57 0.65  − 14 0.62  − 8

p value:0.0769 p value:0.1195

  Candida orthopsilosis (ATCC 96141) 0.55 0.53 4 0.83  − 50.9

p value: 0.6094 *p value: 0.0035

 Candida auris (clinical isolate) 0.69 0.61 12 0.64 8

*p value: 0.0101 p value: 0.3037

 Candida krusei (ATCC 6258) 0.44 0.67  − 52 0.66  − 50

*p value: 0.0009 *p value: 0.0010

 Candida parapsilosis (ATCC 22019) 0.64 0.65  − 1 0.66  − 3

p value: 0.2929 p value: 0.6094

Proteinase

 Candida dubliniensis (ATCC MYA- 646) 0.77 0.86  − 11.68 0.47 39

*p value: 0.0061 *p value: 0.0006

 Candida tropicalis (ATCC 13803) 0.89 0.74 17 0.66 26

*p value: 0.0019 *p value: 0.0010

 Candida parapsilosis (ATCC 22019) 0.65 0.52 20 0.65 0

*p value: 0.0029 p value: 0.1010

Phospholipase

 Candida albicans (ATCC 900028) 0.8 0.75 7 0.56 30

*p value: 0.0194 *p value: 0.0009

DNAse

 Candida guillermondii (ATCC 6260) Positive Negative Negative

 Candida orthopsilosis (ATCC 96141) Positive Negative Negative

 Candida krusei (ATCC 6258) Positive Negative Negative
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C. elegans larvae were infected with the tested yeasts and Rottlerin was evaluated for its antifungal activ-
ity. Figure 4 shows larvae infected with C. albicans (ATCC 90028), C. dubliniensis (ATCC MYA-646) and C. 
auris (clinical isolate) and treated with Rottlerin and Amphotericin B. All concentrations of Rottlerin evaluated 
increased larvae survival on the �rst day of incubation, presenting survival rates above 50% (p < 0.001). �e 
survival rates of larvae infected with C. albicans (ATCC 90028) ranged from 80 to 95% (Fig. 4A), those infected 
with C. auris (clinical isolate) from 60 to 85% (Fig. 4C) and those infected with C. dubliniensis (ATCC MY-646) 
from 80 to 100% (Fig. 4E). �ere were statistically signi�cant di�erences regarding the survival of infected yeasts 
and the concentration of treatment (see Supplementary Material, Table S1). Amphotericin B also increased the 
survival rates of infected larvae on the �rst day of incubation. Survival rates of larvae infected with C. albicans 

Figure 1.  Antibio�lm activity against the three yeasts included in the tests. (a–c) Antibio�lm activity of the 
Rottlerin molecule against C. albicans (ATCC 90028), C. auris (clinical isolate) and C. dubliniensis (ATCC 
MYA-646), respectively. (d–f) Antibio�lm activity of Amphotericin B against C. albicans (ATCC 90028), C. auris 
(clinical isolate) and C. dubliniensis (ATCC MYA-646), respectively.
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Figure 2.  Scanning electron microscopy images of bio�lms formed in vitro. (a) C. albicans bio�lm without 
Rottlerin treatment, (to the le�) and C. albicans bio�lm with Rottlerin treatment (on the right). Red arrows 
indicate yeast �lamentation and the black circle indicates inhibition of yeast �lamentation. (b) C. auris bio�lm 
without Rottlerin treatment (to the le�) and C. auris bio�lm with Rottlerin treatment (on the right). �e black 
circle on the le� shows the dense layer of adherent cells and the circle on the right shows a decrease in this 
aggregation. �e blue arrow shows the change in yeast shape as well as the holes in the center of the yeast. (c) C. 
dubliniensis bio�lm without Rottlerin treatment, (to the le�) C. dubliniensis bio�lm with Rottlerin treatment (on 
the right). Arrows to the le� show the extensive polymeric extracellular matrix produced by yeasts, joining one 
yeast cell to another. �e blue arrow on the right shows the damage in the central region of the yeast and the red 
arrow shows the reduction in the extracellular matrix, with a visible distancing of one yeast cell from the other, 
decreasing cell adhesion.

Figure 3.  Evaluation of Rottlerin toxicity using C. elegans larvae as an in vivo model.
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(ATCC 90028) ranged from 60 to 80% (Fig. 4B), those infected with C. auris (clinical isolate) survived at rates of 
70 to 95% (Fig. 4D) and those infected with C. dubliniensis (ATCC MYA-646) survived at 60% to 80% (Fig. 4F). 
Regarding the incubation time, the larvae infected with the yeasts evaluated, even when treated with Rottlerin 
and Amphotericin B, died mostly on the second day of incubation. It is possible to see that the survival rate of 
larvae infected with the yeasts and not treated was lower than the survival rate of larvae infected and treated 
with Rottlerin (Fig. 4G). �e negative control is shown in Fig. 4H.

Regarding the two treatments used on infected larvae, the larvae had a higher survival rate when treated 
with Rottlerin than with Amphotericin B, on the �rst day of incubation, as shown in Tables S2 and S3 (see Sup-
plementary Material).

�e larvae infected with C. albicans (ATCC 90028), C. dubliniensis (ATCC MYA-646) and C. auris (clinical 
isolate) treated with the highest concentration of Rottlerin evaluated and incubated for 24 h are shown in Fig. 5. 
Even in the face of infection, treatment with Rottlerin managed to increase the survival of these larvae, consti-
tuting a protective factor against infection (Fig. 5A–C), that also happened when treated with Amphotericin B, 
yet with lower survival rates than when treated with Rottlerin (Fig. 5D–F). When untreated, most larvae died 
a�er 24 h of incubation (Fig. 5G–L).

Figure 4.  Survival curves and concentration responses of Rottlerin and Amphotericin B from the C. elegans 
infected with Candida species. (a) Survival curves and concentration responses of Rottlerin from the C. elegans 
infected with C. albicans. (b) Survival curves and concentration responses of Amphotericin B from the C. 
elegans infected with C. albicans. (c) Survival curves and concentration responses of Rottlerin from the C. 
elegans infected with C. auris. (d) Survival curves and concentration responses of Amphotericin B from the C. 
elegans infected with C. auris. (e) Survival curves and concentration responses of Rottlerin from the C. elegans 
infected with C. dubliniensis. (f) Concentration responses of Amphotericin B from the C. elegans infected with 
C. dubliniensis. (g) Infected larvae without any treatment. (h) Uninfected larvae.
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In recent decades, the number of microorganisms resistant to various classes of antimicrobials has increased. In 
the �eld of fungi, C. auris is a multi-resistant pathogen similar to superbugs and commonly isolated in hospitals, 
being able to persist in the environment for a long time and standing out as a global  threat17. Although there 
are antifungals available to treat these infections, such as azoles, polyenes and echinocandins, the excessive and 
long-term use of these medications has already resulted in 34,800 cases of infection and 1700 deaths caused by 
drug-resistant Candida yeasts. Furthermore, these medications, when administered over a long period, have 
been shown to be highly  toxic18. �erefore, the discovery of new antifungal agents becomes extremely important. 
Natural products are a rich source of metabolites with therapeutic properties, and are currently of great inter-
est in this era of multidrug resistance. It is therefore of great interest to identify new natural products and their 
structural sca�olds that act on new targets and can escape cross-resistance  mechanisms19.

Rottlerin has several pharmacological properties, many recently discovered, such as its antitumor activity, for 
example in tumor suppression through inhibition of EZH2 expression in prostate cancer cells, antitumor activ-
ity by inhibiting protein C kinase, tumor suppressor function by inhibiting the Cdc20 pathway in glioma cells, 
among others. Studies regarding this molecule also address its ability to promote cellular autophagy, modulate 
protein synthesis and inhibit enzymes such as PKCδ20–24. �e antibacterial action of Rottlerin has already been 
demonstrated against isolates of Mycobacterium tuberculosis-H37Ra (MIC 11.56 µg/mL)25 and potent bacteri-
cidal activity against the clinical isolate of Helicobacter pylori (MIC 8–256 mg/L)14. Gangwar, et al.26 identi�ed 
the presence of alkaloids, phenolic groups, steroids, �avones, saponins, steroids, sugars, tannins and triterpenes 
in the methanolic extract of M. philippinensis fruits and demonstrated that these classes were responsible for 
its antibacterial activity against several Gram-positive bacteria and Gram-negative, but no antifungal activity.

Figure 5.  Transmittance and �uorescence images of C. elegans worms treated and untreated with Rottlerin 
and Amphotericin B a�er 24 h of incubation. (a–c) Transmittance images of C. elegans larvae infected with 
C. albicans, C. dubliniensis and C. auris, respectively, treated with the highest concentration of Rottlerin 
evaluated. (d–f) Transmittance images of C. elegans larvae infected with C. albicans, C. dubliniensis and C. auris, 
respectively, treated with the highest concentration of Amphotericin B evaluated. (g–i) Fluorescence images 
of larvae infected with C. albicans, C. dubliniensis and C. auris and untreated stained with SYTOX Green. (j–l) 
Transmittance images of larvae infected with C. albicans, C. dubliniensis and C. auris and not treated.
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�is is the �rst study that evaluated the antifungal and antivirulence activity of the Rottlerin molecule against 
Candida spp. �e antifungal activity described in the present study can be explained by the in�uence of chalcones 
on pathogenic fungi, since Rottlerin is a chalcone derivative. Antifungal activity of chalcone derivatives against 
C. albicans LABMIC 0107 (MIC: 0.31 mg/mL) e C. albicans LABMIC 0105 (MIC: 0.62 mg/mL). Some studies 
have already been carried out to investigate the mechanism of action of chalcones in  fungi27. Mellado, et al.28 
demonstrated the antifungal action of chalcones against phytopathogens Botrytis cinerea e Monilinia fructicola 
and identi�ed the antifungal action mediated by the C1 and C5 charge and by the hydrogen acceptor and donor. 
More studies are needed to investigate the mechanism of action of Rottlerin against pathogenic fungi to better 
understand which region in its molecular structure is responsible for the inhibitory action.

Other molecules derived from Mallotus philippensis have already been evaluated for their antifungal potential, 
such as kamalachalcone E, against C. albicans (ATCC 10231 and ATCC 24433), C. glabrata (NCYC 388) and C. 
tropicalis (ATCC 750), presenting  IC50 > 256 µg/mL29. In the present study, Rottlerin showed antifungal activity 
against all species evaluated, with MIC values lower than those presented by the author above (7.81 to 125 µg/
mL), being more promising against these yeasts (Table 1).

Candida species produce several virulence factors that give these microorganisms the ability to colonize and 
invade host tissue, such as adhesins and thigmotropism (contact sensing)30. Despite being relatively simple tests, 
this is the �rst study that evaluated the antienzymatic activity of Rottlerin against Candida species. �e produc-
tion of these enzymes is little studied, and more studies are needed on the interference of this type of virulence 
factor against this species. In this study, Rottlerin was able to reduce the production halo of most enzymes in 
relation to the control (Table 2). Rottlerin showed an inhibition percentage of 7% in the production of phospho-
lipase, demonstrating a statistically signi�cant reduction in relation to the control. Phospholipase is an enzyme 
related to host cell invasion, through the hydrolysis of phospholipids and proteins present in the envelope of the 
host  cell31. By reducing this enzyme, the invasiveness of this yeast becomes impaired.

�e hemolytic activity of the yeasts included in the study was also evaluated in the present study. Menezes 
et al.32 also evaluated the hemolytic activity of C. glabrata (ATCC 2001) and demonstrated that capsaisin and 
pepper extracts were able to inhibit the hemolysin enzyme by up to 48.6%. In the present study, the Rottlerin 
molecule was not able to reduce the hemolytic activity of C. glabrata (ATCC 2001). However, an inhibition rate 
of up to 20% was demonstrated here for other yeasts evaluated and also clinically important, such as Candida 
dubliniensis (ATCC MYA-646) and Candida glabrata (ATCC 2001). Hemolysin degrades the host’s red blood 
cells and extracts iron for yeast nutrition, which ensures greater persistence in the  host7. Reducing this enzyme 
implies a reduction in the survival of these pathogens in the human body.

Regarding the production of the DNAse enzyme, in this study, Rottlerin was able to completely inhibit the 
production of this enzyme. �e role of DNAse in increasing the virulence and pathogenicity of Candida species 
has not yet been fully elucidated, but it is believed that it contributes to the evasion of the immune system or 
degrades the DNA of other microorganisms, facilitating the colonization microenvironment, as a competitive 
 strategy33. Most studies on DNase focus on identifying the production of this enzyme in Candida strains and 
do not evaluate compounds that can inhibit its production, especially molecules isolated from plants such as 
Rottlerin, evaluated in the present study. It is important to highlight that Rottlerin was evaluated as an antien-
zymatic substance at a subinhibitory concentration (½MIC), being a non-toxic concentration according to the 
results shown in the present study.

Bio�lm is considered as one of the most important virulence factors, being responsible for the increase in 
antifungal resistance and recurrence of  infections34. In a study published by Larkin et al.4, it was demonstrated 
that caspofungin does not have inhibitory activity against C. auris (clinical isolate) bio�lm, and the antifungals 
�uconazole and azoles, commonly used in the treatment of fungal infections, are less active. �e results shown in 
the present study revealed that Rottlerin was able to inhibit in vitro the bio�lm of three species of clinical impor-
tance, including C. auris (clinical isolate), considered as an emerging species that has generated global concern 
due to its high resistance to antifungals. �e literature has few studies that evaluated the antifungal activity of 
natural products against C. auris, especially isolated molecules such as Rottlerin. In the present study, Rottlerin 
was able to inhibit the biomass production of this pathogen by at least 50% at a concentration of 15.62 µg/mL 
(Fig. 1B), lower than the MIC concentration, inhibiting its cell viability at an even lower concentration (12.56 µg/
mL). Inhibiting the production of bio�lm by this species is extremely important, as this pathogen is associated 
with hospital outbreaks and its widespread dissemination throughout the environment is mainly due to its long 
residence on surfaces (animate and inanimate) due to its ability to aggregate. �erefore, inhibiting bio�lm by 
this pathogen implies controlling its spread and consequently reducing cases of  infections35.

Tsang et al.36 evaluated the ability of purpurin, a natural pigment isolated from madder root, to reduce the cell 
viability of bio�lms of C. dubliniensis (MYA-646) demonstrating a 45% reduction at a concentration of 1 µg/mL 
and a 65% reduction at a concentration of 3 µg/mL. In the present study, Rottlerin was able to inhibit cell viability 
by 50% or more at a concentration higher than that reported by these authors (12.72 µg/mL) against the same 
strain (Fig. 1C). However, it is worth mentioning that in the present study, Rottlerin was able to inhibit bio�lm 
by this yeast at a concentration lower than its MIC concentration (31.25 µg/mL). Inhibiting this yeast bio�lm is 
mainly relevant for oral health. C. dubliniensis is related to oral candidiasis, especially in immunocompromised 
individuals, such as HIV-infected  individuals37. Furthermore, this yeast has already been isolated from peri-
odontal pockets of  adolescents38. In the bio�lm, many metabolites are produced, which may be associated with 
worsening cases of periodontitis  caries39. Initial adhesion is the �rst step towards the development of infection in 
host tissue by Candida species. If this process is interrupted, these yeasts are unable to adhere to or even colonize 
the  tissue40. �erefore, inhibiting bio�lm formation is much more e�ective than treating it a�er it is formed.

�e in vitro antibio�lm activity of Rottlerin was con�rmed by scanning electron microscopy. A�er treatment 
with Rottlerin, C. albicans (ATCC 90028) was unable to produce hyphae and pseudohyphae, important virulence 
structures of this species (Fig. 2A). Similar results were found by El-Houssaini et al.41. �ese authors, a�er treating 
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the bio�lm formed by C. albicans (clinical isolate) with micafungin, showed the absence of �lamentation in the 
bio�lm. Filamentation is a characteristic of the initial adhesion and proliferative phase of bio�lm. It is through 
hyphae and pseudohyphae that these yeasts are able to develop and maintain the bio�lm structure. Furthermore, 
hyphae are related to the production of several virulence factors such as adhesins, tissue-degrading enzymes, 
defense proteins and extracellular cytosolic  peptide30. �erefore, the �ndings of the present study are encouraging 
as the Rottlerin molecule was able to reduce one of the most important structures of the bio�lm of this species, 
contributing to the reduction of virulence and adhesion capacity of these microorganisms.

In the present study, Rottlerin was able to reduce the amount of microorganisms aggregated in the bio�lm 
produced by C. auris-clinical isolate (Fig. 2B). Vazquez-Munoz et al.42 evaluated the antibio�lm potential of 
bismuth nanoantibiotics against C. auris (0381) and obtained similar results to those found in the present study, 
demonstrating a slight reduction in bio�lm. However, bismuth nanoantibiotics did not demonstrate changes 
in cell morphology. Here, it was demonstrated that Rottlerin changed the cell shape of these yeasts and made 
the yeast surface rougher. Hao, et al.43 also demonstrated this type of structural change in bio�lms of C. auris 
(CBS10913) and C. auris (CBS12373), when treated with �uconazole in combination and chlorhexidine acetate. 
�e control group of these authors had an oval shape and a smooth surface. A�er treatment, the cells were 
�attened and became swollen, corroborating the results of the present study, where Rottlerin was able to cause 
damage to this yeast, making it shriveled and �at. Furthermore, one can observe a reduction in one of the main 
bio�lm substances, the extracellular polymeric matrix (EPS), in the bio�lm by C. dubliniensis (Fig. 2C). In addi-
tion to being responsible for the adhesion and cohesion of microorganisms to each other, the matrix is mainly 
responsible for tolerance to antifungals and evasion of the host’s immune system. �e rupture of this matrix leads 
to the destruction of the  bio�lm44. In the SEM images shown here, the reduction of the extracellular matrix is 
evident, as well as how much the yeasts detached from each other a�er the treatment with Rottlerin.

In this study, the toxicity of Rottlerin was evaluated in C. elegans larvae, demonstrating that this molecule 
was toxic at concentrations much higher than the concentrations of MIC,  MICB50,  IC50 and concentrations with 
antienzymatic action (Fig. 3). Crisford et al.45 also evaluated the toxicity of Rottlerin against C. elegans larvae 
that express slo-1(a family of channels that regulate hormone release, among other functions) or kcnma1 (mam-
malian ortholog), evaluating the e�ect of short-term exposure (3 h) and long-term (24 h) in the locomotion of 
these larvae. �ese authors demonstrated that in wild-type slo-1 larvae, short-term exposure did not inhibit the 
locomotion of these nematodes. However, larvae expressing kcnma1 had their movement slowed down a�er 
3 h of exposure to 10 µM Rottlerin. Long-term exposure a�ected wild strains. In this present study, the e�ect of 
Rottlerin on larvae locomotion was not evaluated, but no changes or inhibition of movement were observed in 
larvae a�er exposure to Rottlerin at the concentrations evaluated here. More studies are needed on the toxicity 
of this molecule against other types of animals to con�rm the toxicity presented in this study. It is hoped that 
the results found here will encourage other authors on this topic.

Furthermore, in the present study, C. elegans was used as an animal model, used for testing infection by Can-
dida spp. Rottlerin was able to protect C. elegans larvae infected with the yeasts evaluated, demonstrating more 
than 50% survival (Fig. 4A), even at the lowest concentration evaluated (31.25 µg/mL). �e data on the in vitro 
antifungal activity of Rottlerin were con�rmed by in vivo assays, as the MIC values for the three yeasts tested 
were similar or close (C. albicans—MIC of 62.5 µg/mL, C. auris—MIC of 62.5 µg/mL and C. dubliniensis—MIC 
of 31.25 µg/mL).

Other authors have also demonstrated the antifungal activity of several compounds in C. elegans larvae 
infected with Candida spp. Singulani et al.46 evaluated the antifungal activity of gallic acid against larvae infected 
with C. albicans (ATCC 90028) and demonstrated a 46% increase in larvae survival at a concentration of 30 µg/
mL. �e concentration capable of increasing the survival of these larvae in this study was lower than that found 
in the present study. However, a higher survival rate was demonstrated here for the same strain when compared 
to those authors.

Regarding the incubation time of the worms, even a�er treatment with Rottlerin, there was a drop in survival 
a�er 48 h and the majority of larvae died in the present study. �is was also demonstrated by Singulani et al.46. 
�e explanation for that may be related to the pathogenesis of Candida in C. elegans and how these yeasts a�ect 
the development of worms. Furthermore, it is still not known exactly how Rottlerin exerts its antifungal activity 
or its therapeutic window. �erefore, more studies are needed on its pharmacological action in di�erent models 
to better evaluate its antifungal action against these yeasts.

More studies are needed to understand Rottlerin’s mechanism of action and what its targets are in the dem-
onstrated antifungal activity. Furthermore, the toxicity of Rottlerin must be evaluated against a murine model 
to con�rm the data presented here.

�is study demonstrated the in vitro and in vivo antifungal potential of Rottlerin, as well as its antibio�lm and 
antienzymatic potential against Candida spp. of clinical relevance, in subinhibitory concentrations (½MIC). 
Additionally, the toxicity of Rottlerin was evaluated, showing no toxicity at the concentrations determined in 
the tests carried out in the study. Futhermore, Rottlerin was able to increase the survival of C. elegans larvae 
infected with the Candida species evaluated. �e results presented here are innovative and unprecedented and are 
encouraging regarding the multipotentiality of Rottlerin against these fungal infections, which may be relevant 
in the clinical environment, especially in this era of multidrug resistance that the world is facing. In this sense, 
Rottlerin may be a promising therapeutic alternative in the future against these microorganisms.
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Rottlerin (1-[6-[(3-Acetyl-2,4,6-trihydroxy-5-methylphenyl)methyl]-5,7-dihydroxy-2,2-dimethyl-2H-1-benz-
opyran-8-yl]3phenyl-2-propen-1-one)—AdipoGen, AG-CN2-0526, Batch no A01432, was solubilized in dime-
thyl sulfoxide—DMSO (Sigma-Aldrich—St. Louis, MO, USA) to form a stock solution of 20 mM. Before each 
experiment, the stock solution of Rottlerin was always freshly diluted in appropriate liquid culture medium.

�e following standard strains were used: C. albicans (ATCC 90028), C. dubliniensis (ATCC MYA-646), C. 
guilliermondii (ATCC 6260), C. glabrata (ATCC 2001), C. krusei (ATCC 6258), C. metapsilosis (ATCC 96143), 
C. orthopsilosis (ATCC 96141), C. parapsilosis (ATCC 22019) and C. tropicalis (ATCC 13803), obtained from 
American Type Culture Collection (ATCC). In addition, a clinical isolate of C. auris was used, kindly provided by 
Hospital das Clinicas, Faculty of Medicine of Ribeirao Preto, University of Sao Paulo (HCFMRP/USP), isolated 
from the blood of a patient. All yeasts used in this study are part of the culture collection of the Laboratory of 
Antimicrobial Testing of the Federal University of Uberlândia (LEA/UFU), preserved in deep freezing at − 80 
°C until the start of tests.

To determine the antifungal activity of Rottlerin, broth microdilution methodology was used to determine the 
Minimum Inhibitory Concentration (MIC), de�ned as the lowest concentration of the antimicrobial agent capa-
ble of inhibiting microbial growth, which was carried out in accordance with the recommendations of the Clinical 
and Laboratory Standards  Institute47, in document M27-A2, with modi�cations, described below. Rottlerin was 
solubilized in DMSO (5% v/v) and diluted in Roswell Park Memorial Institute (RPMI) 1640 medium bu�ered 
with MOPS—[N-morpholino] propane sulfonic acid—(Sigma-Aldrich—St. Louis, MO, USA) until reaching the 
�nal concentration in the well between 1.46 and 1000 µg/mL. Yeast-containing cell suspensions were prepared in 
the �nal concentration of 0.5 ×  103 to 2.5 ×  103 CFU/mL, checked in densitometer (Densimat®, Biomérieux). A�er 
preparing the plates and incubating them for 24 h at 37 °C, 30 µL of 0.01% aqueous resazurin solution (Sigma-
Aldrich—St. Louis, MO, USA) was added to observe microbial growth. �e plate was then reincubated for 4 h. 
�e blue and pink color change indicated the absence and presence of growth, respectively. �e interpretation 
of the MIC is carried out by observing the lowest concentration that remained blue in the supernatant medium 
of the  microplate48. �e antifungal Amphotericin B (Sigma-Aldrich—St. Louis, MO, USA) was used as a test 
quality control at concentrations of 0.031 to 16 µg/mL against C. krusei (ATCC 6258) and C. parapsilosis (ATCC 
22019). �e MIC endpoint was considered as 100% growth inhibition. Control of 5% DMSO was performed, 
and the solvent did not interfere with bacterial growth at this concentration. It was also performed the following 
controls: inoculum (all the bacteria used in the test + the culture medium), to observe the viability of the bacteria; 
broth, to guarantee that the culture medium is sterile; and Rottlerin sample, to guarantee that this solution is 
sterile. �e tests were performed independently in triplicate.

In order to evaluate whether Rottlerin demonstrates a fungicidal (complete elimination of yeast) or fungistatic 
(only growth inhibition) action, the Minimum Fungicide Concentration (MFC) was determined, de�ned as 
the lowest concentration of the test sample without any microbial growth, such as described below. Before the 
addition of rezasurin, 10 µL of the inoculum was removed from each well and deposited on Sabouraud Dextrose 
Agar—SDA (Difco Laboratories, Detroit, USA), incubated at 37 °C for 24 h and then the presence or absence 
of growth was observed. �e relationship between MFC and MIC was used to interpret the results, de�ning the 
molecule as fungistatic (MFC/MIC: ≥ 4) or fungicidal (MFC/MIC ≤ 4)49.

Prior to the testing to reduce the production of hydrolytic enzymes, all yeasts included in the study were tested 
for their ability to produce hemolysin, proteinase, phospholipase and DNAse. As a result, it was observed that 
all of them produced hemolysin, only C. albicans (ATCC 90028) produced phospholipase, C. tropicalis (ATCC 
13803), C. parapsilosis (ATCC 22019) and C. dubliniensis (ATCC MYA-646) produced proteinase and C. guill-
ermondii (ATCC 6260), C. orthopsilosis (ATCC 96141) and C. krusei (ATCC 6258) produced DNAse. �erefore, 
tests to reduce enzymatic activity using Rottlerin and Amphotericin B were carried out only with yeasts that 
produce these enzymes.

Rottlerin was evaluated for its ability to inhibit or reduce the production of phospholipase, proteinase, DNAse 
and hemolysin enzymes at concentrations ½ MIC, according to El-Houssaini et al.41 with adaptations. Initially, 
500 μL of a yeast suspension at turbidity equivalent to 0.5 on the McFarland scale was pipetted into a tube con-
taining 500 µL of RPMI broth bu�ered with MOPS ([N-morpholino] propane sulfonic acid) and supplemented 
with 2% glucose, in order to reach a �nal concentration of microorganisms of 1 ×  106–1 ×  107 cells/mL in each 
tube. �e material was incubated at 37 °C for 24 h. Subsequently, the tubes were centrifuged at 3000 RPM for 
10 min, with the supernatant discarded and the pellet resuspended in Phosphate Bu�ered Saline (PBS), repeating 
this procedure three times. Finally, 5 µL of this suspension was deposited at equidistant points on plates contain-
ing SDA supplemented with 7% horse  blood50, as well as in proteinase agar (yeast extract 11.7 g; bovine albumin 
2 g; 3 drops of protovit; bacteriological agar 18 g and  H2O 1000 mL)51, egg yolk agar (Agar Sabouraud 65 g; NaCl 
57.3 g;  CaCl2 0.55 g; egg yolk 40 g and  H2O 1000 mL)52 and DNAse (Laborclin, Brazil)53, to evaluate hemolytic 
activity and proteinase, phospholipase and DNAse enzymes, respectively. �e SDA plates were incubated for 



11

Vol.:(0123456789)

 |        (2024) 14:11132  | https://doi.org/10.1038/s41598-024-61179-z

www.nature.com/scientificreports/

48 h, the phospholipase plates for 96 h and the proteinase and DNAse plates for 7 days at 37 °C. Amphotericin 
B was used as test quality control. Tests were performed in triplicate in independent experiments.

�e enzymes were named Pz (phospholipase zone), Prz (proteinase zone) and Hi (hemolysis index). A�er 
incubation, the colony diameter (dc) and zone precipitation (dcp) were measured and the ratio of dc/dcp was 
calculated and classi�ed as negative (Pz or Prz or Hi = 1), moderate (0.63 < Pz or Prz or Hi < 1) and sharp (Pz or 
Prz or Hi ≤ 0.63)52. As a positive control, yeast in RPMI broth without any treatment was used. �e mean dc/
dcp ratio of the positive control was compared with the mean dc/dcp ratio of yeast treated with Rottlerin and 
Amphotericin B.

�e reduction in enzyme production was expressed as a percentage, applying the following  formula41:

�e inhibition of the enzymes hemolysis, phospholipase and proteinase were compared using the Student’s 
t-test for independent and heteroscedastic samples.

�e DNA it is the substrate for the DNase enzyme and is already present in the medium. Toluidine blue forms 
a complex with DNA, responsible for the blue color of the agar medium. Enzymatic action of DNase, breaks this 
complex, depolymerizing and breaking the DNA-dye complex, resulting in a color change, identi�ed by pinkish 
to red colored areas around the growth of the yeast. A negative test is indicated when the medium remains blue, 
as there is no breakdown of the complex by absence of the enzyme.

Before starting tests to evaluate the inhibition of bio�lm formation, standardization was carried out, evaluating 
whether the yeasts included in the study formed bio�lms. For so, the microorganisms were incubated at a con-
centration of 1 ×  106 cell/mL checked in densitometer, in 96-well plates with only RPMI broth for 24, 48 and 72 h 
at 37 °C. Bio�lm formation was considered as absorbance in the spectrophotometer greater than or equal to 1 
and the best incubation time of 48 h (data not shown). A�er standardization, yeasts that presented OD > 1 were 
selected for further testing. Rottlerin’s ability to inhibit bio�lm was evaluated in terms of biomass production 
and cell viability. For so, the samples were diluted in 5% DMSO. �e inoculum was prepared as Pierce et al.54 at 
the concentration 1 ×  106 CFU/mL. �erefore, aliquots of the sample were pipetted into microplates and diluted 
in RPMI-1640 with 2% glucose and bu�ered with MOPS ([N-morpholino] propane sulfonic acid) in order to 
yield a �nal sample concentration of 1.46 to 1000 µg/mL.

Two plates were prepared, one for evaluating biomass and another one for evaluating cell viability. �e plates 
were incubated for 48 h at 37 °C. A�er incubation, biomass assessment was carried out, according to O’Toole55, 
with modi�cations. Brie�y, the contents of the wells were removed and washed with PBS (pH: 7.2) to remove 
non-adherent cells, followed by �xation with methanol for 15 min. �en, the wells were stained with 1% crystal 
violet (Sigma-Aldrich—St. Louis, MO, USA) for 20 min and washed with PBS to remove excess dye. Finally, 200 
µL of 33% acetic acid were added to the wells for 30 min. �e reading was performed on a spectrophotometer at a 
wavelength of 595 nm. �e antifungal Amphotericin B was evaluated against the yeasts tested at a concentration 
of 0.031 to 16 µg/mL, being considered as test quality control.

Furthermore, the Minimum Inhibitory Concentration of Bio�lm  (MICB50) assay was determined.  MICB50 
is de�ned as the lowest concentration of the microbial agent that can inhibit bio�lm formation by at least 50%56, 
according to the equation below:

�e evaluation of the cell viability of the bio�lm was carried out according to Pierce et al.54 with modi�cations. 
A�er incubation, the wells were gently washed with PBS three times to remove non-attached cells. Subsequently, 
50 µL of menadione solution and 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2Htetrazolium-5-carboxanilide—
MTT (Sigma-Aldrich—St. Louis, MO, USA) at a concentration of 0.5 mg/mL were added to the wells. A�er 
formazan formation, 100 µL of DMSO was pipetted into each well and incubated at room temperature for 10 min. 
Subsequently, 80 µL from each well was transferred to a new plate to be read at 490 nm. With this, it was possible 
to determine the lowest concentration capable of inhibiting cell viability by 50% or more  (IC50)

57. �e antifungal 
Amphotericin B was evaluated against the yeasts tested, at a concentration of 0.031 to 16 µg/mL, being considered 
as test quality control. GraphPad Prism 8.0 was used to evaluate the quantitative data.

To evaluate the morphological changes caused by the samples in the cellular and bio�lm structure, the scanning 
electron microscopy (SEM) analysis was performed, according to Melo et al.58 with modi�cations. For so, the 
sub-inhibitory concentration (½MIC) of Rottlerin was used. �e assay was carried out in 24-well plates contain-
ing sterilized Polyvinyl chloride (PVC) discs measuring 9 mm in diameter, following the same steps described in 
the 2.5 sub-item, with some modi�cations. A�er 24 h of incubation at 37 °C, the discs were �xed in a solution of 
glutaraldehyde (2.5%) and paraformaldehyde (2%) in 0.15 M sodium cacodylate bu�er (pH 7.0) for two hours. 
�en, the discs were post-�xed in 1% osmium tetroxide solution (Sigma-Aldrich—St. Louis, MO, USA) for 2 h 
and dehydrated in ethanol at the following concentrations: 30%, 50%, 70%, 90% and 100% at intervals of 20 min 
each. Subsequently, the samples were subjected to critical point drying (SPC) using liquid carbon dioxide, coated 
with gold (20-nm thickness) and analyzed using a Tescan scanning electron microscope, model VEGA 3 LMU 
at magni�cations of × 50, × 800, × 10,000 and × 40,000, selecting the best image as representative for each well. 
�e experiment was carried out in triplicate independently.

Reduction(%) = 1 − [(Pz or Prz or Hi assay/Pz or Prz or Hi control)] × 100.

1 −

(Absorbance (595 nm) of the sample treated well)

Absorbance (595 nm) of the untreated control well
× 100.
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C. elegans
�e in vivo toxicity and infection assessment tests were carried out using the mutant strain of Caenorhabditis 
elegans AU37, according to Breger et al.59, with some modi�cations, as described below. �e Rottlerin sample 
was evaluated at concentrations of 3.90 to 1000 μg/mL. DMSO was used as solvent (�nal concentration ≤ 1%). 
�e mutant strain of C. elegans AU37 was grown on Nematode Growth Medium (NGM) plates seeded with 
Escherichia coli OP50 and incubated at 16 °C for 3 days. A�er incubation, the supernatant was washed with the 
bleaching solution (sodium hypochlorite + NaOH) to synchronize the larvae at the L4 stage. Plates containing 
larvae synchronized in the L4 phase were washed with M9 bu�er and the supernatant was placed in 15-mL coni-
cal tubes. Subsequently, 20 µL of the larval suspension was added to each well of a 96-well �at-bottom microplate, 
along with 80 µL of Brain Heart Infusion (BHI) medium + antibiotics (200 mg/mL Streptomycin, 200 mg/mL 
ampicillin and 90 μg/mL kanamycin) and 100 µL of Rottlerin, and incubated for 24 h at 25 °C. Counting of live 
and dead larvae was performed on an EVOS M5000 Imaging System Microscope (�ermo Fisher Scienti�c, 
Massachusetts, USA) and the percentage of mortality was calculated.

In vivo infection tests were performed with the same yeasts selected for antibio�lm activity assays (C. albi-
cans—ATCC 90028, C. dubliniensis—ATCC MYA-646 and C. auris—clinical isolate). For so, a�er the larvae 
synchronization procedure, 100 µL of L4 stage larvae was pipetted into NGM plates containing an inoculum 
of the evaluated yeasts and incubated for three hours at 25 °C. Subsequently, the already infected larvae were 
washed with M9 bu�er and transferred to 15-mL falcon tubes, being centrifuged three times to remove excess 
yeast that may be adhered to the worm cup. Larvae were then added into wells of 96-well plates containing 60% 
M9 bu�er, 40% BHI broth, 10 μg/mL cholesterol in ethanol, 90 μg/mL kanamycin and 200 mg/mL ampicillin. 
�e larvae were divided into three groups: uninfected and untreated larvae, infected and untreated larvae and 
infected larvae treated with Rottlerin or Amphotericin B (used as control at concentrations of 1 to 16 µg/mL). 
�e plates were incubated for 2 days at 25 °C and the mortality rate was calculated daily. On the �rst day of 
infection, worms were stained with SYTOX Green (Invitrogen, CA, USA) at a concentration of 1 μM and were 
incubated for 15 min at room temperature. Images were captured by EVOS M5000 Imaging System Microscope 
(�ermo Fisher Scienti�c, Massachusetts, USA).

Descriptive statistical analyses of numerical variables consisted of sample size, missing observations, arithme-
tic mean, median, standard deviation, 95% con�dence interval of the mean and minimum and maximum values. 
To compare the survival percentage averages between treatments, concentrations and yeasts, the analysis of vari-
ance technique was used with the e�ect estimated by the partial eta squared statistics. To compare performance 
over the days, analysis of variance with repeated measures was used with the e�ect calculated by the partial eta 
squared statistics. Post-hoc comparisons for signi�cant e�ects were performed using Tukey’s test with the e�ect 
estimated using Cohen’s D statistics. �e signi�cance level adopted was 0.05. �e computational package used 
for statistical analyses was JASP version 0.17.3 for MacOS.

All data generated or analysed during this study are included in this published article (and its Supplementary 
Information �les).
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A B S T R A C T   

Centella asiatica (L.) Urb. is a small herbaceous plant belonging to the Apiaceae family that is rich in triterpenes, 
such as asiaticoside and madecassoside. Centella asiatica finds broad application in promoting wound healing, 
addressing skin disorders, and boosting both memory and cognitive function. Given its extensive therapeutic 
potential, this study aimed not only to investigate the Centella asiatica ethanolic extract but also to analyze the 
biological properties of its organic fractions, such as antioxidant antiglycation capacity, which are little explored. 
We also identified the main bioactive compounds through spectrometry analysis. The ethanolic extract (EE) was 
obtained through a static maceration for seven days, while organic fractions (HF: hexane fraction; DF: 
dichloromethane fraction; EAF: ethyl acetate fraction; BF: n-butanol fraction and HMF: hydromethanolic frac-
tion) were obtained via liquid-liquid fractionation. The concentration of phenolic compounds, flavonoids, and 
tannins in each sample was quantified. Additionally, the antiglycation (BSA/FRU, BSA/MGO, and ARG/MGO 
models) and antioxidant (FRAP, ORAC, and DPPH) properties, as well as the ability to inhibit LDL oxidation and 
hepatic tissue peroxidation were evaluated. The inhibition of enzyme activity was also analyzed (α-amylase, 
α-glycosidase, acetylcholinesterase, and butyrylcholinesterase). We also evaluated the antimicrobial and cyto-
toxicity against RAW 264.7 macrophages. The main compounds present in the most bioactive fractions were 
elucidated through ESI FT-ICR MS and HPLC-ESI-MS/MS analysis. In the assessment of antioxidant capacity 
(FRAP, ORAC, and DPPH), the EAF and BF fractions exhibited notable results, and as they are the phenolic 
compounds richest fractions, they also inhibited LDL oxidation, protected the hepatic tissue from peroxidation 
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diphenyl-1-picrylhydrazyl; ORAC, Oxygen radical absorbance capacity; AGEs, Advanced glycation end products; MGO, Methylglyoxal; FRU, Fructose; BSA, Bovine 
serum albumin; LDL, Low-density lipoprotein; ARG, Arginine; PBS, Phosphate buffer saline; OHT, Oxidized hepatic tissue; HT, Hepatic tissue; MIC, Minimum 
Inhibitory Concentration; AChE, Acetylcholinesterase; BChE, Butyrylcholinesterase; ROS, Reactive oxygen species; IC50, Inhibition concentration; CC50, cytotoxicity 
concentration; TBARs, thiobarbituric acid reactive substance; MDA, malondialdehyde; MTT, 3–4,5-dimethylthiazol-2-yl-2,5 diphenyltetrazolium bromide. 
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and inhibited α-amylase activity. Regarding glycation models, the EE, EAF, BF, and HMF fractions demonstrated 
substantial activity in the BSA/FRU model. However, BF was the only fraction that presented non-cytotoxic 
activity in RAW 264.7 macrophages at all tested concentrations. In conclusion, this study provides valuable 
insights into the antioxidant, antiglycation, and enzymatic inhibition capacities of the ethanolic extract and 
organic fractions of Centella asiatica. The findings suggest that further in vivo studies, particularly focusing on the 
butanol fraction (BF), may be promising routes for future research and potential therapeutic applications.   

1. Introduction 

Centella asiatica (L.) Urban is an herbaceous medicinal plant, also 
known as pegaga, pennywart or gotu kola. It belongs to the Apiaceae 
family and is native to Asia and especially found in India, China, and 
Malaysia [1,2]. Currently, the extract of C. asiatica has gained popularity 
among skincare products [3,4] and is also used in nutraceutical prepa-
rations, such as salads, teas, and juices [5]. However, Ayurveda and 
traditional Chinese medicine have employed and supported the use of 
this plant for centuries, and owing to its numerous health benefits, 
C. asiatica has attracted substantial attention from the scientific com-
munity [2,6]. 

Multiple studies have demonstrated the pharmacological effects of 
C. asiatica and its wide range of applications. The improvement of 
wound healing and its efficacy in treating various skin disorders have 
already been reported by many authors [7–9]. This plant also provides 
cognitive function, memory and learning improvement [10–12] and 
controls hyperglycemia in in-vivo models [13,14] among other proper-
ties. Available evidences also indicate that C. asiatica holds 
anti-inflammatory and antioxidant activity, which can support oxidative 
stress control [15–17]. 

C. asiatica leaves are a rich source of bioactive compounds, especially 
triterpenes, such as asiaticoside and madecassoside as well as their 
respective aglycones asiatic acid and madecasic acid, which are the main 
responsible for its pharmacological activity [2,6,18]. In addition to tri-
terpenes, flavonoids, and phenolic compounds are also found in this 
plant, contributing to C. asiatica’s therapeutic effects. 

The properties of ethanolic, methanolic, and aqueous extract of 
C. asiatica have already been studied. However, few researches have 
analyzed their liquid-liquid partitioning using organic solvents and their 
properties. This method aims to concentrate molecules according to 
their polarity increasing their therapeutical effects. The antioxidant and 
antiglycation capacities of organic fractions from C. asiatica have been 
little explored, in terms of the potential to inhibit LDL oxidation and 
hepatic tissue oxidation in-vitro. 

This study aims to investigate the antioxidant, antiglycation, anti-
microbial, and cytotoxic properties of the ethanolic extract of C. asiatica 
and its organic fractions using both in-vitro and ex-vivo methodologies. 
Furthermore, we employed mass spectrometry analysis to elucidate the 
bioactive compounds present in the samples. 

2. Methodology 

2.1. Reagents 

Ethanol, methanol, and organic solvents hexane, dichloromethane, 
ethyl acetate, and n-butanol were purchased from Vetec Quimica Fina 
Ltda (Duque de Caxias, Rio de Janeiro, Brazil). Folin-Ciocalteu, gallic 
acid, vanillin, catechin, quercetin, 2,2-diphenyl-1-picrylhydrazyl, 2,4,6- 
Tris(2-pyridyl)-s-triazine, 6-hydroxy-2,5,7,8-tetramethylchroman-2- 
carboxylic acid (Trolox), 2,2′-azobis (2-amidino-propane) 

dihydrochloride (AAPH), fluorescein, L-arginine, D-(-)-fructose, 2- 
Thiobarbituric 

acid, aprotinin from bovine lung, acarbose, 2-chloro-4-nitrophenyl- 
4-β-D-galactopyranosylmaltoside (GalG2CNP), acetylcholinesterase, 
butyrylcholinesterase, chlorhexidine, resazurin, were purchased from 
Sigma Aldrich (St. Louis, MO, USA). Dimethyl sulfoxide (DMSO) was 

purchased from Merck (Darmstadt, HE, Germany). Brain Heart Infusion 
broth (BHIb) and Brain Heart Infusion agar (BHIa) Schaedler broth were 
purchased from BD Difco (Sparks, MD, EUA). Rivastigmine (drug) was 
purchased from ACHÉ Laboratórios Farmacêuticos, Brazil, and galant-
amine (drug) was purchased from Libbs Farmacêutica Ltda, Brazil. 

2.2. Plant material 

C. asiatica dried leaves were obtained from the Santos Flora 
Comércio de Ervas Ltda (Mariporã, São Paulo, Brasil) with a certificate 
of origin, attesting its purity and microbiology control. This company is 
registered under ANVISA (Authorization Number: 6.0.671–1) and the 
Regional Pharmacy Council - CRF (Registration Number: 0505). Spec-
trometry analysis was also employed to evaluate the presence of 
C. asiatica biomarkers, and the results were compared to those of the 
relevant literature. 

2.3. Extraction and fractionation 

To obtain the ethanolic extract of C. asiatica (EE), 500 g of dried and 
crushed leaves of C. asiatica were submitted to a static maceration 
procedure using two litters of 98 % pure ethanol (1:4 m/v) for seven 
days at room temperature in the absence of light. The solution was 
filtered with a common paper filter, and the remaining solvent was 
removed by rotary evaporation (Buchi Rotavapor R-210, Flawil, 
Switzerland) at 40ºC under controlled and reduced pressure. Subse-
quently, the EE was submitted to lyophilization process to remove the 
remaining solvent and diluted in a 90 % (9:1 v/v 250 mL) hydro-
methanolic (MeOH:H2O) solution to initiate the process of liquid-liquid 
partitioning. The organic solvents were added in an increasing polarity 
order: hexane (HF), dichloromethane (DF), ethyl acetate (EAF) and n- 
butanol (BF). The residue of the partitioning process represents the 
hydromethanolic fraction (HMF). The EE and the organic fractions were 
frozen at −20 ºC and lyophilized. 

2.4. ESI FT-ICR MS analysis 

The EE and its organic fractions of C. asiatica were solubilized in 1 mL 
of methanol and submitted to Fourier transform ion cyclotron resonance 
mass spectrometry (FT-ICR MS) analysis using a 9.4 T Solarix, Bruker 
Daltonics (Bremen, Germany) equipped with an electrospray ionization 
source (ESI) at the negative mode, which was set to operate over a mass 
range of m/z 150–15,000. To each sample, a flow rate of 5 µL/min was 
chosen, and the ESI source conditions were as follows: a capillary 
voltage of 3.5 – 4.1 kV, a nebulizer gas pressure of 1 bar, and a transfer 
capillary temperature of 250 ◦C. The ion accumulation time and the 
time-of-flight in the hexapole were 0.02 and 0.9 ms, respectively. Each 
spectrum was acquired by accumulating 16 scans of time-domain tran-
sient signals in four mega-point time-domain data sets. All mass spectra 
were externally calibrated using an arginine solution (m/z from 150 to 
1500). The resolution power was approximately 500.000 in m/z 400. 
FT-ICR mass spectra were acquired and processed using the Software 
Data Analysis (Bruker Daltonics, Bremen, Germany), and the determi-
nation of the proposed structures for each molecular formula were 
assigned using the PubChem database. 
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2.5. HPLC-MS/ESI 

The EAF, BF, and DF fractions were submitted to high-performance 
liquid chromatography coupled to an electrospray ionization mass 
spectrometer (HPLC-ESI/MS) in order to identify the compounds 
responsible for their high antioxidant and antiglycation activity. It was 
used a liquid chromatograph (Agilent - Infinity 1260) coupled to a high- 
resolution mass spectrometer (Agilent® model 6520 B) with ESI source. 
The mobile phase consisted of 0.1 % formic acid (v/v) (A) and methanol 
(B). The gradient system parameter applied was 10 % of B (0 min), 98 % 
of B (0–10 min), and 98 % (11–17 min). We set the ionization parame-
ters as follows: a nebulizer pressure of 20 psi, a drying gas flow rate of 
8 L/min, and a temperature of 220 ◦C. Additionally, an energy of 4.5 kV 
was applied to the capillary. To obtain information about the chemical 
connectivity of molecules, collision-induced dissociation (CID) experi-
ments were performed using different collision energies ranging from 5 
to 30 eV. The MS data was analyzed by Agilent MassHunter® software to 
obtain exact mass values, and all spectra obtained were compared to 
other already published studies, online libraries, such as Metlin, and 
databases (PubChem, ChemSpider, and MassBank). 

2.6. In-vitro antioxidant activity 

To evaluate the antioxidant properties of EE and its organic fractions, 
three assays were performed according to the study of [19]: ferric 
reducing antioxidant power (FRAP), oxygen radical absorbance capacity 
(ORAC), and 2,2-diphenyl-1-picrylhydrazyl (DPPH). For FRAP and 
DPPH assay, samples were prepared at a concentration of 1 mg/mL. For 
ORAC assay, samples were prepared at a concentration of 0.100 mg/mL. 

2.6.1. FRAP 
EE and its organic fractions were mixed with FRAP reagent (300 mM 

sodium acetate buffer pH 3.6, 10 mM 2,4,6-tris-(2-pyridyl)-s-triazine 
(TPTZ) and 20 mM ferric chloride at a 10:1:1 proportion) and were 
incubated at 37 ºC for six min at a 96-well microplate. The absorbance 
was measured at 593 nm (Molecular Devices, Menlo Park, CA, USA). 
Quercetin was used as positive control, and sodium acetate buffer was 
used as negative control. The antioxidant capacity was calculated ac-
cording to an analytical curve using 6-hydroxy-2,5,7,8-tetramethylchro-
man-2-carboxylic acid (Trolox) as standard, and the results were 
expressed as µmol of Trolox equivalents (µmol TE/g). 

2.6.2. ORAC 
EE and its organic fractions at the concentration of 100 µg/mL were 

incubated with 0085 mM fluorescein and 153 mM 2,2′ azobis (2-amidi-
nopropane) dihydrochloride (AAPH), and the fluorescence was 
measured at 485 nmex/528 nmem (PerkinElmer LS 55, Massachusetts, 
USA) for 90 min at 37 ºC in a 96-well microplate. All reagents were 
diluted in 75 mM phosphate buffer, pH 7,4. Quercetin was used as 
positive control, and phosphate buffer was used as negative control. The 
antioxidant capacity was calculated according to an analytical curve 
using 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Tro-
lox) as standard and the results were expressed as µmol of Trolox 
equivalents (µmol TE/g). 

2.6.3. DPPH 
EE and its organic fractions at the concentration of 250 µg/mL were 

serially 10-point diluted in order to assess the Ec50 values and were 
incubated with 0,06 M DPPH for 30 min in the absence of light, and the 
absorbance was measured at 517 nm (Molecular Devices, Menlo Park, 
CA, USA) in a 96-well microplate. Quercetin was used as positive con-
trol, and methanol was used as negative control. The DPPH scavenging 
capacity of the samples were determined using the following formula: 
DPPH (%) = [(Abs DPPH - Abs sample) / (Abs DPPH - A blank)] x 100, 
where Abs DPPH refers to the absorbance of DPPH solution, Abs sample 
refers to the absorbance of the sample/positive control mixed with 

DPPH solution and Abs blank refers to the absorbance of the sample 
mixed with only methanol. 

2.7. Phytochemical analysis 

To access the phytochemical analysis of C. asiatica EE and its organic 
fractions, phenolic, flavonoids, and condensed tannins content were 
performed according to the methodologies as already described [20,21]. 
All samples were used at a concentration of 5 mg/mL, and ethanol was 
used as blank. 

2.7.1. Total Flavonoid content 
The EE and its organic fractions were incubated with a solution of 

5 % sodium nitrite and ultrapure water for six minutes at 25 ºC in the 
dark. Subsequently, the mixture was incubated with 10 % aluminum 
chloride for more six minutes at 25 ºC in the dark, and the absorbance 
was measured at 425 nm (Versamax, Molecular Devices, EUA). Quer-
cetin was used as a standard to construct an analytical curve to deter-
mine the flavonoid content (mg QE/g). 

2.7.2. Total phenolic content 
The EE and its organic fractions were incubated with a solution of 

10 % Folin-Ciocalteau for six minutes at 25 ºC. After that, the mixture 
was incubated with 7 % of sodium carbonate for 2 h at 25 ºC in the dark, 
and the absorbance was measured at 760 nm (Versamax, Molecular 
Devices, EUA). Gallic acid was used as a standard to construct an 
analytical curve to determine the total phenolic content (mg GAE/g). 

2.7.3. Condensed tannin content 
The EE and its organic fractions were incubated with 4 % of vanillin 

and HCl for 15 min at 25 ºC. The absorbance was measured at a 500 nm 
(Versamax, Molecular Devices, EUA). Catechin was used as standard to 
construct an analytical curve to determinate the total condensed tannin 
content (mg CE/g). 

2.8. AGEs formation analysis 

The inhibition of advanced glycation end products (AGEs) formation 
by EE and its organic fractions was verified as described by Franco et al., 
[22] with minor modifications. Bovine serum albumin (BSA) and argi-
nine were used as glycation targets, and fructose (FRU) and methyl-
glyoxal (MGO) were used as glycation inducers. The EE, its organic 
fractions, and positive control quercetin were serially diluted from a 
concentration of 10 mg/mL for IC50 determination. Phosphate buffer 
was used as a negative control. The glycation inhibition percentage (I%) 
was performed according to the following equation: I (%) = [F control – 

F sample / F control] x 100, in which F control represents the fluores-
cence value obtained in the negative control, F sample represents the 
fluorescence value obtained in the presence of EE, organic fractions and 
quercetin. 

2.8.1. BSA/FRU model 
In the BSA/FRU model, which was based on the methodology 

described by Wang et al., (2011), EE and its organic fractions were 
incubated with BSA at 9.37 mg/mL and 234 mM fructose (both diluted 
in 200 mM phosphate buffer, pH 7.4, with 0.02 % azide) in microtubes 
for 72 h at 37 ºC in the dark. Following this period, 20 % trichloroacetic 
acid was added, and the mixture was submitted to centrifugation at 
10.000 × g for 10 min. Phosphate buffer was used for pellet resus-
pension, and the fluorescence intensity was measured at 350 nmex/ 
420 nmem (Perkin-Elmer LS 55, Massachusetts, USA). Quercetin was 
used as a positive control, and phosphate buffer was used as a negative 
control. 

2.8.2. BSA/MGO model 
In the BSA/MGO model, which was based on the methodology 
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described by [23], EE and its organic fractions were incubated with BSA 
at 9.37 mg/mL and 10 mM methylglyoxal (MGO) (both diluted in 
200 mM phosphate buffer, pH 7.4, with 0.02 % azide) in microtubes for 
72 h at 37 ºC in the dark. Following this period, 20 % trichloroacetic acid 
was added, and the mixture was submitted to centrifugation at 10, 
000×g for 10 min. Phosphate buffer was used for pellet resuspension, 
and the fluorescence intensity was measured at 340 nmex/380 nmem 
(Perkin-Elmer LS 55, Massachusetts, USA). Quercetin was used as a 
positive control, and phosphate buffer was used as a negative control. 

2.8.3. ARG/MGO model 
In the ARG/MGO assay model, which was described as [23], EE and 

its organic fractions were incubated with 20 mM arginine and 10 mM 
methylglyoxal (MGO) (both diluted in 200 mM phosphate buffer pH 7.4, 
with 0.02 % azide) in microtubes for 72 h at 37 ºC in the dark. After 
incubation, the fluorescence intensity was measured at 
340 nmex/380 nmem (Perkin-Elmer LS 55, Massachusetts, USA). Quer-
cetin was used as a positive control, and phosphate buffer was used as a 
negative control. 

2.9. Ex-vivo analysis in hepatic tissue 

2.9.1. Liver tissue processing 
Healthy male Wistar rats at 6–8 weeks of age were anesthetized and 

euthanized by cervical dislocation at the Federal University of 
Uberlândia (UFU) Center for Bioterism and Experimentation with offi-
cial approval from the Animal Ethics Committee (Craft No.7/2022/ 
CEUA/PROPP/REITO-UFU of July 14, 2022). The liver tissues were 
immediately removed, immersed in liquid nitrogen, and stored at a 
−70 ºC ultrafreezer. The liver tissues were homogenized in phosphate 
buffer (1:10 w/v, pH 7.4) and centrifuged at 800×g for 15 min at 4 ºC. 
Subsequently, the supernatant was used to perform the ex-vivo oxidation 
induction assay as already described by Justino et al., [24] with minor 
modifications. The supernatant was incubated for one hour at 37 ºC in 
the absence of light with 0,01 mM FeSO4 and 0,01 mM ascorbic acid 
(oxidized hepatic tissue – OHT) and with the EE and its organic fractions 
at a concentration of 50 µg/mL. Quercetin was used as a positive control 
at the same concentration as the samples tested. 

2.9.2. Lipid peroxidation assay 
Lipid peroxidation was determined according to thiobarbituric acid 

reactive species (TBARs) assay [25]. The samples were incubated with 
10 % trichloroacetic acid (TCA) and 0.67 % thiobarbituric acid (TBA) for 
2 h at 100 ºC. Then, butanol was added to the samples, and they were 
centrifugated at 5000xg for 3 min. The fluorescence intensity was 
measured at 515 nmex/553 nmem (Perkin-Elmer LS 55, Massachusetts, 
USA), and the results were expressed as nmol of malondialdehyde per 
milligram of protein. 

2.10. Isolation, oxidation, and peroxidation of low-density lipoprotein 
(LDL) 

Blood samples were collected from healthy, non-smoking volunteers 
in heparinized vacutainer tubes, adhering to the ethical principles out-
lined in the Declaration of Helsinki. The study received approval from 
the local Ethics Committee (Approval No. 61082522.4.0000.5704, 
report 5.671.038). Plasma was obtained by centrifuging blood at 
3000 rpm for 10 min at 4 ºC. LDL isolation followed the method by 
Byung H. Chung et al., [26]. Initially, the plasma density was adjusted to 
1.22 g/mL through the addition of 0.326 g of KBr per mL of plasma. 
After the gentle dissolution of KBr, we added to the plasma aprotinin 
(5 µL per mL of plasma), 2 mM benzamidine (5 µL per mL of plasma), 
0.5 mM phenylmethylsulfonyl fluoride (PMSF) (0.5 µL per mL of 
plasma), 0.25 % chloramphenicol (0.5 µL per mL of plasma), and a so-
lution containing 5 % sodium azide, 8 % EDTA, and 0.1 % chloram-
phenicol (10 µL per mL of plasma). Three milliliters of this mixture were 

placed in a centrifuge tube, and 7 mL of a KBr solution (density 
1.006 g/mL) was overlaid on the top of the mixture. The mixture un-
derwent single-step discontinuous gradient ultracentrifugation at 
40.000 rpm for two hours and thirty minutes at 4 ºC. The LDL band was 
collected and dialyzed using phosphate-buffered saline (PBS 20 mM, pH 
7.4), and the protein concentration was determined using Bradford’s 
methodology [27]. The LDL oxidation (ox-LDL) was induced by 5 µM 
CuSO4, and the process was monitored for two hours at 37 ºC at 234 nm 
(Perkin-Elmer LS 55, Massachusetts, USA). To evaluate the potential 
inhibition of LDL oxidation, 2 µg/mL of EE and its organic fractions were 
tested. Quercetin was used as a positive control, and PBS was used as a 
negative control. After two hours, samples were submitted to TBARS 
assay. 

2.11. Enzymatic activity inhibition 

Inhibiting target enzymes represents a strategy for modulating 
cellular processes involved in disease pathogenesis, and therefore, the 
search for natural compounds with enzyme inhibitor behavior is 
becoming increasingly important. The enzymatic activity inhibition of 
EE and its organic fractions were evaluated in four different enzymes: 
α-amylase, α-glucosidase, acetyl-cholinesterase, and butyryl- 
cholinesterase. The inhibition calculation was performed using the 
following formula: I (%) = [(Auc control − Auc sample) / (Auc control)] 
x100, where Auc control refers to the area under the curve obtained in 
the absence of the samples and positive control and the Auc sample 
refers to the area under the curve obtained in the presence of the 
samples. 

2.11.1. Inhibition of α-amylase 
Saliva was collected from volunteers, and a human salivary α-amylase 

enriched fraction (HSA-f) was obtained by ion-exchange chromatography 
on Q-sepharose resin [28]. The HAS-f and the substrate 2-chloro-4-ni-
trophenyl-4-β-D-galactopyranosylmaltoside (GalG2CNP) were diluted in 
50 mM 2-(N-morpholino)-ethane sulfonic acid (MES) buffer (5 mM cal-
cium chloride, 140 mM potassium thiocyanate and 300 mM sodium 
chloride, pH 6.0) for the assay. To evaluate the α-amylase activity inhi-
bition capacity of EE and its organic fractions, the samples were incubated 
with HSA-f (1:10) for 30 min at 37 ºC. Subsequently, 12 mM of Gal2CNP 
was added, and the absorbance was immediately measured at 405 nm 
(Perkin-Elmer LS 55, Massachusetts, USA) every minute for five minutes. 
Acarbose and ethanol were used as positive and negative controls, 
respectively. 

2.11.2. Inhibition of α-glucosidase 
The α-glucosidase activity was accessed according to a modified 

method adapted by Justino et al., (2016) using 4-nitrophenyl α-D-glu-
copyranoside (p-NPG) as substrate and an α-glucosidase rich fraction 
from intestinal acetone powders from rats. EE and its organic fractions 
were incubated with α-glucosidase and 1.5 mM of reduced glutathione, 
both diluted in 50 mM phosphate buffer pH 6.8, for 20 min at 37 ◦C. 
Right away, 4 mM 4-nitrophenyl α-D-glucopyranoside in phosphate 
buffer was added and the absorbance was measured at 405 nm (Perkin- 
Elmer LS 55, Massachusetts, USA) every three minutes for 20 min at 
37 ºC. Acarbose and ethanol were used as positive and negative controls, 
respectively. 

2.11.3. Inhibition of acetyl-cholinesterase (AChE) and butyryl- 
cholinesterase (BChE) 

The evaluation of AChE and BChE inhibitory activity was performed 
as the following methods described by [29], with modifications. In this 
assay, three buffers were used: A) 50 mM Tris-HCl, pH 8; B) 50 mM 
Tris-HCl buffer with 1 % bovine serum albumin; C) 50 mM Tris-HCl with 
NaCl 0.6 % w/v and MgCl2 0.4 % w/v. The EE, its organic fractions, and 
positive controls (galantamine and rivastigmine) were prepared in 
buffer A to reach a concentration of 5.5 mg/mL and posteriorly 
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incubated with 3 mM acetylthiocholine iodide or 3 mM butyrylth-
iocholine iodide, 50 mM Tris-HCl buffer with 1 % bovine serum albu-
min, 3.06 mM 5,5′ -dithiobis (2-nitrobenzoic acid) (DTNB) prepared in 
buffer C. To start the reaction, 0.2 U/mL AChE or BChE was added, and 
the absorbance was immediately measured at 405 nm (Molecular De-
vices, Menlo Park, CA, USA) for 30 min. 

2.12. MTT (fibroblasts and macrophages) 

The cytotoxicity concentration (CC50) of EE and its organic fractions 
was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenylte-
trazolium bromide (MTT) assay [30]. RAW 264.7 macrophages (ATCC 
TIB-71), obtained from the American Type Culture Collection (ATCC), 
were seeded in 96-well flat-bottom plates (5 ×104 cells/well) and 
incubated at 37 ºC and 5 % CO2 until their full adhesion. Cells were 
treated with 10, 100, and 500 µg/mL of the samples completely diluted 
in RPMI and incubated for 24 h at 37 ºC and 5 % CO2. Subsequently, an 
MTT solution (50 μg/well) was added, and the plates were incubated for 
four hours at the same previous conditions. Afterward the solution was 
removed, and DMSO was added to solubilize the formazan crystals, and 
the absorbance was measured at 570 nm (Spectramax M2). Cell viability 
was calculated by considering the untreated group as 100 % viability. 

2.13. MIC assay 

The antibacterial activity of EE and its organic fractions was evalu-
ated using the broth microdilution method, and the minimum inhibitory 
concentration (MIC) was determined as recommended by the Clinical 
and Laboratory Standards Institute (CLSI, [31]) with modifications. The 
assay was conducted in triplicate on a 96-well microplate. Samples were 
solubilized in 5 % dimethyl sulfoxide (DMSO) and diluted in Brain Heart 
Infusion broth (BHI). The EE and its organic fractions were tested at 
concentrations of 0.98–2000 µg/mL. The cariogenic bacterial strains 
used in this study were Enterococcus faecalis (ATCC 4082), Streptococcus 
salivarius (ATCC 29975), Streptococcus mitis (ATCC 49456), Streptococcus 
sanguinis (ATCC 10556), Streptococcus mutans (ATCC 25175), Lactoba-
cillus paracasei (ATCC 11578), obtained from the American Type Culture 
Collection (ATCC) and were incubated in Brain Heart Infusion agar 
(BHIa), added with defibrinated horse blood (5 %) in a microaerophilia 
incubator for 24 h at 37 ºC with 10 % CO2, except for E. faecalis and S. 
salivarius which were incubated aerobically. The inoculum concentra-
tion was adjusted for each microorganism to 5 × 105 CFU/mL. 5 % 
DMSO was used as a negative control. The positive control used was 
chlorhexidine at concentrations ranging from 0.115 to 59 µg/mL. The 
plates containing the samples and bacteria were incubated under the 
conditions described previously. Subsequently, 30 µL of 0,02 % aqueous 
resazurin was added to each well in order to analyze bacterial growth. 
Resazurin serves as an oxidation-reduction indicator, where the blue hue 
indicates the absence of microbial viability, while the red color signifies 
the presence of microbial viability. 

2.14. Statistical analysis 

Results were expressed by mean ± standard deviation, except for the 
EC50 calculation, which was expressed as mean ± standard error. One- 
way ANOVA and Tukey post-test were applied to analyze multiple 
comparisons. Values of p < 0.05 were considered significant. The sta-
tistical analyses and graphs were created using GraphPad Prism 8.0 
software. 

3. Results 

3.1. Phytochemical prospection 

The content of phenolic compounds, flavonoids, and condensed 
tannins in the EE and its organic fractions was quantified, and the results 

are presented in  Table 1. The EAF exhibited the highest phenolic 
compound content (237.4 ± 26.7 mg GAE/g), followed by the BF (111.6 
± 5.95 mg GAE/g). With the exception of HMF, all samples showed a 
flavonoid content sum above 100 mg QE/g, with the EE and DF fractions 
having the highest values at 299.2 ± 18.08 and 261.5 ± 2.72 mg QE/g, 
respectively. In terms of condensed tannin content, EE and BF exhibited 
the highest values at above 80 mg CE/g. 

3.2. Antioxidant activity 

The antioxidant capacity of EE and its organic fractions was analyzed 
according to FRAP, ORAC, and DPPH assays, and the results can be 
observed in Fig. 1. In the FRAP assay (Fig. 1a), EAF and BF (978.4 ±
26.05 µM and 753.2 ± 66.15 µM Trolox eq/g, respectively) exhibited the 
highest antioxidant capacity, however, only EAF didn’t show significant 
difference when compared to the positive control quercetin (987.8 ±
10.15 µM Trolox eq/g). In the ORAC assay, all samples, with the 
exception of HF and EE (DF: 2408 ± 31.04; EAF: 2288 ± 30.51; BF: 
2371 ± 54.63 and HMF: 2349 ± 75.28 Trolox eq/g), were statistically 
similar to the positive control quercetin (2279 ± 18.45 Trolox eq/g). In 
the DPPH assay, EAF (1.6 ± 0.48 µg/mL) exhibited the lowest IC50 value 
among EE and its fractions and was not significantly different when 
compared to positive control quercetin (0.366 ± 0,1392 µg/mL). 
Although the IC50 values of EE, DF, and BF were slightly higher, there 
was no statistically significant difference between these values and the 
positive control. 

3.3. Antiglycation Properties 

The antiglycation properties of EE and its organic fractions were 
analyzed using three different models (BSA/FRU, BSA/MGO, and ARG/ 
MGO), and the results are presented in Fig. 2. In the BSA/FRU model 
(Fig. 2a), both EAF and the positive control quercetin were able to 
inhibit glycation over 80 % from the concentration of 19 µg/mL. Among 
the fractions, EAF and BF revealed the lowest IC50 values (4.14 ± 2.52 
and 6.46 ± 1.1 µg/mL, respectively) and were not significantly different 
from the positive control quercetin (1.672 ± 0.60 µg/mL). Additionally, 
EE and HMF also showed similar inhibitory effects to quercetin. 
Furthermore, EE, DF, and EAF inhibited glycation in BSA/MGO model 
(Fig. 2b) by over 55 % at 625 µg/mL. In the ARG/MGO method (Fig. 2c), 
there was no significant difference between the IC50 values of the EAF, 
DF, and the positive control (194.6 ± 21.60; 252.8 ± 22.79 and 37.16 ±
3.34 μg/mL). At the highest concentration used in the assay, the positive 
control inhibited 96 % of the glycation, while EAF and DF inhibited 
82 % and 69 %, respectively. 

3.4. Lipid peroxidation inhibition in hepatic tissue 

The inhibition of lipid peroxidation in liver tissue was also evaluated 
(Fig. 3). The organic fractions that presented the highest antioxidant 

Table 1 
Total phenols, flavonoids, and condensed tannins content of the ethanolic 
extract of C. asiatica and its organic fractions. Values are expressed as mean ±
standard deviation, and different letters indicate statistical significance (p <
0.05). Note: EE: ethanolic extract, HF: hexane fraction, DF: dichloromethane 
fraction, EAF: ethyl acetate fraction, BF: n-butanol fraction, HMF: hydro-
methanolic fraction.   

Total phenols (mg 
GAE/g) 

Flavonoids (mg 
QE/g) 

Condensed tannins (mg 
CE/g) 

EE 73.3 ± 0.99ab 299.2 ± 18.08a 96.47 ± 7.93a 

HF 8.36 ± 1.19c 123.8 ± 11.5bc 10.94 ± 1.98bd 

DF 46.65 ± 3.76ac 261.5 ± 2.72a 26.36 ± 3.96bc 

EAF 237.4 ± 26.7d 161.7 ± 8.13b 31.97 ± 3.96c 

BF 111.6 ± 5.95b 103.3 ± 0.72c 82.45 ±3.96a 

HMF 12.01 ± 3.96c 48.5 ± 4.33d 0 ± 0d  
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potential in the previous assays, EAF and BF, were also the most effective 
at protecting liver tissue from lipid peroxidation induced by Fe2+- 
ascorbate, presenting significant difference when compared to the 
oxidized hepatic tissue (THO) control (p < 0.0001) and no statistic 
difference versus positive control quercetin. It is also observed that 
malondialdehyde (MDA) levels are also reduced in the presence of EE 
and DF when compared to THO (p < 0.05). 

3.5. LDL oxidation and peroxidation inhibition 

The inhibition of LDL oxidation and peroxidation by Cu2+ ions by EE 
and its organic fractions were evaluated (Fig. 4). It was observed that EE 
and its fractions DF, EAF, and BF were effective in inhibiting LDL 
oxidation (Fig. 4a), showing no significant difference when compared to 
control native LDL (without Cu2+ presence). Regarding the lipid per-
oxidation of LDL (Fig. 4b), the same fractions mentioned above, with the 

Table 2 
MIC values of the C. asiatica EE and its organic fractions over cariogenic bacteria. Values are expressed as µg/mL.   

E. faecalis 
ATCC 4082 

S. salivarius 
ATCC 29975 

S. sobrinus 
ATCC 33448 

S. mitis 
ATCC 49456 

S. sanguinis 
ATCC 10556 

S. mutans 
ATCC 25175 

L. paracasei ATCC 11578 

EE >2000 250 125 62,5 62,5 125 1000 
HF 1000 125 15,6 15,6 31,25 15,6 62,5 
DF 2000 250 125 31,25 31,25 125 250 
EAF >2000 250 250 250 500 250 250 
BF >2000 250 250 250 250 250 250 
HMF 1000 250 500 500 500 250 1000 
Chlorhexidine 3688 0922 0922 3688 1844 0922 1844 

Note: EE: ethanolic extract, HF: hexane fraction, DF: dichloromethane fraction, EAF: ethyl acetate fraction, BF: n-butanol fraction, HMF: hydromethanolic fraction. 

Fig. 1. Antioxidant capacity analysis of the ethanolic extract and organic fractions of C. asiatica by the methods FRAP (a), ORAC (b), and DPPH (c). Values (mean ±
standard deviation) are expressed as µmol Trolox equivalents (a and b) and percentage of antioxidant and IC50 values (c). Different letters indicate statistical sig-
nificance (p < 0.05). Note: EE: ethanolic extract, HF: hexane fraction, DF: dichloromethane fraction, EAF: ethyl acetate fraction, BF: n-butanol fraction, HMF: 
hydromethanolic fraction. 
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exception of EE, were able to reduce MDA levels. 

3.6. α-amylase and α-glucosidase activity inhibition 

Assays were conducted to verify the ability of C. asiatica EE and its 
organic fractions to inhibit α-amylase and α-glucosidase enzyme activity 
(Fig. 5). In the α-amylase inhibition assay (Fig. 5a), our results revealed 
that the IC50 values of EAF and BF (7.29 ± 1.97 and 5.64 ± 1.37 μg/mL) 

did not present significant difference when compared to the positive 
control, acarbose (0.15 ± 0.03 μg/mL). The EE had a higher IC50 value 
when compared to the aforementioned fractions, indicating a lower 
inhibitory potential on the enzyme. However, at a concentration of 
12 μg/mL, it still exhibited a significant inhibitory effect of 72.67 % ±
1.01. In the α-glucosidase inhibition analysis (Fig. 5b), acarbose showed 
an inhibition value of 63.28 ± 0.60 % at a concentration of 231.4 μg/ 
mL. However, at the same concentration, the EE and its fractions did not 
demonstrate significant inhibition of this enzyme, with all values below 
50 % of inhibition, therefore it was not possible to obtain IC50 values. 

3.7. AchE and BchE inhibition assay 

The inhibition of cholinesterases activity (AChE and BChE) by 
C. asiatica EE and its organic fractions were also evaluated, and the re-
sults are presented in Fig. 6. At a concentration of 100 µg/mL, the 
positive control galantamine, a drug already used to treat Alzheimer 
disease symptoms, demonstrated the ability to inhibit 98.28 ± 0,88 % of 
AChE activity while EAF, at a concentration of 550 µg/mL, inhibited 
95.96 ± 5.71 %. DF inhibited 66.09 ± 10.65 % of AchE activity at 
550 µg/mL. However, it was statistically different when compared to 
galantamine and EAF. Regarding BchE inhibition, rivastigmine was used 
as control at a concentration of 100 µg/mL and inhibited 92.07 ±
0.44 %. EAF and DF, at a concentration of 550 µg/mL, did not exhibit 
statistical difference when compared to rivastigmine. 

3.8. Cytotoxicity in macrophages RAW 264.7 (MTT) 

To evaluate cell viability, RAW 264.7 macrophages were treated 
with 10, 100 and 500 µg/mL of C. asiatica EE and its organic fractions 
(Fig. 7). At the lowest concentration, all samples, except for HF, did not 
reduce the cell viability. Notably, BF demonstrated exceptional non- 
cytotoxicity across all tested concentrations. At higher concentrations, 

Fig. 2. Glycation inhibition of the ethanolic extract of C. asiatica and its organic fractions was evaluated by BSA-fructose (a), BSA-methylglyoxal (b) and arginine- 
methylglyoxal (c) models. Values (mean ± standard error) are expressed as glycation inhibition percentage and IC50 values (µg/mL). Different letters indicate 
statistical significance (p < 0.05). Note: EE: ethanolic extract, HF: hexane fraction, DF: dichloromethane fraction, EAF: ethyl acetate fraction, BF: n-butanol fraction, 
HMF: hydromethanolic fraction. N.A.: means no activity. 

Fig. 3. Evaluation of the inhibition of lipid peroxidation in hepatic tissue by 
C. asiatica ethanolic extract and its organic fractions. Values are expressed as 
mean ± standard deviation. * p < 0,05, ** p < 0,01, *** p < 0001 e **** p <
0,0001 when compared to OHT. Note: HT: hepatic tissue, OHT: oxidized he-
patic tissue, EE: ethanolic extract, HF: hexane fraction, DF: dichloromethane 
fraction, EAF: ethyl acetate fraction, BF: n-butanol fraction, HMF: hydro-
methanolic fraction. 

A.L.S. Borges et al.                                                                                                                                                                                                                             



Journal of Pharmaceutical and Biomedical Analysis 245 (2024) 116143

8

apolar fractions, like HF and DF, were more cytotoxic than the polar 
ones, like EAF, BF, and HMF. 

3.9. Antimicrobial activity 

The antimicrobial activity of EE and its organic fractions was eval-
uated against bacteria associated to the development of caries and it is 
presented in Table 2. Both EE and its organic fractions demonstrated 
antibacterial activity against most cariogenic bacteria, demonstrating 
MIC values that varied from 15.6 to 2000 μg/mL. The HF and DF frac-
tions demonstrated the lowest values, where HF demonstrated MIC 
values of 15.6 μg/mL against Streptococcus sobrinus, Streptococcus mitis, 
and Streptococcus mutans and 31.25 μg/mL against Streptococcus san-
guinis. The DF fraction presented a MIC value of 31.25 μg/mL for 
Streptococcus mitis and Streptococcus sanguinis. 

3.10. ESI FT-ICR mass spectra analysis 

The ethanolic extract and its organic fractions were submitted for ESI 
FT-ICR MS analysis to identify the main compounds. Table 3 shows the 
detection of 23 compounds, of which 18 were identified, being mostly 
formed by phenolic acids and fatty acids compounds with values DBEs 
ranging from 1 to 28. This result indicates that their chemical structure 

starts from typical linear fatty acids (palmitic acid, m/z 255, for 
example) to compounds containing two aromatic rings, e.g., phenolic 
acids (digallic acid, m/z 965). Information about the theoretical and 
obtained m/z values, mass error (in ppm) and DBE (double-bound 
equivalent) are supplied in Table 3. 

3.11. HPLC-MS/ESI 

As was observed in previous assays, DF, EAF, and BF demonstrated 
remarkable antioxidant activity, preventing LDL and hepatic tissue 
oxidation and a potential to inhibit the formation of AGEs. Therefore, 
these fractions were submitted to HPLC-MS/ESI analysis to identify the 
main compounds that contribute to the excellent performance of the 
samples mentioned above. Based on the retention times, error values, 
profile of fragmentation patterns, sequential mass spectra, and literature 
information, it was suggested the occurrence of some compounds listed 
in Table 4. 

4. Discussion 

Several studies have evaluated the therapeutic potential of C. asiatica 
leaf extract and its isolated triterpenes, however, researches about 
liquid-liquid fractionation using organic solvents are still little explored. 

Fig. 4. Evaluation of the inhibition of oxidation (a) and peroxidation (b) of isolated LDL by the ethanolic extract of C. asiatica and its organic fractions. Values are 
expressed as mean ± standard deviation. * p < 0,05, ** p < 0,01, *** p < 0001 e **** p < 0,0001 when compared to native LDL. Note: LDL: native LDL, ox-LDL: 
oxidized LDL, EE: ethanolic extract, HF: hexane fraction, DF: dichloromethane fraction, EAF: ethyl acetate fraction, BF: n-butanol fraction, HMF: hydro-
methanolic fraction. 

Fig. 5. Evaluation of the inhibitory potential of the activity of the enzymes α-amylase (a) and α-glucosidase (b) by the ethanolic extract of C. asiatica and its organic 
fractions. Values are expressed as IC50 values (mean ± standard error) (a) and as inhibition percentage (mean ± standard deviation (b). Different letters indicate 
statistical significance (p < 0.05). Note: EE: ethanolic extract, HF: hexane fraction, DF: dichloromethane fraction, EAF: ethyl acetate fraction, BF: n-butanol fraction, 
HMF: hydromethanolic fraction. N.A.: means no activity. 
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Therefore, this study provided a phytochemical prospection, ESI FT-ICR 
MS analysis, as well as the compounds elucidation of the most active 
fractions by HPLC-ESI-MS/MS. Furthermore, the antioxidant and anti-
glycation potential, the inhibition of isolated LDL oxidation, the pre-
vention of hepatic tissue peroxidation, and the enzymatic activity 
inhibition were evaluated. This study also determines the cytotoxicity 
and antimicrobial activity of EE and its organic fractions. 

Based on phytochemical analysis, both EAF and BF demonstrated a 
high content of flavonoids and phenolic compounds (Table 1), which 
explains the superior antioxidant capacity of these fractions in the FRAP, 
ORAC, and DPPH assays (Fig. 1). In addition, these molecules possess 
the ability to chelate transition metal ions, which can inhibit ROS pro-
duction [51]. Studies have reported the ability to reduce Fe3+ by the 
aqueous and ethanolic extract of C. asiatica [52,53], however, EAF and 
BF demonstrated higher reducing power than the EE due to the 

concentration of polyphenols in these fractions. 
Phenolic compounds and flavonoids are also capable of stabilizing 

radicals, such as DPPH and peroxyl. According to Marques et al., [54], 
ethyl acetate and n-butanolic fractions derived from C. asiatica aqueous 
extract exhibited IC50 values for DPPH assay of 38.86 ± 0.26 and 175.4 
± 3.72 µg/mL, respectively. Meanwhile, our results presented 1.60 ±
0.48 and 10.82 ± 2.59 μg/mL IC50 values for EAF and BF, respectively. 

The organic solvent used in the maceration process can significantly 
impact the yield and composition of extracted molecules in each frac-
tion. According to both HPLC-ESI-MS/MS and ESI FT-ICR MS analysis, 
as shown in Tables 3 and 4, high antioxidants compounds were identi-
fied, such phenolic compounds (ellagic acid, gallic acid and its de-
rivatives, protocatechuic acid, corilagin, chebulaninnale), tannins 
(geraniin, chebulic acid) and flavonoids (rutin, quercetin 3-rhamnoside- 
7-glucoside). In addition to elagic acid and galic acid, asiatic acid was 

Fig. 6. Evaluation of AchE (a) and BchE (b) activity inhibition by C. asiatica EE and its organic fractions. Values are expressed as inhibition percentage (mean ±
standard deviation). Different letters indicate statistical significance (p < 0.05). Note: EE: ethanolic extract, HF: hexane fraction, DF: dichloromethane fraction, EAF: 
ethyl acetate fraction, BF: n-butanol fraction, HMF: hydromethanolic fraction. 

Fig. 7. Cell viability of RAW 264.7 macrophages treated with different concentrations of C. asiatica EE and its organic fractions. Values are expressed as the per-
centage of viable cells (mean ± standard deviation) compared to the vehicle group. * p < 0,01, ** p < 0001, *** p < 0001 when compared to vehicle group. Note: EE: 
ethanolic extract, HF: hexane fraction, DF: dichloromethane fraction, EAF: ethyl acetate fraction, BF: n-butanol fraction, HMF: hydromethanolic fraction. 
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found in DF. The triterpenes found in C. asiatica also hold antioxidant 
activity and might be associated to DPPH and peroxyl radical stabili-
zation [2,55]. Beyond in-vitro antioxidant activity, asiatic acid increased 
the in-vivo antioxidant enzyme levels, like superoxide dismutase (SOD), 
catalase (CAT), and glutathione peroxidase (GPx) [56]. 

Usually, antioxidant compounds can also inhibit the formation of 
advanced glycation end products (AGEs) by inhibiting the formation of 
Schiff bases and Amadori products, neutralizing ROS production, and 
decreasing AGEs cell damage by blocking AGE-RAGE interaction. Gly-
cation is a non-enzymatic reaction between a reducing sugar and the 
amino group of a protein, resulting in the formation of AGEs, which are 
associated with promoting oxidative stress and induce proinflammatory 
and inflammatory mediators’ production [57] and are abundant in 
diabetic individuals. BSA and arginine were incubated with fructose and 
methylglyoxal, a dicarbonyl intermediate formed in the glycolysis 
pathway, to verify if EE and its organic fractions were capable of pre-
venting AGEs formation, since glycation is one of the main causes of 
spontaneous damage to protein [58]. 

In the BSA/FRU model (Fig. 2a), the EE, EAF, BF, and HMF were able 
to inhibit AGEs formation and didn’t demonstrate significative differ-
ence when compared to positive control, quercetin. In contrast, when 
using MGO as a glycation-inducing agent, the antiglycation activity of 
EE and its fractions were moderate, with high IC50 values, since MGO is 
one of the strongest glycant agents and can be up to 50,000 times more 
potent than glucose [59]. 

An enriched C. asiatica extract with phenolic compounds inhibited 
38 % of the AGEs formation in BSA glycated by glucose model at a 
concentration of 500 mM [60], in the meantime this study demonstrated 
that EE, DF and EAF inhibited 36–41 % of the glycation in BSA/MGO 
model in a concentration of 312.5 µg/mL. Another study also reported 
that the methanolic extract of C. asiatica at 1 mg/mL inhibited the for-
mation of AGEs by 20 % in a BSA/MGO model [61]. 

Besides AGEs formation, oxidative stress stimulates LDL oxidation 
and promotes the development of atherosclerosis [62].Therefore the 
search for antioxidant compounds that can control oxidative stress is 
relevant in order to avoid arterial occlusion by atherosclerotic plaques. 
Studies conducted by Meyer et al., [63] revealed that phenolic com-
pounds interact physically with LDL lipid nucleus, in addition, these 
molecules have transition metals chelating activity, such as Cu2+ ions. 

Due to their high antioxidant capacity and significant phenolic 
compounds content, EE, EAF, and BF were capable of inhibiting oxida-
tion and peroxidation of LDL (Fig. 4). Although DF did not present an 
antioxidant capacity similar to the aforementioned fractions, it also 
protected LDL from oxidation and peroxidation. Asiatic acid, a tri-
terpene found in DF, has shown a potential to prevent atherosclerosis 
progression by inhibiting endothelial hyperpermeability and increasing 
the expression of adhesion molecules in ox-LDL exposed HUVEC cells 
[64]. 

The EAF, BF, and HMF were also able to inhibit lipid peroxidation in 
hepatic tissue oxidized by the Fe2+-ascorbate model (Fig. 5). Despite 
demonstrating little activity in previous assays and low content of 
phenolic compounds and flavonoids when compared to the other frac-
tions, HMF surprised by demonstrating liver protection against oxida-
tion, demonstrating low MDA levels. ESI FT-ICR MS analysis 
demonstrated the presence of tuberonic acid glucoside, corilagin, che-
bulamin, geraniin and digallic acid, which might explain this result, 
Table 3. 

As observed by Lu et al., (2021), the n-butanolic extract of C. asiatica 
increased the viability of L02 hepatocytes when exposed to oxidative 
stress induced by H2O2 [65]. These results align with the outcomes 
presented in the current investigation, signifying not only the 
non-cytotoxic nature of the n-butanolic fraction but also its capacity to 
provide hepatoprotective effects. Another study reported that the 
aqueous extract of C. asiatica inhibited lipid peroxidation induced by 
Fe2+-ascorbate in liver tissue homogenate [66]. 

Flavonoids and phenolic compounds found in EAF and BF, have 
already shown inhibition of lipid peroxidation and reduction of ROS in 
previous studies [67–69]. The results corroborate with the fact that the 
polar fractions own the most antioxidant activity in all the models 
studied. 

The triterpenes present in C. asiatica, such as asiatic acid also protect 
the lipids from peroxidation, reducing MDA levels in the brain of rats 
pre-treated with d-Galactose [70], in the liver of hyperlipidemic rats 
[71] and in tissue repair model [9]. 

The EE and some of its organic fractions have also demonstrated 
potential inhibitory effects on glycoside hydrolases, which represents a 
potential strategy for the management of Diabetes mellitus and its 
associated complications. The inhibition of α-amylase by the ethanolic 

Table 3 
Compounds identified in C. asiatica leaves ethanolic extract and its organic fractions by ESI (-) FT-ICR MS.  

ESI (-) FT-ICR MS: Ethanolic extract of C. asiatica and its organic fractions 
Compound EE HF DF EAF BF HMF Molecular formula m/z 

theorical 
m/z 
obtained 

Error (ppm) DBE 

Palmitic acid - X - - - - [C16H32O2 – H]–  255.23295  255.23303 – 0.29  1 
Alpha-linolenic acid X X - - - - [C18H30O2 – H]–  277.21735  277.21730 – 0.18  4 
Linolenic acid X X X - - - [C18H32O2 – H]–  279.23295  279.23314 – 0.66  3 
Oleic acid X X - - - - [C18H34O2 – H]–  281.24860  281.24868 – 0.28  2 
Stearic acid X X X - - - [C18H36O2 – H]–  283.26425  283.26447 – 0.75  1 
17-hydroxylinolenic acid - X - - - - [C18H30O3 – H]–  293.21222  293.21230 – 0.28  4 
Elagic acid X - X X X - [C14H6O8 – H]–  300.99899  300.99921 – 0.73  12 
13-hydroperoxy-11,9-octadecadienoic acid X X X - - - [C18H32O4 – H]–  311.22278  311.22296 – 0.57  3 
Malyngic acid - - X - - - [C18H32O5 – H]–  327.21770  327.21787 – 0.53  3 
Chlorogenic acid - - - - X - [C16H18O9 – H]–  353.08781  353.08781 – 0.31  8 
Tuberonic acid glucoside X - X X X X [C18H28O9 – H]–  387.16606  387.16635 – 0.76  5 
Linolenic acid dimer X X - - - - 2 [C18H32O2 – H]–  559.47318  559.47410 – 1,63  4 
Oleic acid dimer X X - - - - 2 [C18H34O2 – H]–  561.48883  561.48972 – 1.57  4 
Non identified X X X - - - [C33H42O8 – H]–  565.28069  565.28181 – 1.98  13 
Non identified X X X - - - [C33H44O9 – H]–  583.29126  583.29236 – 1.89  12 
Non identified X - X X X X [C26H22O17 – H]–  605.07842  605.07959 – 1.93  16 
Quercetin 3-rhamnoside-7-glucoside X - - X X - [C27H30O16 – H]–  609.14611  609.14672 – 1.01  13 
Corilagin X X - X X X [C27H22O18 – H]–  633.07334  633.07452 – 1.87  18 
Chebulanin - - X X X X [C27H24O19 – H]–  651.08390  651.08517 – 1.95  16 
Non identified X X X - - - [C37H78O17 – H]–  793.51662  793.51564 1.24  0 
Non identified X X X X X X [C31H28O26 – H]–  815.07960  815.07954 0.08  18 
Geranin X X X X X X [C41H28O27 – H]–  951.07452  951.07601 – 1.57  28 
Digallic acid X X X X X X 3 [C14H10O9 – H]–  965.09017  965.09066 – 0.51  28 

Note: EE: ethanolic extract, HF: hexane fraction, DF: dichloromethane fraction, EAF: ethyl acetate fraction, BF: n-butanol fraction, HMF: hydromethanolic fraction 

A.L.S. Borges et al.                                                                                                                                                                                                                             



Journal of Pharmaceutical and Biomedical Analysis 245 (2024) 116143

11

extract of C. asiatica has already been reported and, according to Sup-
kamonseni et al., [14], it was obtained an IC50 value of 536.51 ±
8.80 µg/mL, while the present study reported an IC50 value for EE of 21, 
8 ± 2,87 µg/mL. It is important to emphasize that phenolic compounds 
rich fractions, EAF, and BF, demonstrated high α-amylase inhibition, 
representing a natural strategy to control hyperglycemia by the reduc-
tion of glucose absorption, a very common manifestation in patients 
diagnosed with type 2 diabetes mellitus. Phenolic compounds have 
exhibited α-amylase inhibition properties due to their chemical struc-
ture, position, and amount of free hydroxyl groups [22,72–74], this 
explains the higher inhibition activity of this enzyme by the fractions, 
which presented expressive content of total phenols. Compounds such as 
gallic acid, ellagic acid and rutin have several free hydroxyl groups, 
contributing to the inhibition of α-amylase, Thus, in vivo studies have 
demonstrated beneficial effects of C. asiatica use to aid in the treatment 
of Diabetes mellitus, since these compounds were identified by mass 
spectrometry [14,75,76]. Unlike α-amylase, α-glucosidase was just 
partially inhibited by the samples, with values which vary from 20 % to 
50 % at the higher concentration. Some key factors are important to 
inhibit α-glucosidase according to Justino et al., (2022), such as a galloyl 
group esterified to the 3-position of the flavonoid C-ring, the number 
and localization of hydroxyl groups, specific hydroxylations at the A, B 

and C flavonoids rings and some phenolic compounds such as myricetin, 
quercetin and kaempferol glucosides [77] [78]. Although some galloyl 
group-containing compounds being identified, such as glucocalin, gal-
loylshikimic acid and digalloylglucose, their concentration might not be 
enough to inhibit α-glucosidase. 

Cholinesterases, AchE and BchE, are serine hydrolases that hydro-
lyze the neurotransmitters acetyl and butyrylcholine into acetate and 
butyryl and choline in the cholinergic cleft. Its inhibition allows 
acetylcholine or butyrylcholine to remain longer in the cleft, potenti-
ating cholinergic transmission, a desired effect in the treatment of dis-
eases such as Alzheimer’s [11,79]. Although many studies have stated 
that C. asiatica extract displays high AChE and BChE inhibitory effects, 
our observations revealed that the organic fractions, DF and EAF, have 
even higher inhibitory activity. According to studies conducted by Hafiz 
et al., [11], C. asiatica extract inhibited, in a concentration-dependent 
manner, AChE in human neuroblastoma cell line SH-SY5Y. Orhan 
et al., [80] reported inhibition of about 50 % of the enzymatic activity 
by the ethanolic extract of C. asiatica, containing 11% of triterpenes 
(asiaticoside and madecassosside), at 200 μg/mL. According to Rather 
et al., [79] asiatic acid inhibited AChE activity in the cortex and hip-
pocampus in a rat model for Alzheimer. As stated by Nasir et al., [81], 
this triterpene competes with acetylcholine for the esterase active site of 

Table 4 
Compounds identified in DF, EAF, and BF of C. asiatica leaves ethanolic extract by HPLC-ESI-MS/MS in negative ionization mode.  

tR 
(min) 

m/z 
obtained 

m/z 
theorical 

Error 
(ppm) 

Fragment ions (m/z) MS/MS Molecular 
formula 

Tentative identify Sample Reference  

0.90  133.0133  133.0142 – 6.76 5 eV: 115, 87, 89, 71 C4H6O5 malic acid BF, EAF [32,33] MoNAa  

1.15  355.0310  355.0307 0.84 15 eV: 337, 293, 249, 205 C14H12O11 chebulic acid BF, DF, 
EAF 

[34]  

1.17  331.0673  331.0671 0.60 20 eV: 271, 241, 211, 169, 150, 125 C13H16O10 glucogalin (galloyl- 
hexoside) 

BF, EAF [35]  

169.0139  169.0142 – 1.77 20 eV: 125, 107, 79, 69 C7H6O5 galic acid BF, DF, 
EAF 

[33,36]  

2.27  153.0189  153.0193 – 2.61 20 eV: 109, 108 C7H6O4 protocatechuic acid DF, EAF [33,36] MoNAa  

2.43  325.0563  325.0565 – 0.61 30 eV: 169, 125, 111 C14H14O9 galloylshikimic acid BF, EAF [35,37]  
2.45  483.0780  483.0787 1.45 30 eV: 331, 313, 271, 211, 169, 125 C20H20O14 digalloylglucose EAF [35,38]  
2.87  633.0742  633.0733 – 1.42 30 eV: 301 C27H22O18 HHDP galloyl- glucose 

isomer I 
BF, DF, 
EAF 

[35,38]  

3.02  183.0298  183.0299 – 0.54 15 eV: 168, 124 C8H8O5 methyl gallate BF, DF, 
EAF 

[33,35]  

3.30  137.0244  137.0244 0 5 eV: 123, 98, 65 C7H6O3 hydroxybenzoic acid DF [39,40]  
3.95  951.0738  951.0745 – 0.74 30 eV: 933, 907, 301, 169 C41H28O27 geraniin or isomer BF, DF, 

EAF 
[41]  

4.25  633.0747  633.0733 2.21 30 eV: 463, 419, 301, 275 C27H22O18 HHDP galloyl- glucose 
isomer II 

BF, DF, 
EAF 

[35,38]  

291.0146  291.0153 2.41 25 eV: 247, 219, 191, 175, 145 C13H8O8 brevifolin carboxylic acid BF, DF, 
EAF 

[32,42]  

4.42  387.1659  387.1661 – 0.51 20 eV: 207, 163, 119, 89, 71, 59 C18H28O9 tuberonic acid hexoside DF [43–45]  
4.70  225.1127  225.1132 – 2.21 15 eV: 207, 163, 147, 97,59 C12H18O4 tuberonic acid DF [43,46]  
5.15  193.0503  193.0506 – 1,55 20 eV: 178, 134, 133, 106 C10H10O4 ferulic acid DF MoNAb  

5.51  951.0759  951.0745 1.47 30 eV: 933, 907, 301, 300, 273 C41H28O27 geraniin or isomer DF [41]  
5.57  319.0461  319.0459 0.62 20 eV: 273, 245, 229, 217, 201 C15H12O8 ethyl brevifolin carboxylate DF, EAF [42]  
5.83  491.0850  491.0831 3.95 25 eV: 476, 328, 313, 297 C22H20O13 dimethylellagic acid 

glucoside 
BF, DF, 
EAF 

MoNAc 

PubChemd  

5.95  609.1467  609.1461 0.98 30 eV: 463, 300, 301, 271, 179, 151 C27H30O16 rutin BF, EAF [47,48]  
6.18  300.9986  300.9990 – 1.33 30 eV: 284, 257, 229, 201, 185, 173, 

145 
C14H6O8 elagic acid BF, DF, 

EAF 
[32,38]  

8.48  327.2185  327.2177 2.44 25 eV: 291, 251, 229, 211, 183, 171, 
137, 97, 85 

C18H32O5 trihydroxy-octadecadienoic 
acid 

DF, EAF [49]  

8.83  329.2338  329.2333 1.52 25 eV: 311, 293, 229, 211, 171, 139 C18H34O5 trihydroxy-octadecenoic 
acid 

DF [37,49]  

9.05  307.1922  307.1915 2.28 20 eV: 235, 211, 185, 125, 123, 97, 71, 
65 

C18H28O4 dihydrocapsiate DF [37]  

10.21  487.3442  487.3429 2.67 – C30H48O5 asiatic acid DF [50]  
10.58  293.2132  293.2122 3.41 20 eV: 275, 235, 223, 195, 121 C18H30O3 hydroxy-octadecatrienoic 

acid 
DF [45] 

Note: BF: n-butanol fraction, DF: dichloromethane fraction and EAF: ethyl acetate fraction 
a https://mona.fiehnlab.ucdavis.edu/spectra/display/MetaboBASE0107 
b https://mona.fiehnlab.ucdavis.edu/spectra/display/MetaboBASE0970 
c https://mona.fiehnlab.ucdavis.edu/spectra/display/CCMSLIB00000845290 
d https://pubchem.ncbi.nlm.nih.gov/compound/3_3_-Di-O-Methylellagic-Acid-4_-Glucoside 
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the enzyme in an in vitro model. Moreover, investigations conducted by 
Firdaus et al., [12] revealed that the extract of C. asiatica effectively 
suppressed AchE activity. Additionally, this extract demonstrated sig-
nificant potential in ameliorating cognitive deficits induced by AlCl3, 
mitigating oxidative stress, alleviating cholinergic dysfunction, and 
attenuating neurodegenerative processes in the rat brain. 

Since C. asiatica is widely consumed and used in skincare products, 
the cytotoxicity of the EE and its organic fractions was evaluated 
(Fig. 7). It is also important to lay emphasis on how BF was not cytotoxic 
for macrophages at any tested concentrations. Hafiz et al., [11] 
demonstrated that C. asiatica ethanolic extract was not cytotoxic at the 
SH-SY5Y and RAW 264.7 cell lines. C. asiatica callus extract was not 
cytotoxic to human foreskin fibroblasts either [17]. Also, a recent study 
showed that madecassoside protected INS-1E cells from cell death [82]. 

ESI (-) FT-ICR MS technic also identified some fatty acids in HF and 
DF fractions besides some phenolic acids, such as linolenic acid and 
stearic acid. Free fatty acids are known to have antimicrobial effects, and 
although their mechanism remains unclear, the cell membrane appears 
to be their main target [83]. Both the HF and DF fractions exhibited low 
minimum inhibitory concentration (MIC) against bacteria that are 
commonly associated with the development of caries, suggesting that 
they may have potential for the prevention or treatment of dental caries. 
The polarity of extracts and fractions is a critical factor in determining 
their antimicrobial activity. Apolar solvents, such as hexane and 
dichloromethane, are effective in extracting lipophilic compounds, 
which have been shown to disrupt cell membranes and promote bacte-
rial cell death [84]. The dichloro-methane/methanolic extract of 
C. asiatica inhibited the growth of S. aureus, E. coli, S. typhi, B. subtilis, 
and Shigella sonnei, indicating higher activity in gram-negative bacteria 
[85]. However, it was observed that the cariogenic bacteria most sus-
ceptible to HF are gram-positive. A recent study showed that C. asiatica 
ethanolic extract inhibited S. aureus growth, a gram-positive bacteria 
[86]. Another study evaluated the antibacterial activity of a C. asiatica 
pentacyclic triterpene rich extract and determined low MICs against 
Streptococcus spp [87]. 

5. Conclusion 

In summary, our findings have established the antioxidant and 
antiglycation properties of C. asiatica ethanolic extract and its organic 
fractions. Notably, EAF and BF, polyphenol compounds richest fractions, 
exhibited remarkable antioxidant and antiglycation efficacy, particu-
larly within the BSA/FRU model. Additionally, these fractions demon-
strated the ability to effectively reduce LDL oxidation in vitro and 
attenuated peroxidation in the hepatic tissues, as well as inhibit 
α-amylase activity. Notably, non-cytotoxic across all tested concentra-
tions, BF emerges as a promising candidate for further exploration in vivo 
models, emphasizing its potential as a safe and effective therapeutic 
agent. 
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[8] E. Arribas-López, N. Zand, O. Ojo, M.J. Snowden, T. Kochhar, A Systematic Review 
of the Effect of Centella asiatica on Wound Healing, Int J. Environ. Res Public 
Health 19 (2022), https://doi.org/10.3390/ijerph19063266. 

A.L.S. Borges et al.                                                                                                                                                                                                                             

http://www.teranano.ufu.br/
https://doi.org/10.1016/j.fitote.2016.07.011
https://doi.org/10.3389/fphar.2020.568032
https://doi.org/10.1155/2021/5462633
https://doi.org/10.1038/s41598-023-32738-7
https://doi.org/10.1038/s41598-023-32738-7
https://doi.org/10.3390/molecules16021310
https://doi.org/10.3390/metabo13020276
https://doi.org/10.3390/metabo13020276
https://doi.org/10.3390/ijerph19063266


Journal of Pharmaceutical and Biomedical Analysis 245 (2024) 116143

13

[9] A. Shukla, A.M. Rasik, B.N. Dhawan, Asiaticoside-induced Elevation of Antioxidant 
Levels in Healing Wounds, 1999. 

[10] N.E. Gray, C.J. Harris, J.F. Quinn, A. Soumyanath, Centella asiatica modulates 
antioxidant and mitochondrial pathways and improves cognitive function in mice, 
J. Ethnopharmacol. 180 (2016) 78–86, https://doi.org/10.1016/j. 
jep.2016.01.013. 

[11] Z.Z. Hafiz, M.A.Mohd Amin, R.M. Johari James, L.K. Teh, M.Z. Salleh, M.I. Adenan, 
Inhibitory Effects of Raw-Extract Centella asiatica (RECA) on Acetylcholinesterase, 
Inflammations, and Oxidative Stress Activities via in Vitro and in Vivo, Molecules 
25 (2020), https://doi.org/10.3390/molecules25040892. 

[12] Z. Firdaus, D. Kumar, S.K. Singh, T.D. Singh, Centella asiatica Alleviates AlCl3- 
induced Cognitive Impairment, Oxidative Stress, and Neurodegeneration by 
Modulating Cholinergic Activity and Oxidative Burden in Rat Brain, Biol. Trace 
Elem. Res 200 (2022) 5115–5126, https://doi.org/10.1007/s12011-021-03083-5. 

[13] A.B. Oyenihi, S.O.P. Langa, S. Mukaratirwa, B. Masola, Effects of Centella asiatica 
on skeletal muscle structure and key enzymes of glucose and glycogen metabolism 
in type 2 diabetic rats, Biomed. Pharmacother. 112 (2019), https://doi.org/ 
10.1016/j.biopha.2019.108715. 

[14] N. Supkamonseni, A. Thinkratok, D. Meksuriyen, R. Srisawat, Hypolipidemic and 
hypoglycemic effects of Centella asiatica (L.) extract in vitro and in vivo, 2014. 

[15] N. Giribabu, K. Karim, E.K. Kilari, S.R. Nelli, N. Salleh, Oral administration of 
Centella asiatica (L.) Urb leave aqueous extract ameliorates cerebral oxidative 
stress, inflammation, and apoptosis in male rats with type-2 diabetes, 
Inflammopharmacology 28 (2020) 1599–1622, https://doi.org/10.1007/s10787- 
020-00733-3. 

[16] B. Masola, O.O. Oguntibeju, A.B. Oyenihi, Centella asiatica ameliorates diabetes- 
induced stress in rat tissues via influences on antioxidants and inflammatory 
cytokines, Biomed. Pharmacother. 101 (2018) 447–457, https://doi.org/10.1016/ 
j.biopha.2018.02.115. 

[17] V. Buranasudja, D. Rani, A. Malla, K. Kobtrakul, S. Vimolmangkang, Insights into 
antioxidant activities and anti-skin-aging potential of callus extract from Centella 
asiatica (L.), Sci. Rep. 11 (2021), https://doi.org/10.1038/s41598-021-92958-7. 

[18] S. Bandopadhyay, S. Mandal, M. Ghorai, N.K. Jha, M. Kumar, Radha, A. Ghosh, 
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A B S T R A C T   

Ethnopharmacological relevance: Maytenus ilicifolia Mart. ex Reissek, a medicinal plant used for treating gastritis, 
ulcers, and gastric disorders, possesses therapeutic properties attributed to diverse leaf compounds—terpenoids, 
alkaloids, flavonoids, phenols, and tannins, reflecting the ethnopharmacological knowledge of traditional users. 
Aims of the study: We aimed to assess the antioxidant and antiglycant capacities of Maytenus ilicifolia’s ethanolic 
extract and organic fractions, identify bioactive compounds through HPLC-MS/MS analysis, and conduct 
phytochemical assessments. We also assessed their potential to inhibit digestive and cholinesterase enzymes, 
mitigate oxidation of human LDL and rat hepatic tissue, and examine their antimicrobial and cytotoxic 
properties. 
Materials and methods: Organic fractions (hexane - HF-Mi, dichloromethane - DMF-Mi, ethyl acetate - EAF-Mi, n- 
butanol - BF-Mi, and hydromethanolic - HMF-Mi) were obtained via liquid-liquid partitioning. Antioxidant 
(DPPH, FRAP, ORAC) and antiglycant (BSA/FRU, BSA/MGO, ARG/MGO/LDL/MGO models) capacities were 
tested. Phytochemical analysis employed HPLC-MS/MS. We also studied the inhibitory effects on α-amylase, 
acetylcholinesterase, butyrylcholinesterase, human LDL and rat hepatic tissue oxidation, antimicrobial activity, 
and cytotoxicity against RAW 264.7 macrophages. 
Results: HPLC-ESI-MS/MS identified antioxidant compounds such as catechin, quercetin, and kaempferol de-
rivatives. Ethanolic extract (EE-Mi) and organic fractions demonstrated robust antioxidant and antiglycant ac-
tivity. EAF-Mi and BF-Mi inhibited α-amylase (2.42 μg/mL and 7.95 μg/mL) compared to acarbose (0.144 μg/ 
mL). Most organic fractions exhibited ~50% inhibition of acetylcholinesterase and butyrylcholinesterase, 
rivaling galantamine and rivastigmine. EAF-Mi, BF-Mi, and EE-Mi excelled in inhibiting lipid peroxidation. All 
fractions, except HMF-Mi, effectively countered LDL oxidation, evidenced by the area under the curve. These 
fractions protected LDL against lipid peroxidation. 
Conclusion: This study unveils Maytenus ilicifolia’s ethanolic extract and organic fractions properties. Through 
rigorous analysis, we identify bioactive compounds and highlight their antioxidant, antiglycant, enzyme inhi-
bition, and protective properties against oxidative damage. These findings underline its significance in modern 
pharmacology and its potential applications in healthcare.  
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1. Introduction 

In traditional medicine, natural products have been used for several 
years (Atanasov et al., 2015). The advancement of metabolomics has 
allowed the identification of diverse molecules present in medicinal 
plants, enabling the investigation of their biological potential through in 

vitro analysis (Harvey et al., 2015). Maytenus, a genus from the Celas-
traceae family, is found in various biomes of South America (Groppo 
et al., 2014). Maytenus ilicifolia Mart. ex Reissek, also known as “espin-
heira-santa,” is a species found in southern Brazil, and its leaves are 
commonly used in traditional medicine due to their antacid and anti-
ulcerogenic effects (Baggio et al., 2007). 

Other reported benefits of M. ilicifolia include analgesic, antiseptic, 
and wound-healing activities (de Moura et al., 2021; Paula et al., 2021; 
Veloso et al., 2017). These properties are associated with the presence of 
flavonoids, terpenes, alkaloids, and polyphenols such as catechin, epi-
catechin, afzelechin, epiafzelechin, quercetin, rutin, kaempferol, malic 
acid found in the leaves of M. ilicifolia (de Souza et al., 2008; Olivaro 
et al., 2022). 

Until now, few studies have investigated the in vitro activity of the 
ethanolic extract of M. ilicifolia and its organic fractions partitioned by 
liquid-liquid separation. This study aims to investigate the antioxidant 
and antiglycant capacity of the ethanolic extract of M. ilicifolia leaves 
and its organic fractions, as well as to identify the compounds present in 
the most bioactive fractions through phytochemical analysis using 
HPLC-MS/MS analysis. Additionally, we aim to analyze the inhibitory 
capacity of α-amylase, acetylcholinesterase, and butyrylcholinesterase 
enzymes, the prevention of human LDL and rat hepatic tissue oxidation, 
antimicrobial activity, and cytotoxicity against murine RAW 264.7 
macrophages. 

2. Materials and methods 

2.1. Reagents 

Ethanol, hexane, dichloromethane, ethyl acetate, n-butanol, and 
methanol were purchased from Vetec Quimica Fina Ltda (Duque de 
Caxias, Rio de Janeiro, Brazil). Folin-Ciocalteu, gallic acid, vanillin, 
catechin, quercetin, 2,2-diphenyl-1-picrylhydrazyl, 2,4,6-Tris(2-pyr-
idyl)-s-triazine, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic 
acid (Trolox), 2,2′-azobis (2-amidino-propane) dihydrochloride 
(AAPH), fluorescein, L-arginine, D-(−)-fructose, 2-Thiobarbituric acid, 
aprotinin from bovine lung, acarbose, 2-chloro-4-nitrophenyl-4-β-d- 
galactopyranosylmaltoside (GalG2CNP), acetylcholinesterase, and 
butyrylcholinesterase were purchased from Sigma Aldrich (St. Louis, 

MO, USA). Dimethyl sulfoxide was purchased from Merck (Darmstadt, 
HE, Germany). Brain Heart Infusion broth (BHI) and Schaedler broth 
were purchased from BD Difco (Sparks, MD, EUA). Rivastigmine (drug) 
was purchased from ACHÉ Laboratórios Farmacêuticos, Brazil, and 
galantamine (drug) was purchased from Libbs Farmacêutica Ltda, 
Brazil. 

2.2. Plant material 

The dried leaves of M. ilicifolia were purchased from Santos Flora 
Comércio de Ervas Ltda (Mariporã, São Paulo, Brazil), an officially 
registered enterprise under ANVISA (Authorization Number: 6.0.671-1) 
and the Regional Pharmacy Council - CRF (Registration Number: 0505). 
The plant material possessed a certificate of origin, attesting to its purity 
and lack of contaminants. Its authenticity was established through its 
sensory and macroscopic characteristics, supplemented by an analysis of 
phytochemical markers. These markers were identified using HPLC-MS/ 
MS and cross-referenced with the relevant literature. This analysis 
revealed a series of catechin derivatives commonly reported in this 
species, providing robust confirmation of the quality and purity of the 
dried material supplied by the company. 

2.3. Extraction and fractionation 

To obtain the ethanolic extract of M. ilicifolia, we used 800 g of dried 
leaves that were subjected to static maceration in 4 L of ethanol (1:5 m/ 
v) at room temperature and protected from light for seven days (Lima 
Júnior et al., 2021). After seven days, the solution was filtered through a 
common paper filter, and the remaining solvent was removed using a 
rotary evaporator (Buchi Rotavapor R-210, Flawil, Switzerland) in a 
water bath at 40 ◦C under controlled and reduced pressure. Finally, the 
ethanolic extract was subjected to lyophilization to completely remove 
any remaining water in the sample. 

To obtain the organic fractions, 4 g of the ethanolic extract of 
M. ilicifolia (EE-Mi) were diluted in a 90% (9:1 v/v 250 mL) hydro-
methanolic (MeOH:H2O) solution. After dilution, the mixture under-
went a liquid-liquid partitioning process (Justino et al., 2020). The 
solvents were added at a fixed volume of 200 mL in the increasing order 
of polarity: hexane (HF-Mi), dichloromethane (DMF-Mi), ethyl acetate 
(EAF-Mi), and n-butanol (BF-Mi). The hydromethanolic fraction 
(HMF-Mi) represented the final residue of the partitioning process. The 
solvents remaining at each step of the partitioning process were 
removed by lyophilization and drying. The dried samples of EE-Mi, 
HF-Mi, DMF-Mi, EAF-Mi, BF-Mi, and HMF-Mi were stored at −20 ◦C 
until use in the experiments. 

Abbreviations 

EE-Mi Ethanolic extract of Maytenus ilicifolia 
HF-Mi Hexane fraction of Maytenus ilicifolia 
DMF-Mi Dichloromethane fraction of Maytenus ilicifolia 
EAF-Mi Ethyl acetate fraction of Maytenus ilicifolia 
BF-Mi n-butanol fraction of Maytenus ilicifolia 
HMF-Mi Hydromethanolic fraction of Maytenus ilicifolia 
HPLC-ESI High-performance liquid chromatography-electrospray 

ionization source 
FRAP Ferric reducing antioxidant power 
DPPH 2,2-diphenyl-1-picrylhydrazyl 
ORAC Oxygen radical absorbance capacity 
AGEs Advanced glycation end products 
MGO Methylglyoxal 
FRU Fructose 

BSA Bovine serum albumin 
LDL Low-density lipoprotein 
ARG Arginine 
PBS Phosphate buffer saline 
OHT Oxidized hepatic tissue 
HT Hepatic tissue 
MIC Minimum Inhibitory Concentration 
AChE Acetylcholinesterase 
BChE Butyrylcholinesterase 
ROS Reactive oxygen species 
EC50 Effective concentration 
CC50 cytotoxicity concentration 
TBARs thiobarbituric acid reactive substance 
MDA malondialdehyde 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium 

bromide  
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2.4. HPLC-ESI-MS/MS analysis 

The ethyl acetate (EAF-Mi) and n-butanol (BF-Mi) fractions of 
M. ilicifolia were evaluated by high-performance liquid chromatography 
hyphenated to mass spectrometry with an electrospray ionization source 
(HPLC-MS/ESI). These fractions were chosen based on their perfor-
mance in biological assays. The analysis was conducted using a liquid 
chromatograph (Agilent - Infinity 1260) coupled to a high-resolution 
mass spectrometer (Agilent® model 6520 B) with an ESI source 
located at Nanobiotechnology Laboratory Prof. Dr. Luiz Ricardo Goulart 
Filho (IBTEC/UFU). The eluents used were water acidified with 0.1% vv- 
1 formic acid (A) and methanol (B). The analytical parameters were set 
as follows: 10% of B (0 min), 98% of B (0–10 min), and 98% (11–17 
min). The ionization parameters were a nebulizer pressure of 20 psi, 
drying gas at 8 L min-1 at a temperature of 220 ◦C, and an energy of 4.5 
KV applied to the capillary. Sequential mass spectra (MS/MS) were 
obtained by applying energy values between 5 and 30 eV to obtain 
spectra with the best fragmentation pattern for each compound present. 
For analysis, all spectra obtained (Supplementary Material) were eval-
uated in the Agilent Mass Hunter® B.07.00 software and compared with 
online libraries such as MassBank and other literature studies. 

2.5. Phytochemical analysis 

The phytochemical screening of the ethanolic extract of M. ilicifolia 
and its organic fractions HF-Mi, DMF-Mi, EAF-Mi, BF-Mi, and HMF-Mi, 
was performed to determine the concentrations of total phenols, total 
flavonoids, and condensed tannins (Zou et al., 2011). Spectrophoto-
metric measurements were performed at a concentration of 1 mg/mL for 
each sample. Ethanol was used as a blank sample for the measurements. 

2.5.1. Total phenolic content 
The ethanolic extract of M. ilicifolia (EE-Mi) and its organic fractions 

were analyzed for total phenolic content using the Folin-Ciocalteu assay. 
Briefly, 1 mg/mL of each sample was mixed with 10% Folin-Ciocalteu 
and incubated at 25 ◦C for 6 min. Then, 7% sodium carbonate 
(Na2CO3) was added, and samples were further incubated for 2 h at 
25 ◦C in the dark. After incubation, absorbance was measured at 760 nm 
using a microplate reader (Versamax, Molecular Devices, USA). The 
total phenolic content was expressed as mg gallic acid equivalents per 
gram of sample (mg GAE/g), using a standard analytical curve of gallic 
acid. 

2.5.2. Total flavonoid content 
To determine the total flavonoids content in EE-Mi and its organic 

fractions, we incubated them in the dark with a solution of 5% sodium 
nitrite and ultrapure water for 6 min at 25 ◦C. After incubation, we 
added 10% aluminum chloride to the tested samples and incubated them 
for another 6 min at 25 ◦C. The absorbance was measured at 425 nm 
using a microplate reader (Versamax, Molecular Devices, USA). A 
standard analytical curve of quercetin was used to determine the total 
flavonoid content (mg QE/g). 

2.5.3. Condensed tannin content 
To determine the condensed tannin content (mg CE/g) in EE-Mi and 

its organic fractions, we incubated them with 4% vanillin (diluted in 
methanol) and HCl for 15 min at 25 ◦C. After incubation, we measured 
the absorbance at 500 nm using a microplate reader (Versamax, Mo-
lecular Devices, USA). A standard analytical curve constructed with 
catechin was used to determine the condensed tannin content. 

2.6. Antioxidant activity 

To determine the antioxidant capacity of the samples, we performed 
three different assays: ferric reducing antioxidant power (FRAP), 2,2- 
diphenyl-1-picrylhydrazyl (DPPH) antioxidant activity, and oxygen 

radical absorbance capacity (ORAC). We diluted different sample con-
centrations in ethanol for each assay. The FRAP method evaluates the 
sample’s capacity to reduce iron molecules, while the ORAC method 
measures its ability to sequester the peroxyl radical. In the DPPH 
method, the sample is challenged to reduce the DPPH radical to 
hydrazine. 

2.6.1. FRAP assay 
EE-Mi and its organic fractions were mixed with the FRAP reagent 

(composed of 300 mM sodium acetate buffer pH 3.6, 2,4,6-tri-(2-pyr-
idyl)-s-triazide (TPTZ), and 20 mM ferric chloride in a 10:1:1 ratio, 
respectively) and incubated for 6 min at 37 ◦C. After incubation, 
absorbance was measured at 593 nm using a microplate reader (Versa-
max, Molecular Devices, USA). A standard curve for 6-hydroxy-2,5,7,8- 
tetramethylchroman-2-carboxylic acid (Trolox) was constructed. Quer-
cetin was used as a positive control and sodium acetate buffer was used 
as a negative control. The results were expressed as μmol of trolox (eq. 
g−1) (Benzie and Devaki, 2017). 

2.6.2. ORAC assay 
EE-Mi and its organic fractions were incubated with 0.085 mM 

fluorescein and 153 mM of 2,2′-azobis(2-amidinopropane) dihydro-
chloride (AAPH), both reagents were diluted in 75 mM phosphate buffer 
(pH 7.4). Fluorescence was measured at 485 nm excitation and 528 nm 
emission for 90 min at 37 ◦C in a microplate reader (EnSpire, Perki-
nElmer, USA). An analytical standard curve of trolox was constructed to 
measure the antioxidant capacity of the samples in the assay. Phosphate 
buffer was used as a negative control, and quercetin was used as a 
positive control. The results were expressed as μmol of trolox (eq. g−1) 
(Prior et al., 2003). 

2.6.3. DPPH assay 
The DPPH assay was conducted following the method described 

before (Brand-Williams et al., 1995), with modifications (Lima Júnior 
et al., 2021). EE-Mi and its organic fractions were tested at an initial 
concentration of 250 μg/mL, and a serial 10-point dilution was per-
formed to a final concentration of 0.48 μg/mL to estimate the EC50 
value. The samples were incubated with 60 mM DPPH radical (diluted in 
methanol) for 30 min at 37 ◦C in the absence of light. Subsequently, 
absorbance was measured at 517 nm in a microplate reader (Versamax, 
Molecular Devices, USA). The antioxidant activity of the samples was 
calculated using the following equation: DPPH (%) = [(X control − X 
sample)/(X control − X blank)] 100, where “X control” refers to the 
absorbance of DPPH diluted in methanol, “X sample” refers to the 
absorbance of the DPPH + sample set, and “X blank” refers to the 
samples diluted in methanol without the presence of DPPH (methanol +
samples). Methanol was used as a negative control and quercetin was 
used as a positive control. 

2.7. AGEs formation analysis 

The methods for evaluating the ability to inhibit the formation of 
advanced glycation end products (AGEs) were based on methodologies 
described previously (Alqahtani et al., 2021; Wang et al., 2011), with 
some modifications. Initially, EE-Mi and its organic fractions were 
serially diluted in ethanol at a concentration of 625 μg/mL to determine 
the EC50 values. The percentage of glycation inhibition was calculated 
using the following equation: I (%) = (X control − X sample/X control) ×
100, where “X control” represents the fluorescence value obtained in the 
absence of the samples/positive control, “X sample” represents the 
fluorescence value obtained in the presence of the samples/positive 
control, and “X blank” is the fluorescence value obtained in the absence 
of the agent that will promote glycation (fructose or methylglyoxal) and 
of the samples/positive control. In all models, phosphate buffer (200 
mM, pH 7.4) was used to replace the glycation-causing agents, while 
ethanol was used to dilute the samples and served as a negative control. 
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Quercetin was used as a positive control. 

2.7.1. BSA and methylglyoxal (MGO) model 
EE-Mi and its organic fractions were incubated with bovine serum 

albumin (BSA) at a concentration of 50 mg/mL and methylglyoxal 
(MGO) at a concentration of 53.3 mM. The reaction was performed in 
200 mM phosphate buffer (pH 7.4) containing 0.02% sodium azide for 
72 h at 37 ◦C in the absence of light. After the incubation period, a 20% 
trichloroacetic acid (TCA) solution was added to the reaction mixture, 
which was then centrifuged at 10,000×g for 10 min. The supernatant 
was discarded, and the pellet was resuspended in a phosphate buffer. 
The fluorescence intensity of the samples was measured using a micro-
plate reader (EnSpire, PerkinElmer, USA) at an excitation wavelength of 
340 nm and an emission wavelength of 380 nm. Ethanol was used as the 
negative control, and quercetin was used as a positive control. In the 
blank sample, MGO was replaced with phosphate buffer. 

2.7.2. BSA and fructose (FRU) model 
EE-Mi and its organic fractions were incubated with bovine serum 

albumin (BSA) at a concentration of 50 mg/mL and fructose at a con-
centration of 1.25 M in 200 mM phosphate buffer (pH 7.4) containing 
0.02% sodium azide for 72 h at 37 ◦C in the absence of light. After the 
incubation, a 20% trichloroacetic acid (TCA) solution was added to the 
reaction mixture, which was then centrifuged at 10.000×g for 10 min. 
The supernatant was discarded, and the pellet was resuspended in a 
phosphate buffer. The fluorescence intensity of the samples was 
measured using a microplate reader (EnSpire, PerkinElmer, USA) at an 
excitation wavelength of 350 nm and an emission wavelength of 420 
nm. Ethanol was used as the negative control, and quercetin was used as 
a positive control. In the blank sample, fructose was replaced with 
phosphate buffer. 

2.7.3. Arginine (ARG) and methylglyoxal model 
EE-Mi and its organic fractions were incubated with arginine at a 

concentration of 106.6 mM and methylglyoxal (MGO) at a concentration 
of 53.3 mM in 200 mM phosphate buffer (pH 7.4) containing 0.02% 
sodium azide. The reaction was carried out for 72 h at 37 ◦C in the 
absence of light. After the incubation period, the fluorescence intensity 
of the samples was measured using a microplate reader (EnSpire, Per-
kinElmer, USA) at an excitation wavelength of 340 nm and an emission 
wavelength of 380 nm. Ethanol was used as a negative control, and 
quercetin was used as a positive control. In the blank sample, MGO was 
replaced with phosphate buffer. 

2.7.4. Low-density lipoprotein (LDL) and methylglyoxal model 
Human LDL was isolated according to a previously described method 

(Chung et al., 1986). The isolated LDL was incubated with EE-Mi and its 
organic fractions at a concentration of 190 μg/mL, along with one mM 
methylglyoxal (MGO) and phosphate buffer (100 mM, pH 7.4, and 
0.02% azide) for 72 h at 37 ◦C in the absence of light. Fluorescence 
intensity was measured at 340 nm excitation and 380 nm emission using 
a microplate reader (EnSpire, PerkinElmer, USA). Ethanol was used as a 
negative control, and quercetin was used as the positive control. 

2.8. Ex vivo analysis of hepatic tissue 

2.8.1. Liver tissue processing 
Liver tissue analysis was conducted using the induction and tissue 

oxidation methodology with Fe2+-ascorbate (Justino et al., 2019). The 
liver tissue samples were obtained from Wistar rats (6–8 weeks old) at 
the Center for Bioterism and Experimentation of the Federal University 
of Uberlandia (UFU) with official approval from the animal ethics 
committee (Craft No. 7/2022/CEUA/PROPP/REITO-UFU of July 14, 
2022). The animals were anesthetized and euthanized by cervical 
dislocation, and the liver was removed and stored in liquid nitrogen 
before being transported to an ultra-freezer at −70 ◦C until the time of 

the analysis. The liver samples were homogenized in phosphate-buffered 
saline (PBS) at a ratio of 1:10 and centrifuged at 3.000×g for 10 min at 
4 ◦C. The supernatant obtained after centrifugation was incubated for 
60 min at 37 ◦C with 0.1 mM iron sulfate and 0.1 mM ascorbic acid to 
form Fe2+-ascorbate, resulting in oxidized hepatic tissue (OHT). EE-Mi 
and its organic fractions, along with the positive control quercetin, 
were simultaneously added at a concentration of 160 μg/mL, diluted in 
ethanol. A sample containing only PBS was used as a negative control. 

2.8.2. Lipid peroxidation 
Samples were incubated with 10% trichloroacetic acid (TCA) and 

0.67% thiobarbituric acid (TBA) for 2 h in a water bath at 100 ◦C. After 
incubation, 400 μL of butanol was added to extract malondialdehyde 
(MDA), a product of lipid peroxidation. The mixture was then centri-
fuged at 3,000×g for 10 min, and the fluorescence was measured at 532 
nm using an EnSpire spectrophotometer (PerkinElmer, USA). The results 
were expressed as nmol of malondialdehyde per milligram of protein 
(Yagi, 1998). 

2.9. Isolation, oxidation, and peroxidation of low-density lipoprotein 
(LDL) 

2.9.1. Isolation of LDL 
The LDL isolation was performed following the method already 

described (Chung et al., 1986). Blood samples were obtained from 
healthy, non-smoking human volunteers in accordance with the 
approval of the Human Research Ethics Committee of the UNA Uni-
versity Center, located in Uberlandia - Minas Gerais, Brazil (protocol: 
5.671.038; National Health Council Resolution CNS 466/12). The 
samples were collected in vacutainer tubes containing 10% EDTA and 
subsequently centrifuged at 800×g for 10 min at 4 ◦C to isolate the 
plasma. Plasma density was elevated to 1.21 g/mL by adding potassium 
bromide. Aprotinin (5 μL per 1 mL of plasma), benzamidine two mM (5 
μL per 1 mL of plasma), phenylmethylsulfonyl fluoride (PMSF) 0.5 mM 
(0.5 μL per 1 mL of plasma), chloramphenicol 0.25% (0.5 μL per 1 mL of 
plasma), and a solution containing sodium azide 5%, EDTA 8%, and 
chloramphenicol 0.1% (10 μL per 1 mL of plasma) were also added to the 
plasma. LDL was isolated using sequential ultracentrifugation (Sorvall 
WX 90+ ultracentrifuge - ThermoFisher Scientific) at 53.000×g for 2 h 
and 30 min at 4 ◦C. The orange layer corresponding to LDL was collected 
using a syringe and dialyzed in phosphate buffer solution (PBS 1x) at 
4 ◦C and pH 7.4 for 24 h with exchanges every 6 h. After this procedure, 
LDL was stored at 4 ◦C in the absence of light until the analysis. Protein 
quantification was performed using the Bradford method (Bradford, 
1976) with modifications. 

2.9.2. Induction of LDL oxidation and peroxidation 
LDL oxidation was induced using 5 μM copper (II) sulfate, and the 

process was monitored for 2 h with readings taken every 2 min. The goal 
was to determine the intercept of the tangents between the slow and fast 
absorption of conjugated dienes (Gieseg and Esterbauer, 1994) at a 
temperature of 37 ◦C in a microplate at 234 nm using an EnSpire 
spectrophotometer from PerkinElmer, USA. EE-Mi and its organic frac-
tions were evaluated at a concentration of 1 μM, and PBS was used as a 
negative control. After the monitoring period, the samples were taken 
directly from the plate, and the quantification of lipid peroxidation was 
performed using the malondialdehyde method previously described in 
this study. 

2.10. Analysis of enzyme inhibitory capacity 

The α-amylase enzyme inhibition assay utilizes a fraction enriched in 
α-amylase (HAS-f) and 2-chloro-4-nitrophenyl-4-β-D-galactopyr-
anosylmaltoside (GAL-G2-CNP) as a substrate (Da Silva Santos et al., 
2012) with modifications. The inhibitory activity of the enzymes 
butyrylcholinesterase (BChE) and acetylcholinesterase (AChE) was 
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determined using methods already described (Ellman et al., 1961; 
Marston et al., 2002; Rhee et al., 2001). To calculate the inhibition 
percentages, the following formula was used: I (%) = (X control − X 
sample/X control) × 100. Here, “X control” represents the area under the 
curve calculated using the absorbance measurement obtained in the 
absence of the compounds, whereas “X sample” represents the area 
under the curve calculated using the absorbance measurement obtained 
in the presence of the ethanolic extract, organic fractions, and positive 
controls. 

2.10.1. Inhibition of α-amylase 
Saliva was collected from healthy human volunteers. The collected 

samples were then dialyzed and fractionated using Q-Sepharose ion 
exchange chromatography to obtain an α-amylase enriched fraction 
(Navazesh, 1993). This fraction was then diluted in 50 mM MES 
(2-tanesulfonic acid) buffer at pH 6.4, which was prepared using 300 
mM sodium chloride (NaCl), five mM calcium chloride (CaCl2), and 140 
mM potassium thiocyanate (KSCN) in ultrapure water. The α-amylase 
enriched fraction was incubated with the samples diluted in ethanol for 
30 min at 37 ◦C. After that, 2-chloro-4-ni-
trophenyl-4-β-D-galactopyranosylmaltoside (GalG2CNP) was added, 
and the absorbance of the samples was measured at 405 nm for 3 min at 
1-min intervals using a Versamax spectrophotometer (Molecular De-
vices, USA). Ethanol was used as the negative control, and acarbose was 
used as the positive control. 

2.10.2. Inhibition of butyrylcholinesterase and acetylcholinesterase 
Three different buffers were prepared: buffer A (50 mM Tris-HCl at 

pH 8), buffer B (50 mM Tris-HCl containing 0.1% bovine serum albu-
min), and buffer C (50 mM Tris-HCl containing 0.1 M NaCl and 0.02 M 
MgCl2⋅6H2O). The substrates butyrylcholine and acetylthiocholine (3 
mM) were diluted in water, and 5,5′-dithio-bis-[2-nitrobenzoic acid] 
(DTNB) (3 mM) was diluted in buffer C. The samples to be tested were 
diluted in buffer A. To perform the assay, the following reagents were 
added: substrate, buffer B, DTNB, EE-Mi, and its organic fractions 
diluted in buffer A. The enzymes acetylcholinesterase or butyr-
ylcholinesterase at 0.2 U/mL were then added to initiate the reaction, 
and the absorbance was measured at 405 nm every 30 s for 20 min at 
30 ◦C using a microplate reader (Versamax, Molecular Devices, USA). 
The percentage inhibition was calculated using the following equation: I 
(%) = (X blank − X sample/X blank) × 100, where “X blank” represents 
the reading obtained without the sample or positive control (10% 
ethanol, the same solvent used for diluting the samples, in buffer A), and 
“X sample” represents the reading obtained in the presence of the sample 
or positive control. The positive controls were galantamine and 
rivastigmine. 

2.11. In vitro cytotoxicity of extracts toward RAW 264.7 macrophages 

RAW 264.7 macrophages (ATCC TIB-71) were obtained from the 
American Type Culture Collection (ATCC). To determine the cytotoxicity 
concentration (CC50) of the substances against RAW 264.7 macro-
phages, it was employed the 3-(4,5-dimethylthiazol-2-yl)-2,5 diphe-
nyltetrazolium bromide (MTT) assay (Mosmann, 1983). For the assay, 
RAW 264.7 cells were seeded in 96-well flat-bottom plates (3 × 104 
cells/well and 5 × 104 cells/well, respectively) and incubated at 37 ◦C 
and 5% CO2 until they fully adhered. After incubation, the wells were 
emptied, and EE-Mi and organic fractions diluted in complete RPMI 
were added at concentrations of 1000, 500, 100, and 10 μg/mL. The 
cells were then exposed to the extracts for 24 h at 37 ◦C and 5% CO2. 
Next, the wells were emptied again, and an MTT solution (50 μg/well) 
was added. The plates were incubated for an additional 4 h at 37 ◦C and 
5% CO2. Subsequently, DMSO was added to solubilize the formazan 
crystals produced, and the plates were read on a spectrophotometer 
(570 nm emission, on Spectramax M2). Each experiment was repeated 
three times, and the optical density (OD) was obtained by subtracting 

the average OD value of the wells containing only cells incubated with 
complete medium (considered 100% viability) from the mean value of 
the sample readings performed in triplicate. 

2.12. Analysis of antimicrobial activity 

The minimum inhibitory concentration (MIC) was determined in 
triplicate using the methodology recommended by the Clinical and 
Laboratory Standards Institute (CLSI) in 2007 and 2012. EE-Mi and 
organic fractions were prepared by solubilizing them in 5% dimethyl 
sulfoxide (DMSO) and diluting them in Brain Heart Infusion broth (BHI) 
for aerobic bacteria and in Schaedler broth supplemented with hemin (5 
mg/mL) and menadione (1 mg/mL) for anaerobic bacteria. Twelve 
concentrations (0.195–400 μg/mL) of the samples were tested. The 
pathogenic bacterial strains “Staphylococcus aureus ATCC 29213”, 
“Staphylococcus epidermidis ATCC 1228”, “Pseudomonas aeruginosa ATCC 
27853”, and “Burkholderia cepacian ATCC 25416” were obtained from 
the American Type Culture Collection (ATCC) and standardized at a 
concentration of 5 × 105 colonies per unit (CFU/mL) for aerobic bacteria 
and 1 × 106 for anaerobic bacteria. These bacteria were part of the 
Antimicrobial Laboratory Testing collection at the University of Uber-
landia and were cryopreserved at −20 ◦C until use. To check the toxicity 
of the medium, 5% DMSO and the tested microorganisms were incu-
bated separately, and bacterial growth was observed at this concentra-
tion. After this step, the plates containing anaerobic microorganisms 
were incubated at 37 ◦C for 72 h in an anaerobic oven with a gas mixture 
of 5–10% H2, 10% CO2, and 80–85% N2 (Don Whitley Scientific, 
Bradford, UK), while the aerobic bacteria were incubated at 37 ◦C for 24 
h under standard aerobic conditions. Following incubation, 30 μL of 
0.02% aqueous solution of resazurin was added to each well. Resazurin 
is an oxy-reducing compound that allows bacterial growth to be 
immediately analyzed. Non-proliferating bacteria are indicated by the 
blue color, while the pink color represented bacterial growth (Sarker 
et al., 2007). Each experiment was performed in triplicate, and the MIC 
was the lowest concentration of the sample that inhibited bacterial 
growth. 

2.13. Statistical analysis 

The results are expressed as the mean ± standard deviation, except 
for the EC50 calculation, where the mean ± standard error was used. 
Analysis of variance between groups was performed using one-way 
ANOVA with Tukey’s post-test for multiple comparisons. A p-value 
less than 0.05 (p < 0.05) was considered significant. Statistical analysis 
and graph plotting were performed using GraphPad Prism 8.0 software. 

3. Results 

3.1. Fractionation yield 

A total of 800 g of shredded leaves were used to obtain 32 g of 
ethanolic extract of M. ilicifolia (yield: 4%). To obtain the organic frac-
tions, 4 g of EE-Mi were used, and the yields of each fraction were: HF- 
Mi (3.17%), DMF-Mi (19.12%), EAF-Mi (37.12%), BF-Mi (26.75%), and 
HMF-Mi (11.92%). Additional information on the fractions can be found 
in the Supplementary Material. 

3.2. HPLC-ESI-MS/MS analysis of the organic fraction ethyl acetate and 
n-butanol of M. ilicifolia leaves 

To identify the compounds present in the organic fraction ethyl ac-
etate (EAF-Mi) and n-butanol (BF-Mi) of M. ilicifolia, HPLC-ESI-MS/MS 
analyses were conducted. MS/MS spectra were analyzed, considering 
the retention times, error values, fragmentation patterns, sequential 
mass spectra, and literature information. Based on this analysis, we 
propose the compounds listed in Table 1. 
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Table 1 
Compounds identified in EAF-Mi and BF-Mi fractions of M. ilicifolia leaves extract by HPLC-ESI-MS/MS in negative ionization mode.  

tR 
(min) 

[M – H]– Exact 
Mass 

Error 
(ppm) 

Fragment ions (m/z) MS/MS Molecular 
formula 

Suggested compound Sample Reference 

0.76 181.0721 181.718 1.66 15 eV: 163, 101, 89, 71, 59, 
55 

C6H14O6 Sorbitol BF-Mi Lima et al. (2022) 

0.83 133.0143 133.0142 0.75 10 eV: 115, 71 C4H6O5 malic acid BF-Mi, 
EAF-Mi 

(Gómez-Romero et al., 2010;  
Fraternale et al., 2015) 

1.43 849.2045 849.2036 1.06 25 eV: 831, 723, 697, 679, 
577, 559, 425, 407, 397, 
289, 287, 125 

C45H38O17 (epi)afz-(epi)cat-(epi)cat I BF-Mi, 
EAF-Mi 

(Gu et al., 2003; Ge et al., 2016;  
Olivaro et al., 2022) 

1.98 315.0727 315.0722 1.59 25 eV: 153, 152, 109, 108 C13H16O9 protocatechuic acid 
hexoside 

BF-Mi Abu-Reidah et al. (2015a) 

2.02 305.0669 305.0667 0.66 20 eV: 261, 219, 167, 165, 
137, 125 

C15H14O7 (epi)gallocatechin BF-Mi, 
EAF-Mi 

(de Moura Martins et al., 2020; de 
Moura et al., 2021; Olivaro et al., 
2022) 

2.03 833.2085 833.2087 −0.24 30 eV: 561, 543, 407, 289, 
273, 125 

C45H38O16 (epi)afz-(epi)afz-(epi)cat I BF-Mi, 
EAF-Mi 

(Gu et al., 2003; de Souza et al., 
2008; Olivaro et al., 2022) 

2.60 593.1309 593.1301 1.35 20 eV: 575, 467, 441, 423, 
407, 305, 289, 273, 177, 125 

C30H26O13 (epi)cat-(epi)gal BF-Mi, 
EAF-Mi 

(Ge et al., 2016; Olivaro et al., 
2022) 

2.95 577.1355 577.1351 0.69 25 eV: 559, 451, 425, 407, 
289, 245, 161, 125 

C30H26O12 (epi)cat-(epi)cat BF-Mi, 
EAF-Mi 

(de Souza et al., 2008; Sobeh et al., 
2018; Olivaro et al., 2022) 

3.15 849.2044 849.2036 0.94 25 eV: 723, 697, 679, 577, 
561, 559, 543, 407, 289, 
271, 125 

C45H38O17 (epi)afz-(epi)cat-(epi)cat II EAF-Mi (Gu et al., 2003; Ge et al., 2016;  
Olivaro et al., 2022) 

865.1985 865.1985 0.0 25 eV: 847, 739, 713, 695, 
577, 575, 451, 425, 305, 
287, 245, 125 

C45H38O18 (epi)cat-(epi)cat-(epi)cat ou 
(epi)afz-(epi)cat-(epi)gal 

EAF-Mi Olivaro et al. (2022) 

331 305.0670 305.0667 0.98 20 eV: 287, 261, 219, 179, 
167, 165, 137, 135, 125 

C15H14O7 (epi)gallocatechin BF-Mi, 
EAF-Mi 

(de Moura Martins et al., 2020; de 
Moura et al., 2021; Olivaro et al., 
2022) 

289.0719 289.0718 0.35 20 eV: 271, 245, 203, 151, 
137, 125, 123, 109 

C15H14O6 (epi)catechin BF-Mi, 
EAF-Mi 

(do Nascimento et al., 2020; de 
Moura et al., 2021; Olivaro et al., 
2022) 

3.51 561.1410 561.1402 1.43 20 eV: 435, 407, 289, 271, 
245, 125 

C30H26O11 (epi)afz-(epi)cat I BF-Mi, 
EAF-Mi 

(de Souza et al., 2008; Ge et al., 
2016; Olivaro et al., 2022) 

3.56 833.2099 833.2087 1.44 25 eV: 707, 561, 543, 289, 
271, 125 

C45H37O16 (epi)afz-(epi)afz-(epi)cat II EAF-Mi (de Souza et al., 2008; Ge et al., 
2016; Olivaro et al., 2022) 

3.70 577.1351 577.1351 2.08 20 eV: 451, 425, 407, 289, 
245, 161, 125 

C30H25O12 (epi)cat-(epi)cat BF-Mi, 
EAF-Mi 

(Sobeh et al., 2018; Olivaro et al., 
2022) 

4.30 289.0723 289.0718 1.73 20 eV: 271, 245, 203, 151, 
137, 125, 123, 109 

C15H14O6 (epi)catechin BF-Mi, 
EAF-Mi 

(do Nascimento et al., 2020; de 
Moura et al., 2021; Olivaro et al., 
2022) 

4.48 849.2044 849.2036 0.94 25 eV: 723, 697, 679, 559, 
433, 425, 407, 289, 271, 125 

C45H37O17 (epi)afz-(epi)cat-(epi)cat III BF-Mi, 
EAF-Mi 

(Gu et al., 2003; Ge et al., 2016;  
Olivaro et al., 2022) 

4.50 545.1477 545.1453 4.40 20 eV: 419, 273, 164, 125 C30H25O10 (epi)afz-(epi)afz EAF-Mi (Ge et al., 2016; Costa Silva et al., 
2019) 

4.66 833.2081 833.2087 −0.72 25 eV: 707, 561, 543, 435, 
289, 271, 125 

C45H37O16 (epi)afz-(epi)afz-(epi)cat III BF-Mi, 
EAF-Mi 

(de Souza et al., 2008; Ge et al., 
2016; Olivaro et al., 2022) 

4.85 273.0772 273.0768 1.46 15 eV: 255, 229, 205, 187, 
169, 151, 137, 125, 109, 87 

C15H13O5 afzelechin EAF-Mi Costa Silva et al. (2019) 

5.25 755.2034 755.2040 −0.79 30 eV: 301, 300 C33H40O20 quercetin rhamnosyl- 
rutinoside 

BF-Mi, 
EAF-Mi 

(de Moura et al., 2021; Olivaro 
et al., 2022) 

5.30 609.1474 609.1461 2.13 30 eV: 343, 300, 271, 178 C27H30O16 quercetin robinoside I BF-Mi, 
EAF-Mi 

(de Souza et al., 2008; Sakna et al., 
2019; Olivaro et al., 2022) 

5.61 561.1409 561.1402 2.85 20 eV: 435, 407, 289, 271, 
245, 125 

C30H26O11 (epi)afz-(epi)cat II EAF-Mi (de Souza et al., 2008; Ge et al., 
2016; Olivaro et al., 2022) 

566 739.2094 739.2091 0.41 20 eV: 593, 575, 285, 284, 
257, 255 

C33H39O19 kaempferol dirhamnosyl- 
hexoside 

BF-Mi, 
EAF-Mi 

Sakna et al. (2019) 

5.73 593.1527 593.1512 2.53 30 eV: 327, 285, 284, 255, 
178 

C27H30O15 kaempferol robinoside BF-Mi, 
EAF-Mi 

(de Souza et al., 2008; Sakna et al., 
2019) 

6.02 609.1477 609.1461 2.63 30 eV: 301, 300, 271, 178 C27H30O16 quercetin robinoside II BF-Mi (de Souza et al., 2008; Sakna et al., 
2019; Olivaro et al., 2022) 

6.04 463.0890 463.0882 1.72 30 eV: 301, 271, 255, 179, 
151, 121 

C21H20O12 quercetin hexoside BF-Mi, 
EAF-Mi 

(de Souza et al., 2008; Sakna et al., 
2019; Olivaro et al., 2022) 

833.2083 833.2087 −0.48 25 eV: 707, 561, 543, 435, 
289, 271, 125 

C45H38O16 (epi)afz-(epi)afz-(epi)cat IV EAF-Mi (de Souza et al., 2008; Ge et al., 
2016; Olivaro et al., 2022) 

6.34 447.0949 447.0933 3.58 30 eV: 327, 284, 285, 255, 
227, 151 

C21H20O11 kaempferol hexoside or 
luteolin hexoside 

EAF-Mi (Abu-Reidah et al., 2015b; de 
Moura et al., 2021) 

6.43 563.1414 563.1406 1.42 30 eV: 285, 284, 255, 227, 
179 

C26H27O14 kaempferol rhamnosyl- 
hexoside 

BF-Mi, 
EAF-Mi 

Hamed et al. (2016) 

The numbers in bold indicate the base peak. Note: BF-Mi: n-butanol fraction; EAF-Mi: ethyl acetate fraction; cat: catechin, afz: afzelechin, gal: gallocatechin. ahttps 
://mona.fiehnlab.ucdavis.edu/spectra/display/CCMSLIB00000845599. 
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3.3. Phytochemical prospections - total phenols, flavonoids, and 
condensed tannins 

The fractions with the lowest reference values (mg of GAE/g) in total 
phenols content were HMF-Mi (50.71 ± 38.87) and DMF-Mi (72.87 ±
13.09), while the other fractions showed values above 100 mg GAE/g. 
EAF-Mi (656.52 ± 32.19) and BF-Mi (439.38 ± 34.72) were the frac-
tions with the highest reference values (mg QE/g) in flavonoid content, 
and the fraction with the lowest value was HMF-Mi (60.61 ± 6.14). In 
the condensed tannin analysis, the fractions with the highest reference 
values (mg CE/g) were again EAF-Mi (2676.38 ± 182.42) and BF-Mi 
(1014.86 ± 61.47), while the fractions with the lowest values were 
HMF-Mi (67.02 ± 1.98) and DMF-Mi (152.55 ± 3.96). Additional de-
tails can be found in the Supplementary Material. 

3.4. Antioxidant property of M. ilicifolia leaves extract and its fractions 

The antioxidant results are presented in Fig. 1. In the evaluation of 
total antioxidant capacity using the FRAP method (Fig. 1A), EAF-Mi 
exhibited the highest values, reaching levels similar to the reference 
molecule quercetin (954 ± 51.43 and 987.8 ± 10.15 μmol Trolox eq.eg- 
1, respectively). When comparing the extract and other fractions of 
M. ilicifolia, they showed decreasing antioxidant capacity in the 
following order: BF-Mi (752), EE-Mi (671), HF-Mi (524.6), DMF-Mi 
(512), and HMF-Mi (174), with values ranging from 752 to 174 μmol 
Trolox eq.eg−1. In addition, all fractions showed values higher than 
quercetin (2279 ± 18.45 μmol Trolox eq.eg−1) in the ORAC method 

(Fig. 1B) against the oxidation of the peroxyl radical but without sta-
tistical significance. EAF-Mi had the highest gross value (2510 ± 67.98). 
In the DPPH assay (Fig. 1C), quercetin and the samples EAF-Mi and EE- 
Mi exhibited the lowest EC50 values (0.36 ± 0.13; 2.42 ± 0.57; 5.66 ±
1.2, respectively). The other fractions exhibited higher EC50 values and 
were statistically different from quercetin. 

3.5. M. ilicifolia leaves extract and its fractions decrease protein glycation 
and AGEs productions 

The measurement of antiglycation activity assesses the ability of 
both reference molecules, such as quercetin, and molecules present in 
the ethanolic extract of M. ilicifolia leaves and its organic fractions to 
inhibit the glycation of proteins (albumin and LDL) and the amino acid 
arginine by methylglyoxal (MGO) or fructose models. The inhibition 
results were presented in Fig. 2 as percent values of antiglycation ac-
tivity and EC50 values. In the BSA/FRU model (Fig. 2A), the samples that 
demonstrated better antiglycation activity against fructose were BF-Mi 
(18.26 ± 2.04 μg/mL) and HMF-Mi (43.82 ± 13.72 μg/mL). In 
contrast, quercetin showed a much lower value (1.62 ± 0.60 μg/mL), 
and DMF-Mi and EAF-Mi fractions did not show sufficient antiglycation 
activity. In the BSA/MGO model (Fig. 2B), all samples showed lower 
antiglycation activities compared to the positive control, quercetin. The 
EC50 values for quercetin (43.3 ± 4.8) were at least four times lower 
than those of the fractions. Among the fractions, the best EC50 values 
were EAF-Mi (166.1 ± 25.95 μg/mL) and HF-Mi (355.2 ± 57.28 μg/ 
mL), while the hydromethanolic residual fraction did not show activity. 

Fig. 1. Analysis of antioxidant capacity of M. ilicifolia ethanolic extract and organic fractions using FRAP (A), ORAC (B), and DPPH (C) methods. The data is 
presented as mean values with standard deviation (±) expressed as μmol of trolox equivalents per gram (eq. g−1) for FRAP and ORAC assays and as a percentage of 
antioxidant capacity for DPPH assay. The EC50 values are presented as the mean and standard error of the mean (±). The concentration of 285 μg/mL and 100 μg/mL 
were used for FRAP and ORAC assays, respectively, while for the DPPH assay, a serial dilution starting at 250 μg/mL was made. Note: EE-Mi: ethanolic extract, HF- 
Mi: hexane fraction, DMF-Mi: dichloromethane fraction, EAF-Mi: ethyl acetate fraction, BF-Mi: n-butanol fraction, HMF-Mi: aqueous fraction. Quercetin was used as a 
positive control. Different letters indicate statistical significance (p < 0.05). 
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In the ARG/MGO model (Fig. 2C), EAF-Mi (218.6 ± 35.87 μg/mL) and 
DMF-Mi (416.8 ± 165.9 μg/mL) obtained the lower EC50. The other 
fractions obtained similar values, and HMF-Mi did not show significant 
results. Quercetin in this ARG/MGO model presented significantly lower 
values (35.83 ± 3.22 μg/mL). 

To investigate the potential of M. ilicifolia samples on human LDL, 
the antiglycation activity was extended to the LDL/MGO model. The 
results are presented as the percentage of glycation inhibition activity 
(Fig. 2D). The EAF-Mi sample (99.91 ± 0.12%) showed the best 
response and was statistically similar to quercetin. The other fractions 
also exhibited inhibitory activity, with inhibition capacity ranging be-
tween 85.71% and 68% for EE-Mi, HF-Mi, and BF-Mi, respectively. The 
DMF-Mi fraction had an inhibition capacity of less than 50%. The re-
sidual HMF-Mi fraction did not show any inhibitory activity on LDL 
glycation. 

3.6. M. ilicifolia leaves extract and its fractions prevent lipid peroxidation 
and production of ROS in hepatic tissue 

The hepatic tissue underwent oxidation and lipid peroxidation 
(OHT) induced by in vitro incubation with Fe2+-ascorbate, as indicated 
by the dosage of malondialdehyde expressed as nmol of MDA/mg of 
proteins by the thiobarbituric acid reactive substance (TBARs) method 
(Fig. 3). The value obtained (0.36 ± 0.011) was significantly higher than 
that obtained when the supernatant was incubated with PBS alone (0.09 
± 0.03). However, when the liver supernatant exposed to the oxidation 
inducer was simultaneously incubated with quercetin or M. ilicifolia 
samples, the ascending order of protection was as follows: quercetin 
(0.09 ± 0.03), BF-Mi (0.09 ± 0.008), EAF-Mi (0.10), EE-Mi (0.11 ±
0.005), and HMF-Mi (0.17 ± 0.002). The DMF-Mi fraction (0.26 ±

0.008) was not very effective in this protection. HF-Mi (0.39 ± 0.024) 
induced an oxidative state equivalent to Fe2+-ascorbate. 

3.7. M. ilicifolia leaves extract and its fractions inhibit oxidation and lipid 
peroxidation of LDL 

To investigate in vitro LDL oxidation, copper ion incubation was used, 
and the LDL oxidation status was inhibited with quercetin, and 
M. ilicifolia samples (Fig. 4A). The level of lipid peroxidation of LDL 
induced by the oxidative state in the presence of copper ions was also 
determined (Fig. 4B). The crude ethanolic extract EE-Mi showed the 
greatest inhibition potential (expressed as area under the curve, AUC) 
(0.76 ± 0.38), followed by the organic fractions HF-Mi (1.50 ± 0.34) 
and BF-Mi (2.35 ± 0.58), which were all statistically similar to non- 
oxidized LDL (1.30 ± 0.002) (Fig. 4A). The inhibitory effect was more 
pronounced in the quantification of MDA resulting from LDL oxidation 
(Fig. 4B), where quercetin and all M. ilicifolia samples were able to 
inhibit 100% of lipid peroxidation. The oxidized LDL obtained a value of 
0.52 ± 0.02 μmol MDA/mg protein. 

3.8. M. ilicifolia leaves extract and its organic fractions inhibit α-amylase, 
butyrylcholinesterase, and acetylcholinesterase 

The α-amylase inhibitory activity of M. ilicifolia samples was evalu-
ated, and acarbose was used as a positive control in the inhibition assay. 
The samples underwent a 10-point serial dilution, starting at 250 μg/mL. 
The results of α-amylase inhibition by M. ilicifolia are presented in 
Fig. 5A. The EC50 values (μg/mL) were statistically similar for acarbose 
(0.144 ± 0.03), EAF-Mi (2.42 ± 0.57), and BF-Mi (7.95 ± 2.52). How-
ever, the EC50 for EE-Mi was higher and significantly different from the 
others (23.83 ± 6.94). HF-Mi, DMF-Mi, and HMF-Mi did not show any 
inhibitory activity on α-amylase. 

Acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) en-
zymes were incubated with drugs that inhibit their activity and 
M. ilicfolia samples (550 μg/mL). The percentage inhibition results are 
shown in Fig. 5B and C. The DMF-Mi (56.84%) and EAF-Mi (52.18%) 
fractions showed inhibitory activity on BuChE with values significantly 
similar to galanthamine and rivastigmine controls, which inhibited 
BuChE above 80%. The other fractions showed results below 50% in-
hibition. In contrast, AChE inhibition was below 50% in all samples. The 
organic fractions that inhibited AChE close to 50% were EAF-Mi 
(49.49%) and BF-Mi (44.77%). As expected, galantamine was very 
efficient in inhibiting AChE, whereas rivastigmine exhibited lower 
inhibitory activity than all samples. 

3.9. Analysis of the cellular viability of M. ilicifolia ethanolic extract and 
its organic fractions 

The effects of EE-Mi and its organic fractions on cellular viability 
were tested in vitro using murine RAW 264.7 macrophages. All samples 
of M. ilicifolia at a dose of 10 μg/mL induced low cytotoxicity in murine 
RAW 264.7 macrophages, presenting the following values: EE-Mi 
(88.36%), HF-Mi (73.57.07%), DMF-Mi (96.60%), EAF-Mi (100%), 
BF-Mi (100%), and HMF-Mi (100%). At 100 μg/mL, DMF-Mi caused 
high toxicity (15.40%) in macrophages, while the other samples (EE-Mi, 
HF-Mi, EAF-Mi, BF-Mi, and HMF-Mi) were able to maintain cell 
viability. However, at concentrations of 500 and 1000 μg/mL, murine 
RAW 264.7 macrophages showed high toxicity, and cell viability did not 

Fig. 2. Analysis of the glycation inhibition capacity of fructose (FRU) or methylglyoxal (MGO) in the target models of bovine serum albumin (BSA), low-density 
lipoprotein (LDL), and the amino acid arginine (ARG) by quercetin and the ethanolic extract of M. ilicifolia and its organic fractions. The EC50 values of BSA/ 
Fructose (A), BSA/MGO (B), BSA/ARG (C), and LDL/MGO (D) models are expressed as mean and standard error (±). A serial dilution starting at 600 μg/mL was made 
for BSA/Fructose, BSA/MGO, and BSA/ARG models, while the LDL/MGO model was tested with a concentration of 100 μg/mL. Quercetin was used as a positive 
control in all models. N.A: No activity. Note: EE-Mi: ethanolic extract, HF-Mi: hexane fraction, DMF-Mi: dichloromethane fraction, EAF-Mi: ethyl acetate fraction, BF- 
Mi: n-butanol fraction, HMF-Mi: aqueous fraction. Different letters indicate statistical significance (p < 0.05). 

Fig. 3. Analysis of lipid peroxidation (MDA content) in healthy rat liver su-
pernatant challenged in vitro with Fe2+-ascorbate (oxidized hepatic tissue - 
OHT) and co-treated with the ethanolic extract and organic fractions of 
M. ilicifolia (50 μg/mL). The mean and standard deviation (±) values are 
expressed as nmol MDA/mg protein. Note: EE-Mi: ethanolic extract, HF-Mi: 
hexane fraction, DMF-Mi: dichloromethane fraction, EAF-Mi: ethyl acetate 
fraction, BF-Mi: n-butanol fraction, HMF-Mi: aqueous fraction. Quercetin (50 
μg/mL) was used as a positive control. Different letters indicate statistical sig-
nificance (p < 0.05). 
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exceed 30%. The calculated cytotoxic concentrations (CC50) for EE-Mi 
(242.66), DMF-Mi (407.93), BF-Mi (366), EAF-Mi (371.85), HF-Mi 
(241.75), and HMF-Mi (365.84). Details can be found in the Supple-
mentary Material. 

3.10. Analysis of the antimicrobial activity of M. ilicifolia ethanolic 
extract and its organic fractions 

Although all tested samples did not show significant results against 
aerobic skin bacteria, including Staphylococcus aureus ATCC 29213, 
Staphylococcus epidermidis ATCC 1228, Pseudomonas aeruginosa ATCC 
27853, and Burkholderia cepacia ATCC 25416, EAF-Mi showed the 

Fig. 4. In vitro analysis of human low-density lipoprotein (LDL) exposed to Cu2+ oxidation and co-treated with quercetin, the ethanolic extract, and the organic 
fractions of M. ilicifolia. LDL oxidation was measured as AUC (area under the curve) (A), and lipid peroxidation was measured as MDA content (B). Mean and standard 
deviation (±) values are expressed as AUC and μmol MDA/mg protein, respectively. All samples were tested at a concentration of 1 μg/mL. Note: EE-Mi: ethanolic 
extract, FH-Mi: hexane fraction, FDM-Mi: dichloromethane fraction, FAE-Mi: ethyl acetate fraction, FB-Mi: n-butanol fraction, FHM-Mi: aqueous fraction. LDLox: 
oxidized low-density lipoprotein. Quercetin was used as a positive control. Different letters indicate statistical significance (p < 0.05). 

Fig. 5. Inhibition activities of α-amylase (A), butyrylcholinesterase (B), and acetylcholinesterase (C) by the ethanolic extract and organic fractions of M. ilicifolia. The 
EC50 values are expressed as the mean and standard error of the mean (±). For all samples, the butyrylcholinesterase and acetylcholinesterase assays used a con-
centration of 550 μg/mL, while a serial dilution starting at 25 μg/mL was used for α-amylase. Note: EE-Mi: ethanolic extract, HF-Mi: hexane fraction, DMF-Mi: 
dichloromethane fraction, EAF-Mi: ethyl acetate fraction, BF-Mi: n-butanol fraction, HMF-Mi: aqueous fraction. Acarbose, galantamine, and rivastigmine were 
used as positive controls. N.A: No activity. Different letters indicate statistical significance (p < 0.05). 
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highest inhibition value (62.5 μg/mL) against Burkholderia cepacia ATCC 
25416 (details can be found in the Supplementary Material). 

4. Discussion 

Bioactive molecules extracted from natural compounds with thera-
peutic potential have become an increasingly popular alternative for the 
treatment of various pathologies in recent years (Harvey et al., 2015). 
Maytenus ilicifolia leaves have been used in traditional medicine to treat 
gastritis, ulcers, and other gastric disorders (de Carvalho Meirelles et al., 
2022). In this study, Our aim was to characterize the ethanolic extract of 
Maytenus ilicifolia leaves, as well as its organic fractions obtained by 
liquid-liquid partitioning, in terms of their in vitro antioxidant and 
anti-glycation activities, their capacity to inhibit lipid peroxidation in 
rat hepatic tissue and human LDL, their potential to inhibit enzyme 
activity, antimicrobial activity, and cell viability. Additionally, the 
molecules extracted from the organic solvents ethyl acetate and 
n-butanol were elucidated through HPLC-ESI-MS/MS analysis. The total 
phenols, polyphenols, and tannins in the ethanolic extract of M. ilicifolia 
and its organic fractions support their antioxidant potential and their 
capacity to inhibit human LDL oxidation and lipid peroxidation, as well 
as inhibit lipid peroxidation in rat hepatic tissue. Kaempferol, quercetin, 
and derivatives of catechin are molecules with high antioxidant capacity 
(Xu et al., 2019; Ahmadi et al., 2020; Lima Júnior et al., 2021; Simun-
kova et al., 2021) that were found in the EAF-Mi and BF-Mi organic 
fractions. This may explain the protective effect of these fractions 
against the glycation of human LDL. 

In this study, three methods were used to assess the total antioxidant 
activity of the samples. Each method elucidated a different antioxidation 
pathway. The FRAP assay was used to determine the sample’s ability to 
chelate metal ions through electron donation, while the DPPH assay was 
used to evaluate the sample’s radical scavenging ability. The ORAC 
assay was used to assess the sample’s ability to reduce hydrogen mole-
cules (Fig. 1A/B/C). The results showed that all the samples, except for 
HMF-Mi in the FRAP assay, had antioxidant capacity. This capacity was 
attributed to the active compounds found in the samples that can 
scavenge free radicals, reduce hydrogen molecules, and act as electron 
donors (Grzesik et al., 2018; Xu et al., 2019). Previous studies have 
already shown that the antioxidant capacity of M. ilicifolia is propor-
tional to its total polyphenol content (Pessuto et al., 2009). Moreover, 
the highest amount of total phenols was observed in EAF-Mi and BF-Mi, 
as identified through phytochemical prospection. This finding may 
explain the higher antioxidant capacity of these fractions compared to 
the others. 

The oxidation of LDL can be initiated by oxidative stress, which may 
cause complications in the body and even lead to the onset of athero-
sclerosis in the long term (Niki, 2018). The present study highlights the 
significant potential of M. ilicifolia in protecting LDL from oxidation. It 
has been shown that polyphenols, such as quercetin and catechin, can 
interact with the surface of LDL through sites containing fatty acids or 
sugar residues, thereby shielding these structures from free radical 
attack. Additionally, these molecules can protect LDL from oxidation by 
scavenging free radicals and chelating transition metal ions (Grzesik 
et al., 2018; Xu et al., 2019). 

The ethanolic extract and fractions of M. ilicifolia, at a concentration 
as low as 1 μg/mL, inhibit 100% of lipid peroxidation induced by LDL 
oxidation. M. ilicifolia contains molecules that can inhibit the lipid 
peroxidation process by interacting with the metal ion Cu2+, which is 
used in the experiment to induce LDL oxidation (Kaurinovic and Vastag, 
2019). Additionally, these molecules can interact directly with the hy-
drophobic portion of membrane lipids, thereby protecting them from 
oxidation and maintaining membrane integrity, or they can donate an 
electron to stabilize a free radical present in the medium (Ciumărnean 
et al., 2020). In the malondialdehyde quantification test in liver tissue, 
EE-Mi, EAF-Mi, and BF-Mi showed a high capacity to reduce lipid per-
oxidation. The presence of antioxidant compounds can decrease the 

process of lipid peroxidation by controlling the production of reactive 
oxygen species (Gaschler and Stockwell, 2017). A previous showed that 
the ethanolic extract and organic fractions of Annona muricata were able 
to inhibit lipid peroxidation due to the high concentration of glycosy-
lated derivatives of quercetin, kaempferol, and catechin, which are the 
same molecules found in the most active fractions in this study, EAF-Mi 
and BF-Mi (Justino et al., 2018). Furthermore, LDL oxidation is associ-
ated with LDL glycation, which can lead to an increase in vascular 
dysfunction (Younis et al., 2008; Chen et al., 2010). 

Advanced glycation end products (AGEs) result from a non- 
enzymatic reaction between reducing sugars and amino acids, and 
various factors such as high blood glucose levels, diet, and smoking 
habits can increase their production. The accumulation of AGEs can 
modify various biological structures, such as long-lived proteins, 
including bovine serum albumin (Singh et al., 2001; Muraoka et al., 
2022). In vitro methods have been developed to evaluate the anti-
glycation ability of a given compound. In the present study, it was 
observed that EAF-Mi exhibited the strongest inhibitory activity against 
BSA and arginine glycation induced by methylglyoxal, with the lowest 
EC50 value among the other fractions. Additionally, BF-Mi demonstrated 
satisfactory glycation inhibition activity, particularly in the BSA/FRU 
model. 

A previous study has shown that AGEs formation can be prevented by 
compounds with antioxidant and metal ion chelating properties (Xie and 
Chen, 2013). Molecules possessing these properties were found in both 
EAF-Mi and BF-Mi, suggesting that these fractions act against the gly-
cation process. Catechins and proanthocyanidins have the ability to 
inhibit the binding of amino groups, reactive carbonyl compounds, and 
the auto-oxidation of sugars, thus blocking the formation of Schiff bases 
(Perez Gutierrez and Velazquez, 2020). Preventing the formation of 
AGEs helps to maintain the integrity of biological structures and reduces 
the binding of AGE-RAGE, thereby contributing to a decrease in oxida-
tive stress (Singh et al., 2001). 

Plants with therapeutic potential have become a complementary 
treatment for various diseases, including type 2 diabetes. Inhibition of 
glycosidic hydrolases may reduce postprandial blood hyperglycemia 
levels and consequently decrease ROS and AGEs formation in diabetic 
patients (Tan et al., 2017). In the present study, EAF-Mi and BF-Mi 
inhibited α-amylase enzyme activity. These samples contain catechin 
and its analogs, which are known to be strong inhibitors of α-amylase 
due to their non-hydrolyzable oligomeric structures that can occupy the 
substrate binding site on the enzyme (Yilmazer-Musa et al., 2012). Other 
studies have also demonstrated the high inhibitory ability of organic 
compounds with catechin groups and kaempferol derivatives against 
α-amylase enzyme activity (Franco et al., 2020; Justino et al., 2022). 

In addition to α-amylase, the inhibitory potential of M. ilicifolia 
against AChE and BChE enzymes was investigated, as these enzymes 
play a crucial role in the development of Alzheimer’s disease. The 
inhibitory potential of AChE and BChE of the ethanolic extract and the 
organic fractions of M. ilicifolia had not been previously elucidated. Our 
results demonstrate that the DMF-Mi, EAF-Mi, and BF-Mi fractions 
showed the highest inhibition values. Previous research has shown that 
both enzymes have 50% structural similarity (Rosenberry et al., 2017; 
Silman and Sussman, 2017) and are susceptible to the action of organic 
compounds (Novales and Schwans, 2022). Therefore, further studies 
should be conducted to investigate the inhibitory activity of the com-
pounds found in M. ilicifolia leaves against these enzymes. 

Compounds derived from botanical sources have attracted consid-
erable attention from researchers due to their proven efficacy in 
combating bacteria, as well as their potential to possess other beneficial 
properties, including anti-inflammatory, antioxidant, and wound- 
healing effects (Pineau et al., 2019). The fractions EE-Mi, HF-Mi, 
EAF-Mi, and BF-Mi have demonstrated significant growth inhibition 
activity against Staphylococcus epidermidis and Burkholderia cepacia. 
MIC values below 100 μg/mL for hydroalcoholic crude extracts or below 
10 μg/mL for isolated compounds are considered promising when 
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evaluating the antibacterial activity of plant extracts, essential oils, and 
compounds isolated from natural sources (Ríos and Recio, 2005; Sarker 
et al., 2007). Based on the findings of these authors, the EE-Mi, HF-Mi, 
EAF-Mi, and BF-Mi samples exhibited promising antibacterial activity in 
this study. 

Until now, the use of organic fractions of M. ilicifolia in the treatment 
of Staphylococcus epidermidis and Burkholderia cepacian had not been 
investigated. The antimicrobial activity of M. ilicifolia was documented 
in a previous study; however, in that study, the plant was used to combat 
Helicobacter pylori, a bacterium responsible for gastritis and ulcers that 
lodged in the stomach mucosa (Paula et al., 2021). The results of the 
study showed that the adhesion of the bacterium to the stomach mucosal 
cell was reduced in the presence of the plant. 

At concentrations of 10 and 100 μg/mL, M. ilicifolia and its organic 
fractions did not exhibit cytotoxicity toward murine RAW 264.7 mac-
rophages. Based on these promising in vitro results, this study encour-
ages further in vivo studies on the ethanolic extract of M. ilicifolia and its 
organic fractions to better understand their mechanisms of action. 

The present study provides valuable insights into the therapeutic 
potential of Maytenus ilicifolia leaves as a source of bioactive molecules 
with various beneficial properties. The characterization of the ethanolic 
extract and its organic fractions, along with the identification of key 
molecules such as kaempferol, quercetin, and derivatives of catechin, 
highlights their biological activities. These findings contribute to our 
understanding of Maytenus ilicifolia and pave the way for further 
research. Future in vivo studies are warranted to validate and explore the 
therapeutic efficacy of Maytenus ilicifolia and its organic fractions. 

5. Conclusion 

Overall, this study highlights the therapeutic potential of bioactive 
molecules extracted from M. ilicifolia leaves. The ethanolic extract and 
its organic fractions exhibited significant antioxidant activity, inhibitory 
effects on lipid peroxidation and glycation, inhibition of enzymes related 
to diabetes and Alzheimer’s disease, and antimicrobial properties. These 
findings contribute to the growing body of evidence supporting the use 
of Maytenus ilicifolia as a natural alternative for the treatment of various 
pathologies. Further research should focus on exploring the in vivo ef-
fects and mechanisms of action of these bioactive compounds, which 
could potentially lead to the development of novel therapeutic 
strategies. 
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Carretero, A., 2015b. Comprehensive metabolite profiling of Arum palaestinum 
(Araceae) leaves by using liquid chromatography-tandem mass spectrometry. Food 
Res. Int. 70, 74–86. https://doi.org/10.1016/j.foodres.2015.01.023. 

Ahmadi, S.M., Farhoosh, R., Sharif, A., Rezaie, M., 2020. Structure-antioxidant activity 
relationships of luteolin and catechin. J. Food Sci. 85, 298–305. https://doi.org/ 
10.1111/1750-3841.14994. 

Alqahtani, A.S., Li, K.M., Razmovski-Naumovski, V., Kam, A., Alam, P., Li, G.Q., 2021. 
Attenuation of methylglyoxal-induced glycation and cellular dysfunction in wound 
healing by Centella cordifolia. Saudi J. Biol. Sci. 28, 813–824. https://doi.org/ 
10.1016/j.sjbs.2020.11.016. 

Atanasov, A.G., Waltenberger, B., Pferschy-Wenzig, E.M., Linder, T., Wawrosch, C., 
Uhrin, P., Temml, V., Wang, L., Schwaiger, S., Heiss, E.H., Rollinger, J.M., 
Schuster, D., Breuss, J.M., Bochkov, V., Mihovilovic, M.D., Kopp, B., Bauer, R., 
Dirsch, V.M., Stuppner, H., 2015. Discovery and resupply of pharmacologically 
active plant-derived natural products: a review. Biotechnol. Adv. 33, 1582–1614. 
https://doi.org/10.1016/j.biotechadv.2015.08.001. 

V.P. Bittar et al.                                                                                                                                                                                                                                 

http://www.teranano.ufu.br/
https://doi.org/10.1016/j.jep.2023.117315
https://doi.org/10.1016/j.jep.2023.117315
https://doi.org/10.1016/j.foodchem.2014.06.011
https://doi.org/10.1016/j.foodchem.2014.06.011
https://doi.org/10.1016/j.foodres.2015.01.023
https://doi.org/10.1111/1750-3841.14994
https://doi.org/10.1111/1750-3841.14994
https://doi.org/10.1016/j.sjbs.2020.11.016
https://doi.org/10.1016/j.sjbs.2020.11.016
https://doi.org/10.1016/j.biotechadv.2015.08.001


Journal of Ethnopharmacology 319 (2024) 117315

13

Baggio, C.H., Freitas, C.S., Otofuji, G. de M., Cipriani, T.R., Souza, L.M. de, Sassaki, G.L., 
Iacomini, M., Marques, M.C.A., Mesia-Vela, S., 2007. Flavonoid-rich fraction of 
Maytenus ilicifolia Mart. ex. Reiss protects the gastric mucosa of rodents through 
inhibition of both H+,K+-ATPase activity and formation of nitric oxide. 
J. Ethnopharmacol. 113, 433–440. https://doi.org/10.1016/j.jep.2007.06.015. 

Benzie, I.F.F., Devaki, M., 2017. The ferric reducing/antioxidant power (FRAP) assay for 
non-enzymatic antioxidant capacity: concepts, procedures, limitations and 
applications. In: Measurement of Antioxidant Activity & Capacity. JWS, Ltd, 
Chichester, UK, pp. 77–106. https://doi.org/10.1002/9781119135388.ch5. 

Bradford, M., 1976. A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 
72, 248–254. https://doi.org/10.1006/abio.1976.9999. 

Brand-Williams, W., Cuvelier, M.E., Berset, C., 1995. Use of a free radical method to 
evaluate antioxidant activity. LWT–Food Sci. Technol. 28, 25–30. https://doi.org/ 
10.1016/S0023-6438(95)80008-5. 

Chen, K.C., Chuang, C.M., Lin, L.Y., Chiu, W.T., Wang, H.E., Hsieh, C.L., Tsai, T., Peng, R. 
Y., 2010. The polyphenolics in the aqueous extract of Psidium guajava kinetically 
reveal an inhibition model on LDL glycation. Pharm. Biol. 48, 23–31. https://doi. 
org/10.3109/13880200903029365. 

Chung, B.H., Segrest, J.P., Ray, M.J., Brunzell, J.D., Hokanson, J.E., Krauss, R.M., 
Beaudrie, K., Cone, J.T., 1986. [8] Single vertical spin density gradient 
ultracentrifugation. Methods Enzymol. 181–209. https://doi.org/10.1016/0076- 
6879(86)28068-4. 
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Summary

The diagnosis of biofilms continues to be a challenge, and there is no

standardized protocol for such a diagnosis in clinical practice. In addition,

some proposed methodologies are expensive to require significant amounts of

time and a high number of trained staff, making them impracticable for

clinical practice. In recent years, mass spectrophotometry/matrix-assisted laser

desorption ionization time of flight (MALDI-TOF) has been applied it in

biofilm studies. However, due to several problems and limitations of the

technique, MALDI-TOF is far from being the gold standard for identifying

biofilm formation. The omics analysis may prove to be a promising strategy

for the diagnosis of biofilms in clinical laboratories since it allows the

identification of pathogens in less time than needed for conventional

techniques and in a more specific manner. However, omic tools are expensive

and require qualified technical expertise, and an analysis of the data obtained

needs to be careful not to neglect subpopulations in the biofilm. More studies

must therefore be developed for creating a protocol that guarantees rapid

biofilm identification, ensuring greater chances of success in infection control.

This review discusses the current methods of microbial biofilm detection and

future perspectives for its diagnosis in clinical practice.

Introduction

Biofilms are microbial communities adhered to biotic or

abiotic surfaces and protected by an extracellular poly-

meric matrix; they have been extensively investigated in

recent decades (Costa-Orlandi et al. 2017). It is estimated

that approximately 65% of microbial infections are

caused by biofilm-forming microorganisms, representing

a serious public health problem due to the evasion of the

host immune system and the resistance of most antimi-

crobials used for treatment, increasing the persistence of

the infection (Mooney et al. 2018). Additionally, biofilms

contribute to the increase in morbidity and mortality

rates and hospital costs, making it difficult to treat and

eradicate infections, especially those formed in and on

invasive devices such as catheters and implants (Jamal

et al. 2018).

The diagnosis of biofilm-related infections continues to

be a challenge since in most infections, the signs and

symptoms that the patient presents are nonspecific (Jamal

et al. 2018). Although there are several methods for diag-

nosing biofilms in research laboratories, there is no stan-

dardized protocol for such a diagnosis in clinical practice.

Additionally, susceptibility tests to antimicrobials con-

tinue to be performed on planktonic bacteria, not repre-

senting the clinical reality in the case of an infection

associated with biofilms (Ferrer et al. 2016).

This review discusses the current methods of microbial

biofilm detection and future perspectives for its diagnosis

in clinical practice.

Clinical and laboratory diagnosis of microbial

biofilms

In 2014, the European Society for Clinical Microbiology

and Infectious Disease published a guideline to assist

healthcare professionals in the diagnosis of infections

associated with biofilms, with emphasis on clinical and
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laboratory procedures to facilitate diagnosis as well as to

make patient treatment faster and more effective (Høiby

et al. 2015). According to this guideline, the most fre-

quent clinical signs of an infection associated with bio-

films consist of inflammatory reactions, redness, pain,

loss of function and fever. The patient must have a his-

tory of predisposition to infection, such as the use of a

medical device or self-limiting diseases, as well as present-

ing a persistent infection over more than 7 days and fail-

ure of antibiotic therapy. Regarding biofilm laboratory

diagnosis, the guideline suggests some detection methods,

such as electron microscopy and polymerase chain reac-

tion (PCR), where it is possible to identify microbial

aggregates around inflammatory cells and the presence of

mucoid or small cells in positive cultures, indicating

antibiotic recalcitrance (Kamaruzzaman et al. 2018).

In the literature, the methods for diagnosis of infec-

tions caused by free-living bacteria, such as those related

to catheter and chronic wounds, are well established

(Frickmann et al. 2017; Stoica et al. 2017; Rajapaksha

et al. 2019). However, when it comes to the diagnosis of

biofilms, there are few consistent reports and data avail-

able, especially regarding biofilms formed in and on med-

ical devices (Høiby et al. 2015). It is estimated that 2% of

knee and breast implants, 4% of mechanical heart valves,

pacemakers and defibrillators, 10% of ventricular devices

and 40% of ventricular assist devices are affected by bio-

films (Del Pozo 2018). The pathogens are generally

derived from the hands of healthcare workers, contami-

nated water or fluids and the hospital environment

(Yadav et al. 2020). Biofilms formed in medical devices

are responsible for the worsening of the patient’s clinical

condition. Currently, although many methods allow iden-

tification of biofilms in catheters and other devices, such

as electronic microscopy, biofilms on these materials are

not routinely investigated in clinical practice (Stoica et al.

2017).

Also, the conventional methods used in clinical labora-

tories for the identification of pathogens, which are based

on the use of a specific agar, the incubation of the sam-

ple, the isolation of the microorganisms and the enumer-

ation of viable cells, can only detect free-living bacteria

and cannot identify biofilm-forming microorganisms,

generating results that may not represent the clinical real-

ity of the patient (Mooney et al. 2018). Besides that, even

with the use of automated growth detection systems,

microbial identification takes approximately 5–7 days. In

the wait for the result, mainly with the presence of the

biofilm, these pathogens have already multiplied, worsen-

ing the patient’s clinical condition and forcing doctors to

start empirical therapy even without identifying the

pathogen, which can lead to errors in antibiotic therapy

and, in some cases, to the death of the patient

(Rajapaksha et al. 2019). To overcome this problem, new

and more sophisticated methodologies for the identifica-

tion of microorganisms in medical devices and clinical

samples must be implemented in clinical practice to make

the identification of microorganisms faster and to facili-

tate the routine investigation of biofilm formation in

clinical practice (Gaudreau et al. 2018; Ordonez et al.

2019).

The literature describes several methods of biofilm

detection, and the choice depends on the place of its

formation and the sample to be analysed; these methods

have greater specificity and sensitivity and are much less

time-consuming than other conventional techniques.

Biopsy is considered the most reliable way to detect bio-

films (Ordonez et al. 2019; Rajapaksha et al. 2019).

Biopsy samples are stained for the visualization of

microbial aggregates, the extracellular matrix of the bio-

film and cells of the immune system, and the larger the

size of the tissue and the number of biopsies collected,

the more sensitive and specific the result will be

(Kamaruzzaman et al. 2018). The viability method of

LIVE/DEAD uses green and red fluorescing markers and

can be used as a qualitative and quantitative technique

because it can differentiate healthy cells (stained green)

from damaged cells (stained red) in the biopsy

(Chevalier et al. 2017).

However, in many clinical situations, biopsies cannot

be collected or are not indicated, and other samples

could be sent to the laboratory, such as sputum, blood,

fluids and secretions (Percival 2017). In the laboratory,

analysis of these samples is difficult since the microorgan-

isms in the biofilm are adhered to each other and a sur-

face, forming a microbial aggregate. Therefore, sonication

is generally performed, using energy to agitate particles in

a solution, removing the aggregated and adhered bacteria

from biomaterial surfaces (Galli et al. 2018). After sonica-

tion, the aggregated microorganisms detach themselves

from the surface of the material and can be analysed by

several methods, as described below.

Polymerase chain reaction

This technique is used for the detection of biofilm-form-

ing pathogens directly in clinical samples. It is based on

the amplification of specific regions, providing high

specificity and sensitivity in the identification of genes

involved in biofilm formation, after the sonication pro-

cess (Rajapaksha et al. 2019). Some examples of devel-

oped PCR methods are real-time PCR, multiplex PCR

and reverse transcriptase PCR. These techniques can be

used to identify clinical samples that produce biofilms, as

in the study of Shahmoradi et al. (2019), who identified

biofilm-forming isolates of Staphylococcus aureus in urine,
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blood, sputum, cerebrospinal fluid, pleural fluid and

wound samples of hospitalized patients.

Moreover, PCR can be used to identify genes involved

in biofilm formation, as in the study of Klan�cnik et al.

(2015), who used the PCR-based method for the identifi-

cation of genes involved in the adhesion of different

strains of Listeria monocytogenes.

Fluorescence in situ hybridization

This method consists of the binding of short fluores-

cence-labelled oligonucleotides, which can bind to the

specific ribosomal RNA of the target organisms. It has

the advantage of allowing the analysis of the sample with-

out prior treatment, easily identifying microbial aggre-

gates; the samples are analysed via microscopy

(Frickmann et al. 2017). Bernardi et al., (2019) used the

fluorescence in situ hybridization (FISH) method and

confocal laser scanning microscopy (CLSM) in their

study with halitosis to visualize and quantify the biofilm

formed in the dorsum of the tongue, in which they iden-

tified Fusobacterium nucleatum and Streptococcus sp. bio-

film-forming strains. This method also has been tested in

bacterial vaginosis, identifying biofilm-forming bacteria in

vaginal samples, with greater specificity than for other

common methods (Machado et al. 2015).

Electronic microscopy

This approach allows the visualization of microbial aggre-

gates after sonication or FISH. Scanning electron micro-

scopy (SEM), transmission electron microscopy (TEM)

and CLSM are the most used tools in biofilm visualiza-

tion (Costa-Orlandi et al. 2017). The high resolution of

this microscopy allows analysis of all biofilm structures,

facilitating direct detection and visualization of the bio-

film where it was formed, such as in a catheter (Sugi-

moto et al. 2016; Schlafer and Meyer 2017).

Via SEM, samples can be fixed, dehydrated and

stained, but in all these processes, mainly in dehydration,

the morphology and structure of the biofilm can

be altered, which is a disadvantage of this technique

(Costa-Orlandi et al. 2017). The TEM is widely used for

biofilm architecture visualization and has an advantage

over SEM since the microbial aggregate is treated with

resin, which ensures greater stability of the extracellular

polymeric matrix of the biofilm. However, it has the dis-

advantage of not allowing visualization of the biofilm

topography (Mohmmed et al. 2017).

The CLSM guarantees the 3D visualization of the com-

plete biofilm architecture, besides allowing the identifica-

tion of macromolecules such as polysaccharides, proteins,

nucleic acids and lipids through the use of fluorescent

dyes, which mark the different components of the biofilm

as well as the extracellular matrix and spatial relationships

of the biofilm (Costa-orlandi et al. 2017).

The analysis of biofilms in vitro contributed to the

advancement of biofilm research; however, in most exist-

ing methodologies, biofilm is treated and analysed in a

different place from where it was formed, which can

damage its structure due to the lack of exact repro-

ducibility of the appropriate temperature, pH and avail-

ability of nutrients from the site of origin (Sugimoto

et al. 2016). To overcome this problem, a sophisticated

microscopic technique can be used in the detection of

the biofilm in situ, such as multiphoton laser scanning

microscopy, making it possible to analyse the biofilm at

the site where it was formed, such as catheters and

implants, preserving its structure and architecture. This

methodology is indicated for the acquisition of images of

autofluorescence materials, where the researcher can

obtain high-resolution images of the biofilm structure

without losing any important components of the biofilm

and without previous treatment of the sample (Neu and

Lawrence 2015).

Other types of microscopy are also used in biofilm

research, such as scanning transmission X-ray micro-

scopy, which is associated with X-ray absorption spec-

troscopy, Hoffman modulation contrast microscopy and

atomic force microscopy; however, they are associated

with high costs (Costa-Orlandi et al. 2017).

Even with the publication of the guidelines proposed

by the European Society for Clinical Microbiology and

Infectious Disease in 2014 and the current discussion,

until the present moment, the data about biofilm diagno-

sis and treatment are largely inconsistent, with little

information to support definitive conclusions for con-

tainment and prevention strategies. In addition, some

proposed methodologies are expensive or require signifi-

cant amounts of time and a large number of trained staff,

making them impracticable for clinical practice (Mooney

et al. 2018).

However, of all the methodologies mentioned above,

PCR and electron microscopy stand out due to their high

cost-benefit, short experimental time and high sensitivity

and specificity in the identification of microorganisms

(Rajapaksha et al. 2019). These techniques, associated

with the evaluation of signs and symptoms and clinical

samples of the patient, can modernize and improve the

way of diagnosing infections in the hospital, generating

faster results and using less laboratory inputs than con-

ventional techniques (Ordonez et al. 2019). In addition,

with the use of these methods, the doctor would be able

to distinguish infections caused by free-living or sessile

microorganisms, which will reflect in a better prognosis

for the patient, since the antimicrobial used would be
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more specific and efficient for the infection, decreasing

the patient’s length of stay as well as the morbidity and

mortality rates in the unit (Høiby et al. 2015).

Antimicrobial susceptibility testing against

biofilms

Recently, there was a discussion in the literature, on the

implementation of a specific breakpoint value to assess

the bacterial susceptibility of biofilm-forming microor-

ganisms in laboratory diagnosis, but there was low appli-

cability; further studies and other pharmacological and

microbiological tests are needed for this value to be used

safely and effectively (Ruiz et al. 2019). Furthermore, it is

still early to determine a successful antibacterial regimen

against biofilms, as currently available indirect screening

tests may generate false negatives in the presence of

antimicrobial treatment, with the risk of relapse after

treatment discontinuation (Mooney et al. 2018).

Some studies recommend the use of combined antimi-

crobial therapy for the treatment of infections associated

with biofilms by Gram-negative bacteria through the use

of macrolides (erythromycin, clarithromycin and azithro-

mycin); however, determining a specific antibiotic ther-

apy for these infections is difficult due to the variety of

microorganisms that live in biofilms (Cepas et al. 2019).

This makes it difficult to determine a minimum inhibi-

tory concentration (MIC) of eradication for these sessile

microorganisms since to inhibit a biofilm, a drug at a

high concentration is required, and considering the side

effects and toxicity that antimicrobials have on human

cells, this type of treatment becomes impracticable

(Mooney et al. 2018).

Bacteria and fungi in biofilms are more resistant to

antimicrobials than free-living microorganisms, with min-

imum eradication concentrations of 10–1000 times higher

compared to planktonic bacteria (Mooney et al. 2018). In

biofilms, gene expression is altered, with negative regula-

tion of genes associated with glycolysis, carbon metabo-

lism and ribosomal proteins. In addition, the

transcription of genes encoding peptideoglycan, cell wall

synthesis and efflux pump activity are greater in sessile

cells than in planktonic cells (Castro et al. 2017; Nielsen

et al. 2019).

Vuotto et al. (2017), in their study with Klebsiella

pneumoniae urinary strains, demonstrated a correlation

between biofilm production and resistance profile, show-

ing that the samples that showed extensive resistance to

antimicrobials showed a greater ability to form biofilms

compared with sensitive samples. Neopane et al. (2018)

also observed that the S. aureus biofilm-forming samples

collected from wounds of hospitalized patients showed

higher levels of microbial resistance when compared to

nonforming ones. Furthermore, Mohammadi et al.

(2020) described a significant correlation between phos-

pholipase activity and biofilm production in Candida

albicans isolated from nails, discussing the importance of

biofilm formation to the reduction of azole drug penetra-

tion into the biofilm matrix and the increased expression

of gene resistance associated with antifungal resistance.

The relationship between biofilm production and

antibiotic resistance is not clear; however, a possible

explanation is that the plasmids that harbour antimicro-

bial resistance genes also harbour genes involved in the

production of biofilms (Vuotto et al. 2017), which would

explain why multiresistant microorganisms are also bio-

film producers. In addition, within biofilms, bacteria have

a cellular communication system called quorum-sensing,

which facilitates the exchange of genes within the com-

munity, including antimicrobial resistance genes (Osman

et al. 2019).

Therefore, several bacterial mechanisms may be

involved in microbial resistance within biofilms, such as

low antimicrobial penetration due to matrix presence,

antimicrobial and antifungal release strategies, altered

microbial multiplication rate and bacterial physiological

changes (Singh et al. 2017).

In 1999, the first strategy of the minimum biofilm

inhibitory concentration (MBIC) and the minimum bio-

film eradication concentration (MBEC) was created using

the Calgary biofilm device method. In this technique,

biofilm formation is tested with stakes that fit into the

wells of the microtiter plate, containing growth medium

and bacteria. Thus, microbes do not sediment and only

develop in the sessile form (Azeredo et al. 2017). Since

then, other procedures have been proposed, such as mod-

els based on bioreactors, flow cell systems and MBIC def-

initions evaluating biomass, but the application and

standardization of these procedures in the clinic are still

pending (Di Luca et al. 2017).

The MBIC of biofilm and the MBEC are used to

determine the efficacy of antimicrobials against biofilms

(Azeredo et al. 2017). These values are generally consider-

ably higher than the MIC of planktonic bacteria. Some

studies have been successful in developing drugs for the

treatment of catheter-related infections, taking into

account the MBIC and MBEC values of the biofilm, while

other clinical trials have failed to replicate these results

with other microorganisms from different sites. In addi-

tion, most microbial resistance studies of biofilms are

based on in vitro assays, questioning whether these tests

can be reproduced in vivo (Coenye et al. 2018).

Although several microbial susceptibility tests on bio-

films have already been described, so far, none has been

approved as a reference method in clinical microbiology,

generating an increasing interest in the development of
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new specific sensitivity tests for sessile bacteria (Singh

et al. 2017).

Advances in scientific research: In vitro and

in vivo biofilm detection methods

Many in vitro and in vivo methods have been used for a

better understanding of the biology of biofilms and their

detection. Colorimetric assays are the most widely used

ones and commonly applied in studies related to the

development and susceptibility of biofilms to drugs and

the quantification of specific biofilm structures (Shukla

and Rao 2017). These methods, although requiring signif-

icant amounts of time and a high number of trained

staff, are important allies in identifying biofilm formation

and for a better understanding, mainly of the susceptibil-

ity of biofilms to anti-biofilms and antimicrobial com-

pounds, which can assist in the development of new

methods of diagnosis and treatment that can be useful in

clinical practice (Qu et al. 2017). The main in vitro and

in vivo tests used by the academic community are listed

in Table 1 and described below.

In vitro biofilm detection models

Congo red agar test

This agar allows the differentiation of the colonies in two

colours, with black indicating strong biofilm production

and red indicating no biofilm production (Lee et al.

2015). This is a quantitative test because it is based on a

subjective chromatic evaluation (Melo et al. 2013). Solati

et al. (2015) have used it to assess Staphylococcus epider-

midis produced by biofilm collected from the urine and

blood of patients with urinary tract infections and sep-

ticemia, respectively, in which they identified 55% of the

isolates with the greatest potential for biofilm formation;

most were collected from urine.

Tube biofilm formation test

This test consists of the use of plastic tubes containing

sample inoculum stained with 0�1% violet crystal. After

several washing processes with phosphate buffer saline

and fixation with sodium acetate, the tubes are inverted

in an adsorbent paper, and those with the presence of the

stained film on the bottom and walls of the tube, indicat-

ing the presence of biofilm, are being considered positive

(Halim et al. 2018).

Some studies have used this method to detect clinical

isolates producing biofilms; for example, Neopane et al.

(2018) have identified 30 S. aureus biofilm-forming iso-

lates collected from wounds of hospital-admitted patients,

while Hassan and Khider (2019) have evaluated the cor-

relation of the formation of biofilms in clinical samples

of Acinetobacter baumannii using the tube biofilm forma-

tion test and molecular tests. Despite being a low-cost

test, it is a qualitative and subjective test.

Table 1 Main in vitro and in vivo biofilm detection methods

Method Advantages Disadvantages References

In vitro biofilm detection

Congo red agar

test

High accuracy in the detection of

Staphylococcus sp. biofilm producers

Low reproducibility Melo et al. (2013)

Tube biofilm

formation test

Low cost Subjective reading Halim et al. (2018)

Microplate test Low cost

Several tests can be done simultaneously

Lack of standardization in the interpretation of

results

Qu et al. (2017)

Crystal violet Low cost

Simple technique

High replicability

Low specificity Xu et al. (2016)

Safranin Non-toxic dye Low replicability and sensitivity Stepanov�ıc et al. (2007);

Ommen et al. (2017)

XTT Simple technique

High replicability

High cost

Low sensitivity salt Retention by the pathogens

that can interfere with the result

Costa-Orlandi et al.

(2017)

In vivo biofilm detection

D. melanogaster High homologies between the Drosophila

and human genomes

Easy to handle

Inexpensive to maintain

Preference for yeasts and Escherichia coli for

having small genomes

Does not have haemoglobin

Yamaguchi and Yoshida

(2018)

C. elegans Powerful methods for studying physiological

processes

Nematode culture standardization factors may

interfere with its survival

Park et al. (2017)
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Microplate test

This test uses microplates with flat bottom or U-shaped

wells, where all stages of biofilm formation occur within

these wells (Di Luca et al. 2017). It is a cheap technique

that requires few reagents, and several tests can be done

simultaneously. For the detection of biofilm production,

the wells with the samples are stained with specific dyes

that quantify the main structures of the biofilm. This part

of the experiment is the so-called ‘colorimetric test’ (Qu

et al. 2017). According to the absorbance result of each

isolate in these colorimetric tests, it is possible to classify

them into nonproducers, weak, moderate or strong pro-

ducers of biofilms. However, this classification is highly

subjective and can vary according to the species and the

cut-off value that the researcher uses as a reference

(Shukla and Rao 2017).

Crystal violet. In addition to the use of this dye in tube

tests, it can also be applied in microplate tests for an

assessment of the total biomass of the biofilm. It is a

cost-efficient substance, and the test is easy to interpret

and has high replicability (Shukla and Rao 2017). How-

ever, this dye has the disadvantage of staining the entire

structure of the biofilm, without specificity. Moreover,

after being deposited in the plate, the wells need to be

washed, culminating in the loss of important biofilm

components and structures (Xu et al. 2016). It is the

most used colorimetric test in the microplate test, making

it possible to quantify the entire biomass and matrix of

biofilms (Di luca et al. 2017).

In the literature, there are several studies that use crys-

tal violet in the identification and quantification of bio-

film production in bacteria and fungi (Xu et al. 2016;

Vuotto et al. 2017; Mohammadi et al. 2020).

Safranin. Safranin is a nontoxic dye, and its use is simi-

lar to that of crystal violet. However, it is less frequently

used in the quantification of biomass and results in lower

optical densities than crystal violet staining (Ommen

et al. 2017). Some authors, such as Babapour et al.

(2016) and Karami et al. (2020), have used safranin as a

dye in the microplate test for the identification of clinical

isolates of biofilm producers.

Some researchers believe that this dye specifically stains

the mucopolysaccharides of the extracellular matrix

because of their high affinity with these compounds.

Mucopolysaccharides are molecules produced by cells

within the biofilm that will compose the extracellular

matrix of the biofilm (Stepanovi�c et al. 2007). However,

not all biofilms have polysaccharides as a matrix

component, which is replaced by DNA and other com-

pounds. In addition, each microorganism has a type of

extracellular matrix which varies in its cellular localisa-

tion, chemical composition, nature and functions; many

are polyanionic, but others are neutral or polycationic

(Limoli et al. 2015).

The use of 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-

[(phenylamino) carbonyl 2H-tetrazolium hydroxide

(XTT). The tetrazolic salt XTT is used to evaluate the

number of viable cells and the metabolic activity of bio-

films. When microorganisms in the biofilm produce

metabolites, XTT changes their chemical conformation

and is transformed into formazan, which is seen in the

microtiter plate by a colour change from neutral to

orange (Costa-Orlandi et al. 2017). This compound is

most frequently used in detecting and evaluating the

metabolic activity of biofilms produced by fungi, as in

the study by Di Domenico et al. (2018), who detected 38

clinical isolates of Candida sp. biofilm producers, but it

can also be used for bacterial evaluation, as in the study

by Xu et al. (2016), who reported that 77% of S. aureus

isolates were biofilm-forming.

Some researchers use (3-[4,5-dimethylthiazol-2-yl]-

2,5iphenyltetrazolium bromide) MTT, which is a salt that

behaves in a similar way to XTT, albeit with a colour

change from neutral to purple. Comparing the two salts,

XTT has more advantages because after its reduction in

formazan, the wells can be read immediately, while MTT

requires other steps prior to reading, such as cell lysis

(Costa-Orlandi et al. 2017). Another disadvantage of the

MTT salt is the insolubility of formazan in water, making

it necessary to dissolve the precipitate before measuring

absorbance. In addition, reduced MTT can react with

some compounds, forming large intracellular deposits,

capable of damaging microbial cells during the test, pro-

ducing false positive or negative results (Grela et al.

2015).

However, XTT has some disadvantages, such as the

lack of a linear relationship between the number of

microorganisms present in the biofilm and the colorimet-

ric signal, salt retention by these pathogens in planktonic

and sessile form and a high cost (Alonso et al. 2017).

Additionally, XTT can react with some nanoparticles and

also be reduced by O2. Toxicity testing of engineered

nanomaterials including nano-TiO2 has generated a many

number of publications in the last several years (Wang

et al. 2011). Furthermore, problems regarding intraspecies

and interspecies variability have been reported, making

the use of these methods unfeasible in some susceptibility

tests for both planktonic cells and biofilms (Peeters et al.

2008).
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Detection of biofilms in vivo

Some researchers have used animal models to advance

the research and detection of biofilms in vivo. Due to

some difficulties encountered by the researchers in mam-

malian studies, including the approval of the Ethics Com-

mittee for such studies, other nonmammalian models are

being used, such as Drosophila melanogaster (McLaughlin

and Bratu 2015) and Caenorhabditis elegans (Park et al.

2017).

For example, Kamareddine et al. (2018) have used

D. melanogaster in their study of infection by Vibrio cho-

lerae, where they discovered that quorum-sensing, besides

being a cellular communication mechanism in biofilms,

also exercises control over the host’s metabolic pathways.

Another important study model for biofilms is C. elegans,

which is used for the evaluation of the progression of

intestinal infection caused by Salmonella sp., where it was

possible to identify a toxin that is secreted by these bacte-

ria in biofilm formation (Desai et al. 2019).

The advantages of such an approach are the ease of

handling and the lower costs. Moreover, the small size of

the models makes it easy to keep them in microtiter

plates, thus facilitating the high-performance screening of

biofilm formation and making them important tools in

understanding the pathogen-host relationship (Costa-

Orlandi et al. 2017).

Matrix-assisted laser desorption ionization time-

of-flight mass spectrometry (MALDI-TOF MS): Is it

the diagnostic method of the future?

In recent years, mass spectrophotometry has been used

by some clinical laboratories for the identification of bac-

teria and fungi. It is a method that compares the micro-

bial protein profile, obtained from a database of reference

mass spectra, for the identification of genera, species and

subspecies. Microbial identification is performed in 60 s

and has been used in the diagnosis of several infectious

diseases around the world (Singhal et al. 2015). Cur-

rently, this methodology is the target of researchers and

applied biofilm studies, since MALDI-TOF allows the dif-

ferentiation of planktonic cells and biofilms due to pro-

files of different mass spectra (Caputo et al. 2018). The

method was tested on different species of Gram-positive

and negative bacteria and fungi (Kubesova et al. 2012;

Pereira et al. 2015; Caputo et al. 2018), showing that it is

possible, through MALDI-TOF, to differentiate microor-

ganisms that form weak or strong biofilms, based on

their molecular mass size.

However, due to several problems and limitations of

this technique, MALDI-TOF is far from being the gold

standard for identifying biofilm formation. A common

problem encountered by researchers is that the same

microorganisms may present different mass spectra when

analysed repeatedly (Singhal et al. 2015). Another limita-

tion of the technique is the difficulty in differentiating

microbial samples with a high degree of similarity due to

the several similar compounds included in their cells. In

addition, other intracellular compounds that vary within

each microorganism may not be detected by the equip-

ment; especially if they belong to low- or high-mass pro-

teins, which are generally not ionized by the apparatus

(Mlyn�arikov�a et al. 2016). However, according to Gau-

dreau et al. (2018), sample preparation for analysis is cru-

cial for the success of the test, and when the sample is

transferred directly to the analysis, together with the pres-

ence of formic acid and the matrix, the chances of inter-

ference are lower compared to other types of preparation

with acetonitrile, water and ethanol.

New studies are necessary to prove the efficacy of this

methodology in the detection of biofilms, since it pre-

sents limitations and low reproducibility. While MALDI-

TOF is not yet fully effective in the detection of biofilms,

conventional in vitro and in vivo techniques are still most

frequently used in research labs (Singhal et al. 2015).

Omics analysis: The role of proteomic,

transcriptomic and metabolomic analyses in the

diagnosis of biofilms

The traditional methods of microbiological diagnosis in

clinical laboratories include the growth and isolation of

the microorganism, the detection of antibodies or anti-

gens in serological tests and, in some laboratories, genetic

identification (DNA or RNA) through the PCR technique

(Ordonez et al. 2019). While most molecular tests target

only a limited number of pathogens using specific pri-

mers, omics analysis allows to analyse the entire micro-

biome of the pathogen and to identify specific proteins

and metabolites produced by pathogens (Otto et al.

2012). These technologies are also being developed to

detect differences in the transcription, translation and

metabolism of microorganisms in biofilms, describing

important information of these communities, such as the

influence of environmental factors on biofilm adhesion

and formation as well as physiological and mutational

factors (Chiu and Miller 2019). Table 2 shows the main

methods used in the omics analysis as well as the samples

that can be evaluated and the infections that can be diag-

nosed.

The study of proteomics in biofilms allows the identifi-

cation of specific proteins that are produced in this com-

munity, as well as the distribution, posttranslational

modifications, structure, function and quantity of these

proteins (Washio and Takahashi 2016). The success of
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proteomics studies is due to the invention of the 2DE

gel, which is applied in orthogonal separation to classify

species according to their molecular weight, where sam-

ples are stained and identified using software (Otto et al.

2012). Despite being a technique similar to MALDI-TOF,

it is more sensitive and can differentiate nonstressed from

stressed cells, cellular mutations and different time points

from the same organism. The combination of proteomics

analysis with the use of 2D gel and MALDI-TOF can gen-

erate more sensitive and specific data, revealing cases of

multiple proteins found in the same place and those with

low mass, reducing false values and improving the disad-

vantages of MALDI-TOF (Otto et al. 2012; Singhal et al.

2015).

Erdmann et al. (2019) used proteomics analysis and

identified 1021 different proteins in the biofilms pro-

duced by 27 samples of Pseudomonas aeruginosa and a

protein for mRNA that was common among species,

even under different conditions, suggesting a posttran-

scriptional pattern. If researchers were able to identify

proteins common in most biofilms produced, it would

be possible, through the methods mentioned above, to

reduce the time needed for the identification of

microorganisms, facilitating our understanding of the

main regulatory pathways and adaptation strategies for

bacterial biofilms, which can be useful in the develop-

ment of new treatment strategies for these biofilms

(Chiu and Miller 2019).

Transcriptomics analysis allows identifying an RNA

molecule in a live cell. In the 1990s, several methodolo-

gies were created that allowed sequencing specific RNA

molecules on a large scale, such as the express sequence

tag (EST) method, serial gene expression analysis (SAGE)

and DNA microarrays; however, they have numerous dis-

advantages, such as high costs, and demand for informa-

tion on the sample genome and transcriptome, impeding

discoveries (Hrdlickova et al. 2017). The method of

choice for studying gene expression and identifying new

species of RNA is RNA-Seq, as it offers less background

noise and greater detection than previous methodologies

(Hrdlickova et al. 2017). The transcriptomic approach is

of great interest in biofilm research, as it allows the detec-

tion of specific genes in the formation of biofilms and

new mechanisms of survival and antimicrobial resistance

(Chiu and Miller 2019). For example, Kean et al. (2018)

used this approach to investigate the mechanisms of bio-

film formation and resistance in Candida auris, a recently

discovered yeast.

The metabolic analysis is based on the identification

and quantification of metabolite features in living cells,

including gene transcription, mRNA translation, protein

analysis and enzymatic reactions (Zhang and Powers

2012). In the 2000s, several devices with a metabolic

approach were used, such as capillary electrophoresis and

time-of-flight mass spectrometer (TOF MS), which iden-

tify metabolites according to their ionic charge and mass

spectrometry, respectively. By connecting these two

devices, these techniques can separate small ionic mole-

cules and accurately measure their masses; they have been

widely used since then. The metabolic approach provides

data that allow the diagnosis of a disease as well as its

progress (Washio and Takahashi 2016).

Table 2 Omics analysis in the clinical diagnosis of biofilms

Detection methods Clinical samples Clinical indication Reference

Transcriptomic

The express sequence tag (EST) Blood Sepsis Hrdlickova et al. (2017)

Serial Gene Expression Analysis (SAGE) Peripheral blood mononuclear cel Urinary Tract Infection

DNA microarrays Several body fluids and tissues Multiplexed pathogen detection

RNA-Seq (4sU-Seq, RIP-Seq, (Riboseq)) Cerebrospinal fluid Meningitis

Proteomic

2D gels (DIGE) Blood Sepsis Otto et al. (2012)

Gel free (iTRAQ, TMT)

Spiked-in peptides Secretions Urinary Tract Infection

Label-free quantitation Cell-free body fluids Respiratory infections

Metabolomic

Capillary electrophoresis (CE) Blood Sepsis Chiu and Miller (2019)

Fluids Washio and Takahashi

(2016)

Time-of-flight mass spectrometer

(TOF-MS)

Stool sample Infections by Clostridium difficile

CE-TOFMS Cerebrospinal fluid Meningitis
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This allows, for example, the identification of chemical

signalling molecules, so-called ‘autoinducers’, responsible

for cellular communication within biofilms. Autoinducers

are targets of promising drugs for biofilms since these

molecules are not present in the human organism and

can therefore be used as biofilm markers (Mooney et al.

2018). The molecular structure of a biofilm can positively

impact the biology of systems and, consequently, the

development of new diagnostic and/or therapeutic tools

(Zhang and Powers 2012).

Advantages and disadvantages of omic analysis

The new omic approaches allow an evaluation of several

biological units of biofilms, such as gene expression, pro-

teins and metabolites. This generates highly relevant data

for a better understanding of biofilms, allowing the dis-

covery of new biomarkers for various diseases and the

development of new methods of diagnostics and therapies

(Chiu and Miller 2019). The application of these omic

methods in the health area can generate opportunities for

clinical interventions, as in the study by Nascimento

et al. (2017), who through omic analyses identified new

oral Streptococcus and their phenotypic characterization

revealed promising candidates for probiotic therapy. To

investigate complex multispecies biofilms, the use of omic

tools is the promise of a breakthrough regarding the

understanding of bacterial interaction and physiology

within biofilms.

However, although the transcriptomic, proteomic and

metabolomic analysis are complementary methods to

investigate the cellular physiology of biofilms, these omic

methods were not designed to be evaluated together; that

is, it is not possible to validate or compare one data with

the other (Azeredo et al. 2017). Also, biofilm is by defini-

tion heterogeneous, varying according to its location,

stage of development and physiology of microbial cells.

In the omic analysis, the data result from a cell that will

represent the entire population, consequently, a subpopu-

lation can be neglected or be different from the cell col-

lected for analysis.

Therefore, the results of the omic analysis should be

analysed with caution, considering that the results

obtained are averages with margins of error (Jamal

et al. 2018). However, flow cell cameras can work

around this problem, as microbial cells grow statically.

Another solution is the laser capture microdissection

microscopy as it allows the comparison and identifica-

tion of the physiology of cells and their special distribu-

tion within the biofilm, for example, the differences

between cells that reside on the periphery of biofilms

with those that live in the superficial regions. The main

challenge that a remains unsolved is how much biomass

is needed to perform molecular analyses (Azeredo et al.

2017).

Another question that remains under investigation con-

cerns the reference to compare the omic data obtained.

Often a planktonic cell is used as a control, but it may not

be the most appropriate, since the biofilm has several

stages of development and any attempt at correlation

would be incorrect. The best choice for the investigation

of biofilm physiology remains to compare a wild-type

strain with an isogenic mutant (Zhang and Powers 2012).

The biofilm matrix can also be a problem for proteomic

analysis since it can make access to different intracellular

membrane and parietal subproteomes difficult (Washio

and Takahashi 2016). Also, the analysis of exoproteoma,

that is, proteins that are secreted into the extracellular

environment, is also a challenge (Desvaux et al. 2009). In

addition, omic analysis requires qualified technical exper-

tise and is expensive.

Despite the challenges that these techniques still con-

front, the development of omic technologies is essential

for a better understanding of the development and evolu-

tion of biofilms, allowing the creation of new methods of

diagnosis and treatments in the health area (Chiu and

Miller 2019).

Conclusions

Despite all advances in research, biofilm-producing

microorganisms remain a serious public health problem,

often neglected in various health areas. Biofilm con-

tributes to increased microbial resistance, making treat-

ment more difficult and worsening the clinical conditions

of patients, contributing to the increase in morbidity and

mortality rates. The diagnosis of biofilms is challenging,

since the current screening methodologies performed in

the clinic, such as susceptibility tests, detect only plank-

tonic colonies, not representing the clinical reality of the

patient.

Also, even with several biofilm detection methods

described in the literature, there is currently no routine

test or protocol established for this purpose in the clinic.

Omics analysis is a promising form of diagnosis in clini-

cal laboratories since it allows the identification of patho-

gens in less time than needed for conventional

techniques, and it is possible to analyse the entire patho-

gen microbiome, including an identification of produc-

tion of proteins and metabolites, which allows a better

understanding of its pathogenesis and a more specific

identification.

More studies must therefore be developed to facilitate

the development of efficient and reliable protocols for

rapid biofilm identification, ensuring greater chances of

success in infection control in clinical practice.
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Despite important advances in the health area, infectious diseases have constituted a serious public health issue 
over  time1. One example is periodontitis, an in�ammatory disease that a�ects tooth‐supporting apparatus and 
which is caused by microorganisms present in dysbiosis plaque  bio�lms2. According to Mehrotra and  Singh3, 
about 2.6% of African Americans, 5% of Africans, 0.2% of Asians, 1% of North Americans, and 0.3% of South 
Americans have been diagnosed with periodontitis in its most severe form. Periodontal treatment is essential 
not only for dental parameters, but also to avoid other pathological conditions such as adverse reactions in 
pregnancy, cardiovascular and respiratory diseases, cancer, lupus, rheumatoid arthritis, diabetes mellitus, and 
chronic kidney  disease4. Even if the illness can be treated with antibiotics, the infection can be aggravated in 
patients lacking treatment or in the presence of resistant periodontopathogenic  bacteria5.

Viral diseases also burden the global health system due to lack of vaccines and approved antivirals to combat 
important human viruses, including the Chikungunya Fever, caused by the Chikungunya virus (CHIKV)6. CHIKV 
was identi�ed in 2014 and has become hyperendemic in  Brazil7, �is virus causes dengue-like symptoms such 
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as fever, fatigue, arthralgia, and  polyarthralgia8. By April 2022, 28,291 suspected cases of Chikungunya Fever 
had been registered and �ve deaths had been con�rmed in Brazil; another eight deaths are under  investigation9.

According to the World Health Organization, a considerable part of the worldwide population still depends 
on traditional medicine and employs natural products to treat several  diseases10. Developing countries mainly 
use such products. In this scenario, Brazil is a valuable source of natural products given that it possesses diverse 
fauna and  �ora11. Brazilian Red Propolis (BRP), a resinous material produced by Apis mellifera bees through 
the collection of the exudates of two plant species: Dalbergia ecastaphyllum12,13 and Symphonia globulifera14 has 
excellent potential for developing new medicines. BRP is currently one of the most produced and commercial-
ized types of Brazilian propolis. It is mainly found in the Brazilian mangroves of the Northeast, especially in 
Alagoas and Bahia  states15.

BRP is composed of 50% resin, 30% wax, 10% essential oils, 5% pollen, and 5% other compounds, including 
secondary metabolites like �avonoids, iso�avonoids, cinnamic acid derivatives, esters, polyprenylated benzo-
phenones, and some terpenes, which are considered the main biologically active constituents of this type of 
 propolis16. �e molecules isolated from BRP do not occur in any other type of propolis, which makes them rare 
and unique natural  products17. Variations of this composition have been observed between locations. Some 
studies revealed that compounds such as formononetin and isoliquiritigenin are the most abundant in samples 
of  Alagoas18. Instead, in “Canavieiras” sample, vestitol, neovestitol, medicarpin, and polyprenylated benzo-
phenones have been identi�ed as the main compounds  and17. In this sense, BRP has been reported to possess 
 antibacterial15,18–20  antiparasitic21–27, and antiviral  activities28.

Considering the lack of treatment options for periodontitis and CHIKV infection, we have hypothesized 
that BRP and its isolated compounds are a promising candidate for treating these diseases. To the best of our 
knowledge, there are no data on the BRP antiviral action against CHIKV, and few studies have reported on 
its antibacterial action against periodontopathogenic  bacteria13,18,28–30. �e use of BRP as a therapeutic option 
could reduce the use of antibiotics in periodontitis cases and become a novel antiviral strategy against  CHIKV28.

�is study aimed to evaluate the in vitro antibacterial, antibio�lm, and antiviral potential of the BRP crude 
hydroalcoholic extract, fractions, and isolated compounds, as well as their toxicity in an in vivo model.

�e chromatographic analysis revealed the presence of iso�avanes 
(vestitol, neovestitol, 7-O-methylvestitol), pterocaparns (medicarpin), and polyprenylated acylphloroglucinols 
(a mixture of guttiferone E/xanthochymol, and oblongifolin B) (Fig. 1), as main compounds of the BRP. �e 
chromatographic pro�le of the fractions revealed the prominent presence of polyprenylated acylphloroglucinols 
on the hexane fraction, whereas the dichloromethane, ethyl acetate, and n-butanol fractions were composed 
mainly of iso�avanes (see Supplementary Figure S1).

Tables  1 and 2 show the MIC results for the crude hydroalcoholic extract, frac-
tions and isolated compounds against periodontal bacteria included in the study. �e MIC values for the crude 
hydroalcoholic extract sample ranged from 3.12 to 100 μg/mL, for the dichloromethane fraction from 1.56 to 
200 μg/mL, ethyl acetate from 12.5 to 400 μg/mL, hexane from 3.12 to 400 μg/mL, and n-Butanol from 100 to 
400 μg/mL (Table 1).
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Figure 1.  Chromatographic pro�le of Brazilian red propolis extract and chemical structures of their main 
compounds. Numbers correspond to: vestitol (1); neovestitol (2); medicarpin (3); 7-O-methylvestitol (4); 
guttiferone E/xanthochymol 59; and oblongifolin B (6).



3

Vol.:(0123456789)

 |        (2022) 12:21165  | https://doi.org/10.1038/s41598-022-24776-4

www.nature.com/scientificreports/

For the methylvestitol, the MIC values ranged from 25 to 400 μg/mL, medicarpin from 50 to 400 μg/mL, 
vestitol from 12.5 to 200 μg/mL, neovestitol from 12.5 to 100 μg/mL, oblongifolin B from 3.12 to 50 μg/mL, and 
guttiferone E from 1.56 to 200 μg/mL (Table 2).

�e 
BRP crude hydroalcoholic extract reduced the monospecies bio�lm formation of the standard strains (ATCC) 
and their clinical isolates (Fig. 2). Additionally, the number of viable cells in the monospecies bio�lm expressed 
as  Log10 CFU/mL decreased (Fig. 2). �e lowest  MICB50 value obtained for the BRP crude hydroalcoholic extract 
against the monospecies bio�lms was 3.12 μg/mL against A. naeslundii (ATCC 19039) and F. nucleatum (clinical 
isolate) (Fig. 2e and f). Against the other evaluated monospecies bio�lms, the BRP crude hydroalcoholic extract 
presented  MICB50 of 6.25 μg/mL, except for P. intermedia (clinical isolate), against which  MICB50 was 12.5 μg/
mL. However, even at concentrations above  MICB50, we detected viable bio�lm cells (Fig. 2a–f).

As for the tested isolated compounds, they also reduced monospecies bio�lm formation. In the presence of 
oblongifolin B (Fig. 3), the lowest  MICB50 was 0.78 μg/mL against A. naeslundii (ATCC 19039) (Fig. 3c). Against 
the other evaluated monospecies bio�lms, the  MICB50 values ranged from 1.56 to 6.25 μg/mL. Oblongifolin B 
at 6.25 μg/mL eliminated P. gingivalis (clinical isolate) viable cells and, at 12.5 μg/mL, it eliminated P. intermedia 
(ATCC 15033) and F. nucleatum (clinical isolate) viable cells (Fig. 3a,b and d).

Guttiferone E presented low  MICB50 (0.78 μg/mL) against A. naeslundii (ATCC 19,039) (Fig. 4d). Against the 
other evaluated monospecies bio�lms,  MICB50 ranged from 1.56 to 25 μg/mL (Fig. 4a,b,c and e). Guttiferone E 
eliminated all the bio�lm cells from a concentration of 3.12 μg/mL against P. gingivalis (clinical isolate), 6.25 μg/
mL against P. intermedia (ATCC 15033), 25 μg/mL against F. nucleatum (clinical isolate), and 1.56 μg/mL against 
A. naeslundii (ATCC 19039). As for P. gingivalis (ATCC 49417), we veri�ed the presence of viable bio�lm cells 
even at concentrations above  MICB50 (Fig. 4a).

We also assessed the activity of the BRP crude hydroalcoholic extract and isolated compounds against mul-
tispecies bio�lm formed by standard strains (group 1) and clinical isolates (group 2) (Fig. 5). �e BRP crude 

Table 1.  Minimum inhibitory concentration of the Brazilian Red Propolis crude hydroalcoholic extract, 
and fractions against periodontopathogenic bacteria. a Technique control strains: Bacteroides fragilis 
(ATCC 25285) and Bacterioides thetaiotaomicron (ATCC 29741)—Metronidazole: 1.47 and 2.95 µg/mL, 
respectively.—> 400 µg/mL was considered inactive.

Minimum Inhibitory Concentration (µg/mL)

Crude extract Fractions

Bacteria Dichloromethane Ethyl acetate Hexane n-Butanol

Porphyromonas gingivalis (ATCC 49417) 3.12 1.56 12.5 3.12 100

Porphyromonas gingivalis (clinical isolate) 12.5 25 400 100 –

Fusobacterium nucleatum (ATCC 10953) 100 200 400 – –

Fusobacterium nucleatum (clinical isolate) 12.5 12.5 – 400 –

Prevotella intermedia (ATCC 15033) 6.25 6.25 200 200 200

Prevotella intermedia (clinical isolate) 50 100 – 400 –

Actinomyces naeslundii (ATCC 19039) 25 25 – 400 –

Actinomyces naeslundii (clinical isolate) 100 100 400 400 400

Table 2.  Minimum inhibitory concentration of the BRP isolated compounds against periodontopathogenic 
bacteria. a Technique control strains: Bacteroides fragilis (ATCC 25285)—Metronidazole: 1.47 µg/mL and 
Bacteroides thetaiotaomicron (ATCC 29741)—Metronidazole: 2.95 µg/mL. – > 400 µg/mL was considered 
inactive.

Minimum Inhibitory Concentration (µg/mL)

Isolated compounds

Metilvestitol Medicarpin Vestitol Neovestitol Oblongifolin B Guttiferone E

Bacteria

Porphyromonas gingivalis (ATCC 49,417) 25 50 12.5 12.5 50 1.56

Porphyromonas gingivalis (clinical isolate) 100 200 100 100 6.25 6.25

Fusobacterium nucleatum (ATCC 10,953) 50 50 25 12.5 50 200

Fusobacterium nucleatum (clinical isolate) – 50 100 50 3.12 3.12

Prevotella intermedia (ATCC 15,033) – 100 100 50 6.25 12.5

Prevotella intermedia (clinical isolate) – – 200 100 50 50

Actinomyces naeslundii (ATCC 19,039) 400 100 200 50 6.25 6.25

Actinomyces naeslundii (clinical isolate) – – 200 100 25 50
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hydroalcoholic extract had  MICB50 of 6.25 μg/mL against the group 1 multispecies bio�lm However, even at 
higher concentrations, viable cells were still found in the bio�lm. Similar results were found against the group 
2 multispecies bio�lm:  MICB50 was 6.25 μg/mL, and there also were viable bio�lm cells above the  MICB50 con-
centration (Fig. 5A).

Concerning oblongifolin B, it had the lowest  MICB50 against the group 1 multispecies bio�lm (1.56 μg/mL); 
however, at concentrations above  MICB50, cells remained viable in the bio�lm. Against the group 2 multispecies 
bio�lm, oblongifolin B presented  MICB50 of 50 μg/mL and eliminated all the bio�lm cells from the bio�lm at 
this same concentration (Fig. 5B). On the other hand, guttiferone E showed  MICB50 of 3.12 μg/mL against the 
group 1 multispecies bio�lm, and 6.25 μg/mL guttiferone E eliminated all the cells from the bio�lm. Against the 
group 2 multispecies bio�lm, guttiferone E had higher  MICB50 (100 μg/mL), but 50 μg/mL guttiferone E also 
eliminated all the viable cells from the bio�lm (Figs. 5C).

Regarding the control (metronidazole), the  MICB50 of monospecies bio�lms ranged from 2.95 to 5.9 μg/mL. 
As for the mixed bio�lms, the  MICB50 was 2.95 μg/mL for both the bio�lm formed by group 1 and the bio�lm 
formed by group 2 (see supplementary material Figures S2 and S3).

To further evaluate the e�ects of BRP extract and its isolated compounds, BHK 21 cells were treated 
with each extract at 50, 10 and 2 μg/mL and cell viability was measured 16 h later. �e results demonstrated 
that cells tolerated n-Butanol at 50 μg/mL (98.4%), ethyl acetate at 10 μg/mL (95.9%), while the crude extract, 
dichloromethane, and hexane at 2 μg/mL (99.3, 99.8, and 100%, respectively), (Table 3). �rough the employ-
ment of BHK-21 cells infected with CHIKV-nanoluc, the anti-CHIKV activities of each sample were evaluated, 

Figure 2.  Antibio�lm activity of Brazilian Red Propolis crude hydroalcoholic extract samples and number of 
viable cells in monospecies bio�lms formed by ATCC strains and clinical isolates included in the study. (a) P. 
gingivalis (ATCC 49417). (b) P. gingivalis (clinical isolate). (c) P. intermedia (ATCC 15033). (d) P. intermedia 
(clinical isolate). (e) A. naeslundii (ATCC 19039). (f) F. nucleatum (clinical isolate).
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at the maximum non-cytotoxic concentrations selected through the viability assay. �e results demonstrated 
that n- Butanol signi�cantly inhibited 69% of CHIKV replication (Fig. 6). �e other samples presented no e�ect 
on CHIKV infection (Fig. 6).

For the isolated substances (medicarpin, neovestitol, vestitol, oblongifolin B, methylvestitol and, guttiferone 
E), BHK-21 cells were treated with concentrations of each compound ranging from 32 to 0.5 μg/mL. As an out-
come, the treatment with compounds in concentrations over 3 µg/mL presented cell viability rates higher than 
80% (Table 4), and the highest non-cytotoxic concentration of each compound was selected for the antiviral 
assay. Since medicarpin, neovestitol and vestitol at 14 µg/mL presented cytotoxicity (Table 4), and at 3 µg/mL 
showed no antiviral activity (Supplementary Figure S4), the alternative concentration of 11 µg/mL was selected 
to the further assays. �erefore, the antiviral activity of medicarpin, neovestitol and vestitol was tested at 11 µg/
mL, guttiferone E and oblongi�lin B at 6 µg/mL, and methylvestitol at 14 µg/mL. �e compounds medicarpin, 
neovestitol and vestitol inhibited CHIKV replication in vitro in 86%, 94%, and 97% respectively (Fig. 7).

Caenorhabditis elegans To assess the toxicity of the BRP crude hydroacoholic 
extract and isolated compounds in an in vivo system, the technique for determining the lowest concentration 
capable of killing 50%  (LC50) of the larvae in relation to the incubation time was employed. Figure 8 shows the 
toxicity evaluation of the BRP crude hydroalcoholic extract, oblongifolin B, and guttiferone E as a function of 
time and concentration. �e  LC50 of the BRP crude hydroalcoholic extract and oblongifolin B was 1500 μg/
mL, determined on the second day of incubation (Fig. 8A and B). On the other hand, guttiferone E had  LC50 of 
750 μg/mL, determined on the last day of incubation (Fig. 8C).

For years, propolis has been used to treat infections in folk medicine, and its antimicrobial potential has been 
demonstrated by the scienti�c  community15. �is biological potential can be related to its di�erentiated chemi-
cal composition.

Sesquiterpenes, pterocarpans, and iso�avans characterize Brazilian red propolis. Red propolis chemical 
composition is much di�erent from other propolis types, such as brown propolis, which is characterized by 
hydrocarbons, aldehydes, and monoterpenes; and green propolis, which is characterized by polycyclic aromatic 
hydrocarbons, sesquiterpenes, and naphthalene  derivatives31.

Vestitol, neovestitol, and medicarpin have been reported as major compounds in red propolis From Cana-
vieiras, Bahia State, Brazil. On the other hand, formononetin, calycosin, biochanin A, and isoliquiritigenin were 
detected at lower  concentrations17. Guttiferone E and oblongifolin B were described as chemical markers of red 
 propolis14, but they appear to be at lower concentrations in the studied sample compared to the iso�avans. �e 
triterpenes β-amyrin and glutinol have also been described in BRP from this  location14.

Figure 3.  Antibio�lm activity of oblongifolin B and number of viable cells in monospecies bio�lms formed 
by ATCC strains and clinical isolates included in the study. (a) P. intermedia (clinical isolate) (b) P. intermedia 
(ATCC 15033). (c) A. naeslundii (ATCC 19039). (d) F. nucleatum (clinical isolate).
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According to Rios and  Recio32 and  Gibbons33, MIC values below 100 µg/mL for crude hydroalcoholic extract 
or below 10 µg/mL for isolated compounds are considered promising when evaluating the antibacterial activity 
of plant extracts, essential oils, and compounds isolated from natural sources. On the basis of these criteria and 
considering the MIC values presented here for all the evaluated BRP samples, the BRP crude hydroalcoholic 
extract and the isolated compounds guttiferone E and oblongifolin B displayed the best inhibition activity against 
most of the evaluated bacteria.

�e red propolis dichloromethane fraction was not tested since the selection was based on the e�ect of the 
individual constituents of each fraction. �e main compounds of hexane fraction, oblongifolin B and guttifer-
one E, displayed good activity at the individual testing, compared with the dichloromethane fraction individual 
compounds.

�ese samples showed antibacterial activity mainly against P. gingivalis (ATCC 49417), considered the most 
clinically important species in the development of periodontal  disease34 and F. nucleatum (clinical isolate) bac-
teria, also considered a relevant pathogen since it worsens gingival in�ammation and tooth  loss35. �ese results 
demonstrated the relevance of these natural products in periodontal disease control and treatment. In this paper, 
the BRP crude hydroalcoholic extract, fractions (n-hexane, dichloromethane, ethyl acetate, and n-butanol), and 
isolated compounds (methylvestitol, medicarpin, vestitol, neovestitol, oblongifolin B, and guttiferone E) were 
analyzed for their antibacterial activity against clinical isolates and the ATCC strains. �e ATCC strains are more 
stable from a genetic viewpoint and would thus represent the bacterium species, thereby enabling comparison 
with other investigations. �e in vitro assay furnishes a reliable indication of how the microorganism responds 
to the target agent, and extrapolation of the results for that species or even genus should be accepted. Clinical 

Figure 4.  Antibio�lm activity of guttiferone E and number of viable cells in monospecies bio�lms formed by 
ATCC strains and clinical isolates included in the study. (a) P. gingivalis (ATCC 49417). (b) P. gingivalis (clinical 
isolate). (c) P. intermedia (ATCC 15033). (d) A. naeslundii (ATCC 19039). (e) F. nucleatum (clinical isolate).
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Figure 5.  Antibio�lm activity of samples of Brazilian Red Propolis crude hydroalcoholic extract, oblongifolin 
B and guttiferone E and number of viable cells in multispecies bio�lms formed by bacteria from groups 1 
(standard strains) and 2 (clinical isolates). (A) Crude extract. (B) Oblongifolin B. (C) Guttiferone E.

Table 3.  Cell viability percentage in the presence of the BRP crude hydroalcoholic extract or fractions at 50, 
10, and 2 µg/mL.

Sample/concentration 50 µg/mL 10 µg/mL 2 µg/mL

Crude extract 57.3 83.2 99.3

n- Butanol 98.4 100.3 100.6

Dichloromethane 48.3 85.1 99.8

Hexane 45.7 83.3 100.0

Ethyl acetate 66.4 95.9 96.4
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isolates (also known as wild strains) are bacteria that can have their metabolism altered by environmental 
conditions and their genetics modi�ed by circulation in the population, which would justify the relevance of 
evaluating these two types of strains.

�e MIC values (1.56–400 µg/mL) for the other evaluated bacteria were signi�cantly lower as compared to lit-
erature data. Bueno-Silva et al.29 evaluated the antibacterial activity of the crude extract and isolated compounds 
neovestitol and vestitol obtained from BRP from the same botanical origin against A. naeslundii (ATCC 12104), 
and they reported MIC values of 25, 25, and 50 µg/mL, respectively. Here, neovestitol and vestitol were not prom-
ising against several of the evaluated periodontal bacteria. Another point to emphasize is that the MIC value for 
the crude extract reported by Bueno-Silva et al.29 against A. naeslundii (ATCC 12104) resembled the value we 
obtained against A. naseslundii (ATCC 19039), suggesting a species susceptibility relation for the crude extract.

Santos et al.36 evaluated the antibacterial activity of the aqueous hydroalcoholic extract and fractions (hexane, 
dichloromethane, and ethyl acetate) obtained from a di�erent type of propolis, from the region of “Cachoeira da 
Prata”, Minas Gerais—Brazil, which is also collected from Apis mellifera bees. �e tested bacteria were periodon-
tal F. nucleatum (ATCC 10953), P. gingivalis (ATCC 33277), and P. intermedia (ATCC 25611). �e extract gave 
MIC values of 1024, 256, and 256 µg/mL against F. nucleatum (ATCC 10953), P. gingivalis (ATCC 33277), and P. 
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Figure 6.  Cell viability and CHIKV replication rates in the presence of Brazilian Red Propolis crude 
hydroalcoholic extract and fractions.

Table 4.  BHK-21 cell viability in the presence of the BRP isolated substances at concentrations ranging from 
32 to 0.5 μg/mL.

Sample Concentration (µg/mL) Cell viability (%)

Medicarpin

14 84

3 122

0.5 113

Neovestitol

14 66

3 110

0.5 120

Vestitol

14 74

3 117

0.5 125

Oblongifolin B

32 72

6 98

1 99

Methylvestitol

14 108

3 103

0.5 103

Guttiferone E

32 15

6 88

1 90
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intermedia (ATCC 25611), respectively. As for the fractions, the MIC values ranged from 512 to > 1024 µg/mL. 
�e MIC results against these bacteria were higher than those presented here for the BRP crude hydroalcoholic 
extract and fractions against the same bacterial species but from di�erent strains: we found MIC values of 100, 
3.12, and 6.25 µg/mL for the crude extract against F. nucleatum (ATCC 10953), P. gingivalis (ATCC 49417), and 
P. intermedia (ATCC 15033), respectively. As for the fractions, we found MIC values ranging from 12 to 400 µg/
mL against the same bacteria. �erefore, compared to the results described by these authors, the BRP crude 
hydroalcoholic extract and fractions employed here were more e�ective against periodontal bacteria.

Additionally, these authors compared the MIC results they obtained with the crude extract and fractions by 
ANOVA analysis. �ey did not �nd any di�erences in the antibacterial activity of the fractions or extract against 
the evaluated bacteria. �is corroborates our results: the BRP crude hydroalcoholic extract was more promising 
than the fractions and gave better values against all the evaluated bacteria, while the fractions presented anti-
bacterial activity against only two bacteria (P. gingivalis ATCC 49417 and clinical isolate).

Shabbir et al.37 evaluated the activity of the crude propolis extract collected in Skardu (Pakistan) originating 
from Robinia pseudoacacia, Elegnus agustifolia (Russian olive), and Acacia modesta, collected from Apis mel-
lifera bees. �e natural products a�orded MIC values ranging from 64 to 512 µg/mL against P. gingivalis and P. 
intermedia clinical isolates. Our results suggested that BRP is more e�ective than the propolis used by Shabbir 
et al.37 since the MIC values we obtained for the BRP crude hydroalcoholic extract against P. gingivalis and P. 
intermedia clinical isolates were lower (12.5 and 6.25 µg/mL, respectively). �erefore, BRP proved to have more 
promising activity than propolis from other countries given that it is composed of unique compounds that do 
not normally occur in other types of  propolis15.

Inhibiting bio�lm formation by these bacteria can contribute to reducing periodontitis. Indeed, Al-Ahmad 
et al.38 described that A. naeslundii and F. nucleatum play the roles of initial colonizing bacterium and late colo-
nizer, respectively. �e latter bacterium was shown to be present at rates greater than 50% a�er 62 h of bio�lm 
formation, contributing to increased in�ammation and tooth  loss38.

Other studies have evaluated the BRP monospecies antibio�lm activity against other types of bacteria. de 
Souza Silva et al.39 evaluated the antibio�lm activity of the BRP crude hydroalcoholic extract (BRP collected in 
the same region as the BRP used in our study) coated on polymeric nanoparticles against Staphylococcus aureus 
(ATCC 25923), Staphylococcus aureus (ATCC 33591), Staphylococcus aureus (ATCC 43300), and Pseudomonas 
aeruginosa (ATCC 27853). �e free BRP crude hydroalcoholic extract and the extract coated on nanoparticles 
inhibited the bio�lm formed by the Gram-positive strains more e�ectively as compared to the bio�lm formed by 
the Gram-negative strains, with bio�lm inhibitory concentration values ranging from 15.6 to 125 μg/mL against 
the S. aureus strains and from 100 to 1560 μg/mL against the P. aeruginosa strain. �ese results corroborated 
our �ndings given that we veri�ed the lowest  MICB50 values against the Gram-positive bacterium A. naeslundii 
(ATCC 19039) 3.12 μg/mL for the crude extract and 0.78 μg/mL for the isolated compounds oblongifolin B and 
guttiferone E.

Miranda et al.13 evaluated the antibio�lm activity of the crude hydroalcoholic extract of BRP from the same 
botanical origin as the BRP used here. �ese authors divided the evaluated bacteria into complexes (Actinomyces, 
purple, yellow, green, orange, red, and others). At extract concentrations of 800 and 1,600 μg/mL, the authors 
showed a 40 and 45% decrease in the metabolic activity of the multispecies bio�lms formed by these complexes, 
respectively. de Figueiredo et al.30 also evaluated the antibio�lm activity of the BRP crude extract at 1600, 800, and 
400 μg/mL and obtained 56, 56, and 57% reduction in the bio�lm metabolic activity, respectively. Our study did 
not assess eradication, but it evaluated the ability of the BRP samples to inhibit bio�lm formation. According to 
Wei et al.40 inhibiting bio�lm formation is much more important than erradicating it because bio�lm formation 
inhibition prevents bacterial growth and, hence, bacterial maturation. �e results presented here demonstrated 
that the BRP samples inhibited multispecies bio�lm formation by periodontal bacteria by at least 50%. Oblongi-
folin B gave the lowest  MICB50 value (1.56 μg/mL) against the multispecies bio�lm formed by the ATCC strains. 

Figure 7.  E�ects of isolated compounds at on CHIKV infection and cell viability.
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As for the multispecies bio�lm formed by the clinical isolates, the lowest  MICB50 value was 6.25 μg/mL. �ese 
results suggested that the isolated compounds oblongifolin B and guttiferone E inhibited all the viable cells of 
most monospecies and multispecies bio�lms formed by the bacteria included in this study. �is pointed out that 
the BRP samples can inhibit bio�lm formation and reach the cells within this bacterial community, eliminating 
them and leaving only the glycoprotein conjugate without live  cells13.

It is worth mentioning that the  MICB50 values found in this paper are relatively low, especially for clinical 
isolates that are generally more resistant and demand higher concentrations. However, at the lowest concentration 
capable of inhibiting bio�lm formation by at least 50%, the so-called  MICB50, we demonstrated an inhibition 
of at least 50% of the bio�lm. In other words, this did not correspond to total inhibition of the bio�lm, which 
would probably require a higher concentration.

Propolis bioactive components such as �avonoids, esters, alcohols, essential oils, and other organic com-
pounds have already been demonstrated to display antiviral activity against viruses such as herpes viruses (HSV-1 
and HSV-2), sindbis virus, parain�uenza virus, cytomegalovirus, HIV, and Varicella zoster (HSV-1 and HSV-
2), sindbis virus, parain�uenza virus, cytomegalovirus, HIV, and Varicella zoster41,42. In addition to the BRP 
antibacterial and antibio�lm activities demonstrated in this study, we evaluated the anti-CHIKV activity of the 

Figure 8.  Evaluation of the toxicity of the Brazilian Red Propolis crude hydroalcoholic extract and isolated 
compounds guttiferone E and oblongifolin B in the C. elegans in vivo model. (A) Crude hydroalcoholic extract. 
(B) Oblongifolin B. (C) Guttiferone E.
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BRP crude hydroalcoholic extract, fractions, and pure substances. We assessed the BHK-21 cell viability in the 
presence of the BRP samples by the MTT assay. In drug discovery, samples are considered non-toxic when the 
cell viability rate is above 50%, moderately cytotoxic when the cell viability rate varies between 25 and 50%, and 
highly cytotoxic when the cell viability rate is less than 25%43. In this study, all samples evaluated showed cell 
viability equal to or higher than 80% at a concentration of 50 μg/mL for the crude extract and fractions and 3 μg/
mL for isolated compounds (Tables 3 and 4). All the BRP samples evaluated in this study provided BHK-21 cell 
viability equal to or higher than 80% (Tables 3 and 4), which was higher than the cell viability found by Rufatto 
et al. 20, (between 14.5 and 46%).

Regarding the infection assays, the isolated compounds neovestitol and vestitol furnished the most promis-
ing results, with virus infection inhibition rates of 94 and 97%, respectively (Fig. 7). Even though several natural 
compounds with antiviral activity, including anti-CHIKV activity, have been described, neovestitol and vestitol 
have not had their antiviral potential screened. Our results showed higher inhibition rates than those reported 
in other studies with natural molecules, such as the study of Pohjala et al.44, who obtained an infection inhibition 
limit of at most 75% when they screened 356 compounds, being 123 of them natural compounds. To the best 
of our knowledge, there are no reports on the anti-CHIKV activity of BRP or isolated compounds. �is shows 
the importance of capitalizing the BRP potential as candidate for antiviral treatment. Our study has pioneered 
evaluation of the BRP anti-CHIKV activity and has achieved expressive inhibition rates, paving the way for the 
development of antivirals against CHIKV as well as other viruses.

For BRP to be safely applicable, its toxicity must be evaluated in di�erent experimental models. �e murine 
model is the most used in vivo model to assess the toxicity of treatments, but it has disadvantages such as high 
cost, di�cult maintenance, and delay in obtaining results, among  others45. �erefore, here we evaluated toxic-
ity by using another in vivo model, the nematode C. elegans, a complete animal with digestive, reproductive, 
endocrine, and neuromuscular systems. Apart from being small, having a short life cycle, and being easy to 
maintain, C. elegans possesses 60–80% genetic homology with  humans46. In this context, we evaluated the most 
promising BRP samples for their toxicity against C. elegans. �e lowest concentration capable of killing at least 
50% of the larvae  (LC50) was 1500 μg/mL for the BRP crude hydroalcoholic extract and oblongifolin B and 
750 μg /mL for gutiferon E. �ese values were signi�cantly higher than all the MIC and  MICB50 concentrations 
reported in this study.

Moreover, below this concentration, even a�er the larvae had been exposed to BRP samples for two days,  LC50 
was not reached, demonstrating the non-toxic pro�le of these natural products. Interistingly, the  LC50 values 
of the BRP samples against C. elegans obtained in this study were higher than the  LC50 values of other types of 
Brazilian propolis evaluated against C. elegans. For example, Campos and collaborators (2015)47 reported that 
propolis samples possessed  LC50 of 461.8 μg/mL. Here, the BRP concentrations determined as toxic were high, 
above the highest MIC value (400 μg /mL). �erefore, propolis is not toxic at the concentrations used in this study 
and can be safely employed at concentrations below 1500 and 750 μg /mL. �e results obtained here are extremely 
relevant, because through di�erent methodologies the antibacterial activity of Brazilian red propolis was demon-
strated against a panel of periodontopathogenic bacteria. Another point to highlight is the anti-CHIKV activity 
of the BRP isolated compounds. Chikungunya infection has a high incidence and severity, therefore, the search 
for new treatment options is highly desirable. Our results constitute an initial step for further studies of BRP as 
an alternative approach for treating various infectious diseases.

�e Brazilian red propolis used in this study has antibacterial activity against a panel of periodontopathogenic 
bacteria. Furthermore, it’s crude extract and isolated compounds oblongifolin B and guttiferone E at concentra-
tions similar to or slightly above the MIC concentrations inhibits monospecies and multispecies bio�lms by over 
50%. Medicarpin, neovestitol, and vestitol strongly inhibit CHIKV infection in vitro. Besides, toxicity tests on C. 
elegans demonstrated that the crude extract, oblongifolin B, and guttiferone E are non-toxic, proving to be safe 
and promising so that in the future, these samples of propolis can be used as medicine.

BRP was collected in Canaviei-
ras Bahia State, Brazil, in March 2019 at the Canavieiras Beekeepers Association (COAPER). BRP was frozen and 
extracted with 70% hydroalcoholic ethanol solution, as described by Santiago et al.48. �e BRP crude hydroal-
coholic extract was partitioned with organic solvents (hexane, dichloromethane, ethyl acetate, and n-butanol). 
Authentic standards from BRP (7-O-methylvestitol, medicarpin, vestitol, neovestitol, oblongifolin B, and gut-
tiferone E) previously isolated by our research group were used to characterize the  samples17.

Chromatographic analysis of BRP extract and its fractions were performed on a Waters 2695 HPLC instru-
ment, coupled to a 2998 photodiode array detector (PDA), with Empower 3 so�ware as a controller. Chroma-
tographic pro�les were carried out on a Supelco Ascentis Express C-18 (150 × 4.6 mm, 2.7 µm) column. Mobile 
phase with water (A) (0.1% formic acid) and acetonitrile (B) was used as follows: 10 → 100% of B until 80 min; 
100% of B in 89 min; 100 → 10% in 90 min, maintaining the condition until 95 min. �e injections were per-
formed on a �ow rate of 1 mL/min, a 40 °C, and an injection volume of 10 µL. Chromatograms were recorded 
at 275 nm.

For the antibacterial, antiviral, and toxicicity assays were used the crude hydroalcoholic extract of BRP, 
fractions in dichloromethane, hexane, ethyl acetate, n-butanol, as well as the isolated compounds guttiferone E, 
oblongifolin B, methylvestitol, medicarpin, vestitol, and neovestitol.
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Chikungunya �e periodon-
topathogenic bacterial strains employed in the antibacterial and antibio�lm activity assays were obtained from 
the American Type Culture Collection (ATCC); their respective clinical isolates were obtained from human peri-
odontal infections. �e strains included Porphyromonas gingivalis (ATCC 49417 and clinical isolate), Fusobacte-
rium nucleatum (ATCC 10953 and clinical isolate), Prevotella intermedia (ATCC 15033 and clinical isolate), and 
Actinomyces naeslundii (ATCC 19039 and clinical isolate). �ese bacteria are part of the collection of the Antimi-
crobial Assays Laboratory (LEA, abbreviation in Portuguese) of the Federal University of Uberlândia (UFU) and 
were cryopreserved at − 20 °C. For the in vivo toxicity assays, the mutant strain Caenorhabditis elegans AU37, 
obtained from the Genetics Center (CGC, University of Minnesota), was used.

For the antiviral assays, a CHIKV expressing the Nanoluciferase reporter (CHIKV-nanoluc) based on the 
CHIKV LR2006PYY1 strain (East/Central/South African genotype) was  rescued49. �e protocols were carried 
out as described  previously50.

�e antibacterial activity of the BRP 
crude hydroalcoholic extract, fractions, and isolated compounds were evaluated by the broth microdilution 
method, in triplicate. �e assays were conducted in 96-well microplates; the methodology recommended by the 
Clinical and Laboratory Standards  Institute52, with modi�cations, was followed. �e inoculum was standardized 
to the McFarland 0.5 scale and diluted to a bacterial concentration of 1.5 ×  106 CFU/mL in the wells. To prepare 
the samples, the BRP crude hydroalcoholic extract, fractions, or isolated compounds were solubilized in 5% 
dimethyl sulfoxide (DMSO) and diluted in Brucella broth supplemented with hemin (5.0 mg/mL) and menadi-
one (1.0 mg/mL); a twofold serial dilution with concentrations ranging from 0.195 to 400 µg/mL was used. Con-
trol of 5% DMSO was performed, and the solvent did not interfere with bacterial growth at this concentration. 
It was also performed the following controls: inoculum (all the bacteria used in the test + the culture medium), 
to observe the viability of the bacteria; broth, to guarantee that the culture medium is sterile; and BRP sample, to 
guarantee that this solution is sterile. �e microplates were incubated in an anaerobic chamber (Don WhitleySci-
enti�c, Bradford, U.K.) under anaerobic conditions (80%  N2, 10%  CO2, and 10%  H2) at 37 °C for 72 h. Rezasurin 
was used to reveal bacterial growth—the blue color indicated absence of bacterial growth, and the pink color 
indicated presence of  bacteria53. As a control technique, metronidazole from 0.0115 to 5.9  μg/mL was used 
against the control bacteria Bacteroides fragilis (ATCC 25285) and Bacteroides thetaiotaomicron (ATCC 29741)52.

To assess the antibio�lm activity, the BRP samples that presented the 
most promising MIC results against four or more bacteria were submitted to the Minimum Inhibitory Concen-
tration of Bio�lm  (MICB50) assay.  MICB50 is de�ned as the lowest concentration of the microbial agent that can 
inhibit bio�lm formation by at least 50%40 and is calculated using the following equation:

Here,  MICB50 was determined as described in the CLSI guidelines (2007)52, with modi�cations. First, the 
capacity of the analyzed strains to grow in the sessile mode was veri�ed. All the strains at 1.5 ×  106 CFU/mL 
formed monospecies and multispecies bio�lms a�er incubation at 37 °C for 72 h (data not shown).

For the monospecies bio�lms, 100 μL of each bacterium inoculum at 1.5 ×  106 CFU/mL was added to the 
well with the propolis samples to be evaluated at concentrations from 0.195 to 400 µg/mL (crude hydroalco-
holic extract, oblongifolin B and guttiferone E). �e microplates were incubated in an anaerobic chamber at 
37 °C for 72 h. For the multispecies bio�lms, the main periodontopathogenic bacteria found in the oral bio�lm 
were selected and divided into two groups: group 1 consisted only of the standard bacteria (P. gingivalis ATCC 
49417, P. intermedia ATCC 15033, and A. naeslundii ATCC 19039), while group 2 was composed only by the P. 
gingivalis, P. intermedia, and F. nucleatum clinical isolates. �e antibio�lm activity of the most promising BRP 
samples was evaluated against the multispecies bio�lm formed by group 1 bacteria and against the multispecies 
bio�lm composed by group 2 bacteria. For this purpose, 33.33 μL of each evaluated bacterium, totaling 100 μL 
of bacterial inoculum, at 1.5 ×  106 CFU/mL was added to the wells with the propolis samples to be evaluated at 
concentrations from 0.195 to 400 µg/mL (crude hydroalcoholic extract, oblongifolin B and guttiferone E). �e 
microplates were incubated under the same conditions as the monospecies bio�lm microplates. �e standard 
antibiotic metronidazole was used as a control at concentrations from 0.0115 to 5.9 μg/mL with  MIC50 (see sup-
plementary material, Figures S2 and S3). Control of 5% DMSO was performed, and the solvent did not interfere 
with bacterial growth at this concentration. It was also performed the following controls: inoculum (all the 
bacteria used in the test + the culture medium), to observe the viability of the bacteria; broth, to guarantee that 
the culture medium is sterile; and BRP sample, to guarantee that this solution is sterile. A�er incubation, the 
supernatant culture was withdrawn, and the planktonic cells were removed by washing the wells with ultrapure 
distilled water. Monospecies and multispecies bio�lms were �xed with methanol and stained with 2% crystal 
 violet54. �e reading was performed in a microplate reader (GloMax®) at 595 nm. Reading was performed in a 
microplate reader (GloMax®) at 595 nm. �e experiments were carried out in triplicate and independent events.

�is assay was 
performed for monospecies and multispecies bio�lms according to de Souza Silva et al.39, as described below. 
Two microplates were incubated, one for  MICB50 determination, and the other for microorganism count. A�er 
the microorganism count microplate was incubated, the supernatant was withdrawn, and the planktonic cells 

1 −

(

Absorbance (595nm)of the well containing the treated sample
)

Absorbance (595nm) of the untreated control well
× 100
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were removed by washing the wells with ultrapure distilled water. Subsequently, supplemented Brucella broth 
was added to all the microplate wells, and the bio�lm was detached from the well a�er an ultrasound bath. 
�en, tenfold serial dilutions were performed in each well of a 96-well microplate, and 50 μL of each well, cor-
responding to each dilution avaliated was placed on two plates of Brucella agar supplemented with horse blood 
(5%), hemin (5.0 mg/mL), and menadione (1.0 mg/mL). Each of the plates were fractionated into eight parts, as 
described by Harrison et al.55 and incubated in an anaerobic chamber for 37 °C. A�er 72 h, the Colony Forming 
Units (CFU) count was performed in each plate. �e results were expressed as  Log10 (CFU/mL), and the assays 
were independently performed in triplicate.

�e BHK-21 cells (�broblasts derived from Syrian golden ham-
ster kidney; ATCC CCL-10) were maintained in Dulbecco’s modi�ed Eagle’s medium (DMEM, Sigma-Aldrich) 
supplemented with 100 U/mL penicillin (Hyclone Laboratories), 100 mg/mL streptomycin (Hyclone Laborato-
ries), 1% dilution of stock of non-essential amino acids (Hyclone Laboratories), and 1% fetal bovine serum (FBS, 
Hyclonen Laboratoires) in a humidi�ed 5%  CO2 incubator at 37 °C.

BHK-21 cell viability in the presence of the tested BRP 
samples was measured by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] (Sigma–
Aldrich) assay. BHK-21 cells were cultured in 48-well microplates and treated with di�erent concentrations of 
the tested BRP sample at 37 °C for 16 h. �en, media containing the tested BRP sample was removed from the 
48-well microplate. Next, 1 mg/mL MTT solution was added to each well, incubated for 30 min, and replaced 
with 300 μL of DMSO to solubilize the formazan crystals. Absorbance was measured at 490 nm on a Glomax 
microplate reader (Promega). Cell viability was calculated according to the equation (T/C) × 100%, where T and 
C represent the optical density of the treated well and control groups, respectively. DMSO was used as untreated 
 control50.

For initial screening of the anti-CHIKV activity of 
the BRP crude hydroalcoholic extract and isolated compounds, HK-21 cells were seeded at a density of 5 ×  104 
cells per well in 48-well microplates 24 h before the infection. CHIKV-nanoluc at a multiplicity of  infection56 of 
0.1 and the tested isolated compound or extract were simultaneously added to the cells. �e cells were harvested 
in Renilla luciferase lysis bu�er (Promega) 16 h post-infection (h.p.i.), and virus replication was quanti�ed by 
measuring nanoluciferase activity with the Renilla luciferase Assay System (Promega). �e CHIKV replication 
rates were calculated according to the equation (T/C) × 100%, where T and C represent the optical density of the 
treated well and control groups, respectively. DMSO 0.1% was used as untreated control.

Caenorhabditis elegans Toxicity evaluation was performed for the most prom-
ising BRP samples in the CIM, using the in vivo model of C. elegans, according to Andrade et al.57 and Singulani 
et al.58. �e C. elegans AU37 mutant strain was cultivated in Nematode Growth Medium (NGM) plates seeded 
with Escherichia coli OP50 and incubated at 16 °C for 72 h. A�er incubation, the NGM plates containing larvae 
and eggs were washed with M9 bu�er, and the supernatant was placed in 15-mL conical tubes. A bleaching solu-
tion (hypochlorite + NaOH) was further added, to kill the adult larvae. �e eggs were placed in NGM plates and 
incubated again at 15 °C for 24 h. Later, the NGM plates containing the larvae at the L1/L2 stages were washed 
with M9 bu�er, and the supernatant was transferred to NGM plates seeded with E. coli OP50 and incubated at 
16 °C for 24 h. A�er synchronization, 20 µL of the NGM plate contents containing from 10 to 20 L4 stage larvae 
was added to each well of a 96-well �at-bottomed microplate and incubated at 16 °C for 72 h. �e BRP crude 
hydroalcoholic extract was evaluated from 750 to 6000 μg/mL, and the isolated compounds oblongifolin B and 
guttiferone E were evaluated from 5.85 to 1500 μg/mL. DMSO was used as solvent (�nal concentration ≤ 1%).

Larvae were counted every 24 h for three consecutive days under an inverted microscope. Larvae with 
movement were considered alive and static even a�er touching they were considered dead. For each sample, the 
lowest concentration that was able to kill 50% of the larvae, called Lethal Concentration  (LC50), was determined 
according to time.

Individual experiments were performed in triplicate, and all the assays were per-
formed a minimum of three times to con�rm the reproducibility of the results. Di�erences between the means 
of the readings were compared by analysis of variance (one-way or two-way ANOVA) or Student’s t-test con-
ducted with the so�ware Graph Pad Prism 8.0 (Graph Pad So�ware). �e p values ≤ than 0.05 were considered 
statistically signi�cant.

All data generated or analysed during this study are included in this published article (and its Supplementary 
Information �les).
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